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The 1960 International Conference on Instrumentation for High-Energy 

Physics, sponsored jointly by the United States Atomic Energy Commis

sion and the International Union for Pure and Applied Physics, was held 

at the Lawrence Radiation Laboratory, at the University of California, 

Berkeley. 

Planning and arrangements were undertaken by members of the Phys

ics Research staff and the Director's Office; preparation of the Proceed

ings fell to the Technical Information Division. 

The papers are essentially in the form submitted by the authors before 

they left Berkeley. The round tables are as reported by the Scientific Sec

retaries with the help of tape recordings and some notes by participants 

(these reports were not checked by all participants). The discussions are 

greatly condensed. Those who offered comments or answered questions 

were asked to submit summaries of their comments to the Scientific Secre

taries, and authors were urged to clarify their papers to obviate the ques

tions. The Scientific Secretaries used these contributions together with 

their own notes to summarize the discussions. 

Acknowledgments for help in the mechanics of the Conference and in re

cording of material can be only partial. Tape recording was handled by 

Jim Burke and Marvin Hartley. Miss Debbie Nichols worked effectively 

for months as Conference Secretary, and Mrs. Donna Weinberg served as 

busy secretary to the Scientific Secretaries. 

Many persons at Lawrence Radiation Laboratory worked hard to make 

the Conference Proceedings possible, and we owe more thanks than can be 

expressed individually. We are indebted to many division secretaries and 

especially to the typists and the photographic and art staffs of the Technical 

Information Division. E. Kenneth Baillie was responsible for the design 
' 

and layout of this book. 

The Editorial Board 
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1. High Magnetic Fields . . . . . . . . . Harold P. Furth 
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3. Some Specific Uses of High Magnetic Fields .... . .. Leona Marshall 
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. . . . . Presented by Richard F. Post 
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Weaver) ................•..... Presented by Adrian C. Mellisinos 

5. Tunnel Diode Discriminator (Kerns, Bjerke, and Nunamaker) ••. Presented by Quentin A. Kerns 

6. Nanosecond Light Pulse for Coincidence Timing' .. Quentin A. Kerns 

7. A Fast 20-Channel Pulse-Height Analyzer Employing Line Coding (Infante, Quercia, and Solimani) 
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12 

14 
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34 

37 

45 

54 

59 

62 

64 

.......... Presented by I. F. Quercia 67 
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. . • . . . . . • . . . Presented by C. Infante 75 

10. A Coincidence-Anticoincidence Gas Cerenkov Counter (Cork, Keefe, and Wenzel} 
.•......•.•. Presented by Denis Keefe 84 

11. DISC: A Differential Isochronous Self-Collimating Cerenkov Counter (Gilly, Leontic, Lundby, 
Meunier, Stroot, and Szeptycka) . • . . • . . . . . . • • . Presented by Arne Lundby 87 

12. Gas Cerenkov Counters of the K+ -Meson Channel of the Synchrophasotron ( Lykhachev, 
Lyubimov, Stavinsky, and Nai-sen). . . . . . . . • • • . Presented by I. V. Chuvilo 89 

13. A Multichannel Focusing Cerenkov Counter .....•..••..... Robert A. Schluter 

14. Preliminary Evaluation of a Cerenkov Image-Amplifying Detector (Kernan, Roberts, 
Romanowski, Schluter, and Warshaw, Caldwell, and Hill} 

91 

•••...••.• Presented by Arthur Roberts 93 
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BUBBLE CHAMBERS, SPECIALIZED REPORTS 

Luis W. Alvarez, Chairman 

1. An Exploration of the Possibility of Employing Ultrasonic Radiation to Sensitize 
A Bubble Chamber ... A. L. Hughes . . . • . . . . . Presented by Robert D. Sard 99 

2. A 5-Liter Rapid-Cycling Propane or Freon Bubble Chamber (Blumenfeld, Bowen, and 
Me llwain) • . . . . . . . . . • • . . . . . . . Presented by Theodore Bowen 100 

3. Design of a 30-Liter Rapid-Cycling Hydrogen Bubble Chamber with Counter-Controlled 
Photography (Blumenfeld, Bowen, Me llwain, Scheibner, Seidlitz, and.Sun) 

Presented by Theodore Bowen 103 

4. A Pulsed-Resonant System Bubble Chamber (Mullins, Alyea, and Teem) 
Presented by Joe H. Mullins 106 

5. Xenon Bubble Chamber ..•........•... John L. Brown 110 

6. Identification of Particles in Xenon Bubble Chamber Without Magnetic Field (Karatsuba, 
Maltsev, Nagy, and Nagy). . . . . . . . • . . . . . . . Presented by I. V. Chuvilo 113 

7. Performance of the Brookhaven National Laboratory 20 -Inch Hydrogen Bubble Chamber 
. . . . . . . . . . . . . Robert I. Louttit 117 

8. Reduction of Optical Distortion in Gas-Expansion Bubble Chambers (Hitchcock and Watt) 
. . . . . . . Presented by Harley C. Hitchcock 121 

9. Bubble Chamber Hodoscope .. John A. Kadyk 123 

10. Use of Entrance Hodoscope for Particle Identification in Very-High-Energy Bubble Chamber 
Experiments (Selove, Brody, Leboy, and Fullwood ...... Presented by W. Selove 125 

11 .. The Principle of the Design of the CERN Propane Bubble Chamber (Ramm and Resegotti) 
Presented by C. A. Ramm 127 

12. Cambridge Group Heavy-Liquid Bubble Chamber. . .•. Lawrence Rosenson 133 

13. The 1-Meter Propane Bubble Chamber in a Magnetic Field (Budagov, Dzhelepov, Djakov, Flyalin, 
and Shatet) Presented by V. P. Dzhelepov 135 

14. A ZOO-Liter Heavy-Liquid Bubble Chamber ...• .••...••... A. Rousset 140 

Session III 

PERFORMANCE AND CAPABILITIES OF BUBBLE CHAMBERS 

Roger Hildebrand, Chairman 

1. Relativistic Increase in Bubble Density in a CBrF 3 Bubble Chamber (Hahn, Hugentobler, and 
Steinrisser) . . . . . . . • • . . . . . • . . . . . . . . . . . . Presented by B. Hahn 143 
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I. l. HIGH MAGNETIC FIELDS* 

Harold P. Furth 

Lawrence Radiation Laboratory 
Livermore, California 

l. Introduction 

Both high-energy physics and plasma physics em
ploy magnetic fields to control the motion of charged 
particles. The desired magnitudes of field strength, 
duration (when pulsed), and volume are quite compa
rable, as are the requirements on the precision of 
field-shaping. Under these circumstances, it is at 
least somewhat remarkable that magnet technology in 
the two areas is so radically dissimilar. The high
energy physics laboratory relies almost exclusively 
on de iron-core electromagnets. These are hardly 
ever seen in the plasma physics laboratory, where de 
or pulsed magnetic fields are usually based on cur
rents in metallic or gaseous conductors. 

The object of this paper is to examine this tech
nological gulf, and to point out some areas where the 
gulf has been or might be bridged, with advantage to 
high-energy physics. 

2. Energy and Power Requirements 

To establish a magnetic field B, one must provide 
the magnetic energy 

(I) 

where <1> and L are the flux and inductance, respec
tively, of the magnet coil. The magnetic field decays 
exponentially in a time that is usually expressed as 
T d = L/R. To establish a steady state, the input power 

(2) 

is required. For a given coil size and flux, the addi
t:_ion of iron reduces Em and increases L by a factor 
fl.• corresponding to the reduction of magnetic energy 
density in those regions which are accessible to iron 
and where fl. can therefore be made large (see Eq. 
{~). The input power is then reduced by the factor 
fl. • This factor is, of course, especially significant 
for experimental volumes in which the dimension a
long field lines is relatively small, so that in the ab
sence of iron relatively much of the magnetic energy 
would have to be stored in the return flux. 

Moreover, when an iron core is used, the asso
ciated coil need not be restricted to what would be a 
practical size (relative to the specified experimental 
volume) for an air-core coil. If fl. is sufficiently 
great, the associated coil can be extended arbitrarily 
without increasing Em very much (see Eq. (I)) while 
reducing R, increasing T d• and thus finally reducing 
P. 

From the definition of T d• its scaling law is seen 
to be 

(3) 

where I. represents linear dimension and T) is a 
representative resistivity of the coil material. The 

scaling law of the steady-state power requirement 
P is thus 

(4) 

For most design purposes, e. g., the scaling of a 
magnetic beam-handling system, the quantity Bl. is 
fixed, and to raise B in Eq. (4) is therefore dis
advantageous. 

Evidently, no steady-state (room-temperature) air
core system for handling beams can compete, within 
orders of magnitude in power economy, with a com
parable system that makes use of a sufficiently mas
sive iron core and winding, operated at a conservative 
fl.• The interesting point here is that iron-core mag
nets in typical use, say for bending and focusing op
erations, are rather less than five times as economi
cal as equivalent air-core magnets. This observation 
suggests that such factors as absolute field strength, 
space consumption, and cost of materials actually 
play a far more influential role in guiding design than 
does the desire for straight power economy. 

In laboratories employing particle beams of a few 
Bev, vestigial iron-core magnets generating 15 to 20 
kilogauss are preferred to electrically much more 
economical 5- to 10-kilogauss magnets. Still higher 
fields, to match still higher particle energies, would 
seem to imply still greater relaxation of power econ
omy, but this trend can be offset in two ways. Mag
net-coil resistivity can be reduced by low-temperature 
cooling. This approach will be discussed in the next 
paper by R. F. Post. Alternatively, the duty cycles 
of accessory magnets can be reduced so as to approx
imate the typically low duty cycle of the high-energy 
accelerator itself. This pulsed-magnet approach is 
emphasized in this paper. Both approaches call for 
capital investment, either in a cooling plant or else 
in a transient-energy-storage facility. 

The capacity for transient-energy storage generally 
approximates Em, and therefore scales like 

(5) 

The capacity of a low-temperature cooling plant, how
ever, need merely scale like P in Eq. (4). There
fore, the pulsed-magnet approach is not competitive 
for very large I.. 

When a pulsed system is to be used, one wishes to 
minimize the capital investment involved in the en
ergy-storage facility. Equation (5) indicates that for 
specified Bl., E is minimized when B is made as 
large as possibfel, I. being reduced correspondingly. 
(In making economic comparisons based on scaling 
down 1., we assume, of course, that the entire beam
handling system can be scaled in this way: i.e., that 
there are no prescribed physical dimensions, such as 
source widths or focal distances. ) The minimization 
of Em is the optimal procedure only as long as J. 
is sufficiently large so that T d (see Eq. (3)) exceeds 
the magnet pulse time. Beyond this point the mini-
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mum energy requirement is given by P times the 
pulse time, rather than by Em, and there is no ad
vantage then in increasing B (see Eq. (4)). 

The most attractive situation for the pulsed-mag
net technique therefore arises when the pulse time 
can be kept extremely short, so that large B and 
small T d can be used, thus minimizing the cost of 
the energy storage and at the same time presenting 
a low mean power requirement. 

A numerical illustration may be useful here. Giv
en a typical iron-core bending magnet, generating 
16 kilogauss over ZOX40X 100 em of useful volume, 
let us estimate the relative cost of a pulsed magnet 
of the same shape and B£. The iron-core magnet 
may cost $30,000, require power supplies and leads 
costing another $17,000, and in a total lifetime a
mounting to Z years at a peak power of 150 kw con
sume $ Z5,000 of electrical energy. An equivalent 
pulsed magnet at B = 160 kilogauss and inside di
mensions 2 X 4 X 10 em has an Em of about 50 kilo
joules, assuming that only about 20o/o of the magnetic 
energy is in the useful volume. If 50¢ per joule is 
spent for a suitably conservative capacitor facility 
of magnitude Em, the initial capital investment is 
comparable to that for the iron-core magnet, name
ly $25,000. (The cost of the air-core magnet itself 
is relatively negligible. ) The encouraging aspect of 
the situation is that even when no energy is recovered 
from the pulsed magnet, its mean power consump
t~on when pulsed at 5-sec intervals is only 10 kilo
watts. A factor of 20 has been gained relative to 
the iron-core magnet. 

If a material comparable to copper is used in the 
small p1lsed coil, the T d is about 5 msec. In order 
to keep the energy requirement close to Em, the 
half-cycle time of the magnet might be 1 msec, and 
the beam-extraction time ZOO fJ.Sec. One can see, 
then, that this economically attractive magnet 
scheme is applicable only to experiments that are 
compatible with fast beam extraction (e. g. , those 
based on photographic particle detection). One con
clusion that might be drawn here is that if beam set
ups were not universal, but were specialized for 
either fast- or slow-extraction experiments, large 
amounts of power and space could be saved in the 
conduct of the former. 

For experiments using counters, one would like 
the magnet half-cycle time to be at least 100 msec. 
If a pulsed magnet of, say, 40 kilogauss is de.sired 
to replace the iron-core magnet of our numerical 
example, then its inside dimensions are 8 X 16 X 4Q em 
Em is then estimated at 200 kilojoules, and T d at 
80 msec. Taking into account the ohmic losses dur
ing the pulse, one finds that the total energy storage 
has to be about 10 times as great as that c<;~.lculated 
for the 160-kilogauss magnet, and so the power dis
sipation becomes comparable to that of the iron-core 
magnet. The capital investment in the slow pulsed 
magnet is not proportionately increased, since "slow' 
energy storage is cheaper by about an order of mag
nitude than "fast" storage (see Section 8). 

3. Applications Requiring a High Magnetic Field 

For the immediate future, interest in air-core 
magnets is likely to center on those applications in 
which a high field is inherently needed, as distinct 
from 'those which merely offer a. theoretical finan
cial inducement. 

The hyperon-precession experiment suggested by 
M. Goldhaberl in 1956 is an outstanding example. 

I.l 

In this case the angle of precession between the 
planes of the creation and decay events is propor
tional to B, as well as to the hyperon magnetic mo
ment and lifetime. Evidently there is considerable 
purpose here in maximizing B, so as to increase the 
measurable effect or· so as to conserve wperon
beam intensity, or both. A number of A -precession 
experiments are currently under way at Brookhaven, 
one of them using a ZOO-kilogauss pulsed magnet with 
a working volume of 35 cm3 and a half-cycle time of 
400 fJ.Sec. Z 

The shortness of strange-particle lifetimes also 
provides an incentive to use high-field bending and 
focusing magnets, so as to minimize the distance 
between target and detector. For Bevatron K beams, 
every few meters are valuable, and an upgrading of 
present beam-handling magnets to 40 kilogauss would 
have a marked effect on beam intensity. For L: 
hyperons, every few centimeters count, and fields at 
least in the 100- to ZOO-kilogauss range are needed. 
A number of "hyperon beam" proposals have been 
made, and an experiment along these lines has been 
done at Brookhaven with a pulsed !50-kilogauss mag
net. 3 

The magnetic analysis of particle tracks in dense 
detection media provides a second area where high 
magnetic fields are valued for their own sake. In 
this case, one usually wishes to maximize the ratio 
of magnetic curvature to Coulomb deviation over the 
dimensipn of the detector. This ratio is proportional 
to IV 1/2. If the detection medium is specified and 
Bf lf2. is then considered fixed, Eq. (5) indicates that 
the combination of large B and small f is very 
favorable for a pulsed magnet (Em "' B-4). Accord
ing to Eq. (4), the power requirewent of a de mag
net is independent of B when Bf 1; 2 is fixed. Usu
ally there are strong inherent arguments for using 
high B: track lengths are limited by factors other 
than f; or, especially with nuclear emulsions, the 
cost and labor of working with large volumes is un
attractive. 

Pulsed fields in the 100- to 250-kilogauss range 
have been used with nuclear emulsions (see Fig. 1) 
by numerous experimenters. Activity in this field 
has been stimulated especially by R. W. Waniek. A 
ZOO-kilogauss magnet was employed last year at the 
Bevatron (by Birdsall, Freden, Gilbert, Prowse, 
Stork, White, and the author) to expose eight 135-cm3 
emulsion stacks in the K- beam. The principal ben
efit here has been to gain charge and momentum in
formation about the high-energy end of the secondary · 
n spectrum. 4 The magnet unit is discussed in Sec
tion 5. Recently a series of exposures was made at 
the Bevatron (by Kim, Plattner, et al.) to test mo
mentum analysis of Bev particles in fields up to 250 
kilogauss. 5 If the error due to emulsion distortion 
can be corrected for, as appears likely, this tech
nique will prove valuable in the momentum analysis 
of extremely energetic particles. 

The design of high-field bubble chambers and 
scintillation chambers is being studied at a number 
of laboratories, but no working models appear to ex
ist as yet. 

4. Applications Depending on 

Characteristics of Ironless Magnets 

By eliminating iron and by operating at high B, 
one reduces greatly the magnet weight required to 
achieve a given value of B£. For example, the air
core magnet discussed in Section 5 weighs 100 lb, 
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Fig. 1. Electron track in emulsion at 200 
kilogauss. (Livermore Nuclear Emulsion 
Group). 

and can be lifted manuali"y into place, An iron-core 
magnet having the same B.t of 106 gauss-em would 
weigh about 10 tons. 

In general the mobility of ironless magnets is 
merely a convenience, but for some purposes (e. g., 
rapid switching of beams) it is an essential feature . 
The plunging of air-core magnets for fast beam ex
traction is fai:rly conventional by now. If one de 
sired to go to split-1-'sec beam-switching over sub
stantial angles the use of plasma techniques might be 
still more desirable. In plasma accelerators, "mag
netic pistons" have been employed to accelerate glas
ma fronts to velocities in the range 107 em/sec. 
With the arrangement shown in Fig. 2, such a front 
could easily sweep across a beam of centimeter di
mensions in a few tenths of a fLSec, and the "mag
netic piston" would then serve to deflect the beam. 
The object here is to permit the deflecting field to 
be built up during fLSec times, rather than during 
tenth-fLsec times, which demand much more capac
itors and switches that are expensive or unreliable, 
or both. 

3 

The low mass needed for ironless magnets goes 
hand in hand with low stopping power. For plasma
based magnetic fields, one wants typically 1016 par
ticles per cm3. The requisite neutral gas can be 
puffed into an evacuated accelerator chamber in 100-
fLSec times, then ionized, used to pass current, and 
pumped out again. (All these techniques are standard 
in pinch and plasma-accelerator work. ) The use of 
a pinchedflasma as a focusing device for high-ener
gy beams goes back to 1950. With an ordinary dy
namic pinch8 the magnetic field structure becomes 
unstable in about one fLSec, and this method is there
fore applicable only with extremely fast beam ex
traction. A "stabilized pinch11 9 can readily be made 
to last much longer , though the poor conductivity of 
the plasma (about lo-3 times that of copper) tends to 
make very long pulses uneconomical. There are 
still other pinch configurations of interest, such as 
the tubular dynamic pinch, 10 which could be used to 
focus a tubular beam, e. g., at the entrance to a co
axial electrostatic spectrometer . In the electro
static spectrometer itself, much higher electric 
fields could be tolerated on the basis of a fast pulse 
than with de operation, and so one might (at least 
hypothetically) consider the combination of extreme 
ly fast beam extraction, plasma- based focusing, 
pulsed electric and magnetic analysis, and photo
graphic detection technique. 

Recently Barkas 11 has pointed out that a light 
metal such as lithium is for many purposes virtu 
ally as acceptable as plasma for passing high - ener
gy beams, and would have the additional merits of 
rigidity and high conductivity. This idea is also be 
ing worked on by W. Moore at Brookhaven, The 
technique of force -free coil design 12 offers still an 
other possibility for creating high fields inside a 
structure of tenuous material. 

An important incidental advantage of "fast" pulsed 
magnetic fields is that magnetic shielding is far eas 
ier than in the de case. In Eq. (3) the dimension 4£ 
can be interpreted as a "magnetic diffusion length" or 
"skin depth" corresponding to diffusion into a metal 
having parameters 1] and ll• in a time T d· For a 
millisecond pulse, a few millimeters of copper gives 
essentially perfect shielding, especially when sepa
rated into several layers, with em spacings. At a 
distance where the fields are low enough so that ll 
is large, soft iron is even more effective. (Stirling 
A . Colgate has suggested that strong "slow" pulsed 
magnetic fields can be shielded out with a rotating 
copper drum. ) 

Fig. 2. Fast-rising beam-deflection system, 
using a moving plasma front. 
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5. An Illustrative High-Field Magnet 

A preliminary r epo rt on the 200-kilogauss mag
net r efe rr ed to in Section 3 wa s published last year. 13 
Figures 3 and 4 depic t the magne t, and Fig. 5 gives 
an idea of the setup during the K- run at the Beva tron 
The magnet consists of a Bitter - type single - laye r he
lix assembled out of slit disks of conductor and in
sulator (see Ref. 14) . Some typical operating p a 
rameters are given in T a ble I. Figure 6 gives the 
magnetic field distribution with 200 kilogauss at the 
center. A capacitor source is used and the magnet 
is shorted into a "crowbar resistor" after peak field, 
to minimize ohmic heating. 

The l ates t models have been vacuum - impregnated 
with epoxy resin. Whereas the previous mean life 
time at 200 kil ogauss had be en 7000 pulses, the only 
impregnated magnet teste d extensively so far has al
ready l a sted 40, 000 pulses without apparent deteri 
oration. (T he same magnet was also pulsed 1500 
times a t 250 ki logauss and 100 times at 300 kilo
gauss, but at these leve ls the failure rate of our 
somewhat antiquated capacitors prohibited an ex
t e nsive life test. ) 

Another improvement has been the introduction of 
ordinary distilled-water cooling, a t repetition r a t es 
up to 12 per minute. For this purpose the bore of 

Fig . 3. 200 - kilogauss magnet with 2-1/4 -
in. bore. 

APPROXIMATE FIELD CONFIGURATION 

Fig. 4 . S chematic diagram of 200-kilo
gaus s magnet. 

I.l 

the magnet is reamed smooth, expos ing the con 
ductor e dges to a thin tubular stream flowing between 
the bore and an insulator tube . The working volume 
is then held at room temperature, and is completely 
access ible from the axial direction. 

In the K - exposure, the beam passed axially into 
the emul sion stack, and only the charged second
aries were analyzed in the magnetic fie l d. A slight
ly modified version of the magnet has been built, 
which permits transverse passage of a l/2 X 1-1/2 - in. 
b eam. 

A cylindrical emulsion stack 3 in. long, made of 
2-in. -diameter disks, was used in the K - exposure. 
It is perhaps amusing to reflect that in terms of bend
ing a nd stopping power, this arrangement provided 
the equivalent of a 20-in. bubble chamber (light fluid) 
at 20 kilogauss. Reliability during the 1 5, 000 - pulse 
Bevatron run (using four magnets in rotation) proved 
complete. There were no malfunctions of any kind. 

6. The Probl em of Mechani cal Strength 

The pressure exerted at the boundary of a region 
of uniform magnetic field B is equal to the energy 
density B2/8n. (In this respect , a s in others, a uni
directional magnetic field has the properties of a two 
dimensional ideal gas. ) If the magnetic field is 
bounded by a long thin- walled coil, the radial pres 
sure on the material thus equals B2 /8n (and the hoop 
stress may be much large r yet). When the current 
distribution in the coil has a r adial extent compara
ble to the coil r a dius, the maximum radial and hoop 
stresses in the material can b e reduced considerably 
b e low B2/8n, because of geometric factors. 

At 500 ki logauss, B2/8n equals 140,000 psi. There 
are numerous metals that have greater static tensile 
strength than this. Accordingly, one would expect a 
massive single - turn coil (Fig . 7c) of such a metal to 
be operable at 500 kilogauss (even under fast-pulse 
conditions, when the current all flows on the inside 
surface, and the stresses are therefore maximal.) 
Experience has shown that pulsed single-turn coils 

0 5 10 15 20 25 30 
Feet 

Fig . 5. S e tup for 200-kilogauss emulsion 
run in K- beam. Magnet is powered 
through t wo RG-19 coaxial cables. 
Silicone oil and dry ice are used in cool
ing system. 
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Table I 

Summary of 200-kilogauss magnet specifications 

i. d. of coil 
o. d. of coil 
Length of coil 
Total magnet length 
Turns per ern 
Fraction of conductor 
Conductor material 
Insulator material 

Peak central field 
Lifetime 
Capacitor bank 
Voltage 
Energy 
Peak current 
1/ 4 - cycle time 
Approx. mean inductance 
de Resistance 
Approx. mean skin depth 
Approx. mean transient 

resistance 
Source and lead inductance 
Crowbar resistance 
R epetition rate 
Total input power 
Coil - heating power 
Peak-field energy in 

useful volume 
Peak-field energy in 

coil body (including 
ohmic loss) 

Peak-field energy in 
stray flux 

Peak-field ene rgy in 
source and leads 

Total ,replacement cost 

2- 1/4 in. 
7-3/4 in. 
3-3/4 in. 
11 in. 
5/crn 
0.6 
Berylco 10 
Epoxy fiberglass 

(FF55) 
200 kilogauss 
> 40,000 pulses 
7 50 fJl 
13 kv 
64 kilojoule s 
53 kiloarnperes 
280 f1Sec 
45 f1h 
0.007 ohm 
0.4 ern 

0.04 ohm 
1.3 fih 
0.12 ohm 
10/rnin 
11 kw 
3.2 kw 

26 kilojoules 

18 kj 

18 kj 

2 kj 
$30,000 

are indeed operable substantially above 500 kilo
gauss before deterioration occurs. 14• l5 

For a single - turn coil , the input-current require
ment is about an ampere per gauss and per ern of 
coil length. Thus a 15-fisec pulse of several meg 
amperes has been used by A. C. Kolb at the Naval Re
search Laboratory to generate 600 kilogauss in a 
10-crn3 volume (s ee Ref. 15 for picture) . Compa
rable currents could be drawn for 1 00-rnsec times 
from a unipolar generator (Section 8 ), but one can 
see that for large coils and high fields the electrical 
problem becomes rather awkward. 
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Fig. 6. Field distribution in 200-kilogauss 
magnet. 
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The current requirement is conveniently reduced 
if one subdivides the single-turn coil, so as to ob
t ain a thick-walled single - layer helix (Fig . 7b). The 
coil described in Section 5 is of this type. The sub
division weakens the coil somewhat, by raising the 
pressure on the helix according to the insulator-to
conductor ratio, and by permitting turn-to-turn 
sliding. Moreover, the insulator t ends to develop 
fatigue symptoms, unless mechanical vibration 
during pulsing is very effectively suppressed. 

The general rule seems to be that the more one 
seeks to economize on current requirement by de
creasing the thickness of the individual coil turns, 
the less attainable are the possibilities for high-field 
operation that are inherent in the coil metal. A coil 
exactly like that of Section 5, but built of hard copper 
instead of 1% beryllium copper, shows slight marks 
of deterioration after 5000 pulses at 200 kilogauss 
(even though impregnated with epoxy resin). An 
equivalent single - turn coil of hard copper would be 
operable reliably at 300 kilogauss. 

B 

c 
Fig. 7 . Coil types: (A) wire -wound coil, 

(B) single-layer helix, (C) single-turn 
coil. 
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Another standard approach to making high-field 
coils (Fig. 7a) is to wind them out of wire imbedded 
in an epoxy resin and reinforced with fiberglass rov
ing. Coils like tha t in Fig. 8 are operable at 200 
kilogaussl6 with a life expectancy in the 104-puls e 
range, and similar coils have gone as high as 450 
kilogauss on a single pulse. 17 

To make comparisons between the se wire-wound 
coils and the single-layer helices is somewhat dif 
ficult, since extensive lifetime tests for comparable 
models are lacking . In particular, the importance 
of the number of winding layers and of the insulator
to-conductor ratio in the wire - wound coils is not well 
documented. Broadly speaking, the wire - wound coils 
are less bulky, and are therefore significantly more 
convenient in some applications. On the other hand, 
helices that have a substantial ratio of turn thickne ss 
to radius (i.e., approach the single-turn coil) appear 
considerably more promising for reliable operation 
in the 200- to 500-kilogauss range. 

Below 150 kilogauss, B2/8TI amounts to less than 
13,000 psi, and the problem of building indestruct
ible coils is no longer ve ry grave. Almost any thick
walled plastic -impregnated coil made of hard copper 
wire is good for something like 100 kilogauss. In 
this range of field strength, coil design can there
fore a fford to b e governed largely by nonmechanical 
considerations such as convenient cooling and elec
trical e ffi c i e ncy. 

7 . Electrical Efficiency of Air -Core Coils 

F or fast pulsed coils , the efficiency is simply the 
ratio of the magnetic energy Eu stored in the useful 
volume to the ove r-all magnetic energy storage Em 

Fig. 8. Epoxy- fibe rglass coil of 3. 5-in. 
diameter operable at 200 kilogauss. 
Solid copper wire is used, encased in 
close - fitting stainless steel hypodermic 
tube. Cooling water is circulated in the 
tubular interstice. 
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(see Eq. (1) ). These ratios are conveniently tabu
lat e d for wire -wound coils of all shapes in Ref. 18. 
The most e fficient coils are the long, thin-walled 
solenoids, for which, indeed, Eu/Em approaches 
unity. The massive single-turn coil in fast pulsed 
ope ration (skin depth much sma ller than coil radius) 
closely resembles the thin-walled solenoid, and is 
almost equally efficient. The single-layer helix 
corresponding to subdivision of a given single -turn 
coil has essentially the same magnetic - field distri
bution and efficiency, provided the ratio of insulator 
to conductor thickness is small. 

A single-layer helix is therefor e nearly ideal 
from the point of v iew of minimizing stray magnetic 
energy if the pulse time is ve r y short . With a wire
wound coil imbedde d in epoxy-fiberglass one can do 
comparably well only if the winding is restricted to 
a single layer, and this is disadvantageous from the 
mechanical point o f v i ew. 

The a mount of energy dissipated resistive ly in the 
single -laye r helix is approximately equal to the stray 
magnetic energy that is built up in the skin of the 
meta l during a pulse. As the skin depth becomes 
comparable to the coil dimension, the resistive loss 
becomes comparable to Em• (This is in agreement 
with Eq. (3), which gives the scaling law for T d") 
Thus we see that, in situations in which the res is
tive loss is important, there is necessarily little 
difference, in magnetic energy distribution or in 
over-all efficiency, between the single-layer h e lix 
and a multilayer wir e -wound coil of comparable bulk. 

8. The Problem of Energy Storage 

For discharge times of 500 1.1sec or longer, the 
most common cause of capacitor failure is gradual 
erosion of the dielectric by corona , chemical de
composition, etc. The most favorable capacitors 
b e ing offered these days for pulsed operation in this 
range are special oil and pa"fber capacitors, costing 
about 7 ¢ per joule , for a 10 -puls e life expectancy 
(under conditions of no voltage reversal). The life 
expectancy scales inversely as the fifth power of the 
voltage, and therefor e directly as the 5/2 power of 
the cost per joule. To build a complete capacitor 
bank, including racks, leads, fusing, switching, pow
er supply, and cont rols, is like ly to add at least 20¢ 
to the cost per joule. One of the disadvantages of 
capacitative storage is that the energy density is ve ry 
low (on the order of lo-2 joule per cm3, ove r all). 
Another disadvantage is that even for very large en
ergy storage the cost still increases roughly linear 
ly. 

For megajoule systems there is much incentive to 
conside r more compact and inexpensive means of en
ergy storage. In a storage inductance, 19 at a con
servative 25 kilogauss, one already has an energy 
density of 2.5 joules per cm3. If the coil structure 
on the ave rage (over the whole volume ) costs $20 per 
103 cm3, the cost is then down to 0.8¢ per joule for 
the inductance itself. A substantial part of the cost 
is, of course, in the power supply needed to charge 
the inductance at a rate that is competitive with its 
resistive decay time T d· For megajoule storages, 
however, the inductance becomes physically l arge 
enough so that Td is comparabl e to the interval be
tween accelerator pulses, and the economic picture 
is then quite favorable. 

Without going into the details of the economics, 
let us make a direct comparison that is somewhat 
illuminating. Given a de bubble chamber coil, with 
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a field B 0, if this coil were used as an inductive en
ergy source for a fast pulsed coil at higher field B 1 
and the same B£, the energy available would be more 
than enough by a factor of Bo/ B 1. 

The real problem here is how best to interrupt the 
storage circuit of the inductance so as to transfer the 
energy into the load (see Fig. 9). For an inductive 
load the only way to do this without waste of energy 
or occurrence of high - voltage transients is to place 
a shunt capacity across the load; but the energy-stor
age rating of the capacity must then equal half the 
energy transferred. The way out of this dilemma is 
to subdivide the storage inductance into N sections 
that are discharged successively. 20 If this is done 
properly, the total energy transferred equals N(N+ l) 
times the maximum transient energy storage in the 
shunt capacity. The time requirement for the total 
energy transfer is given by (J/'2)N(N+l) times the 
minimum time required to discharge a single induc
tance . (The opening times of mechanical switches 
are in the 1-msec range. ) 

MAGNET 

1 SINGLE-STAGE 1 I SYTEM -------1 

INTERRUPTER 
SWITCH 

Fig . 9. Circuit for inductive energy storage. 
To discharge storage inductance into mag
net, preliminary switch is closed and 
interrupter switch is opened. Multistage 
system provides for successive discharge 
of several inductances . (Power source 
for inductances not shown. ) 
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A very compact way of storing energy is offered 
by high-velocity rotating equipment. In rotating de 
vices the kinetic energy density is limited essentially 
by the tensile strength of the rotor material, just as 
in a magnet the energy density is limited by the ten 
sile strength of the coil material. Therefote, with 
rotational energy storage , the size of the load and the 
source can begin to be comparable. 

In an iron rotor, a linear velocity of 104 em/sec 
implies a storage of 40 joules/cm3, which just equals 
B2/81T at 100 kilogauss. To arrest the rotor in a sin
gle turn would require the passage of a current pulse 
producing a 100 - kilogauss retarding pressure. If 
one does not wish to saturate the iron it is necessary 
to work in the 20-kilogauss range, and a limit is then 
imposed on how rapidly the rotational energy can be 
extracted. 

A unipolar generator study is currently being con
ducted at Livermore by Stirling A. Colgate, in collab
oration with Rodney L. Cool, Leona Marshall, et al. 
of the Brookhaven National Laboratory (see Paper I. 3 ). 
A small iron-core unipolar generator, built by Allis 
Chalmers, has been put into operation. The param
eters being aimed at are given in Table II. The rotor 
is set into motion by de C!lrrent from an external 
source. High-pressure NaK brushes are used, and 
the rotational energy is extracted either by closing a 
switch or by pulsing the field coils . The basic cost 

Table II 

Small unipolar generator, calculated performance 

Rotational energy 
Extractable energy 
Extraction time 
Effective capacity 
Init ial voltage 
Peak current 

Weight 
Rotor diameter 
Rate of rotation 
Tolerable repetition rate 
Cost 

3Xl06 joules 
2Xl06 joules 
0 . 2 sec (perhaps less ) 
3Xl03 farads 
50 volts 
500 kiloamperes 

(perhaps more ) 
3 tons 
l2in. 
104 rpm 
> 12/min 
$50,000 

per joule of this unit is 2. 5¢. In a model of twice the 
physical dimension, capable of yielding 20 megajoules, 
the basic cost is down to l ¢ per joule. These rates 
per joule confirm the proposition illustrated in the 
numerical example of Section 2, that even for "slow" 
energy extraction the cost . of the storage facility can 
remain sufficiently small so as to make pulsed high
field operation competitive with de operation. 

If one wishes to extract rotational energy efficient 
ly in times of l to l 0 msec, rather than l 00 to l 000 
msec, then the need for decelerating fie l ds in the l DO
kilogauss range implies that one must go at least pa r t
ly to high-field air-core magnet techniques, rather 
than iron-core magnet techniques, in constructing the 
rotating equipment. Design studies made by Stirling 
A . Colgate and the author indicate the basic feasibility 
of this approach. 
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!.2. DESIGN AND CONSTRUCTION OF A SYSTEM OF PULSED MAGNETS 

R. L. Kuskowski, T . Novey, and Sydney D. Warshaw 

Argonne National Laboratory, Argonne, Illinois 

Presented by Sydney D. Warshaw 

A plan to measure the magnetic moment of the A 
0 

hyperon b y measuring the moment of the transversel y 
pola rized particle has resulted in the system of pulsed 
magnets to be described. The desire to obtain as 
large as possible an integrated field over the path of 
the rapidly decaying hyperon led us to construct a 
small solenoid about 7 em long and with an inner di
ameter of about 2 em, capable of supporting fields in 
excess of 200 kiloga uss . Because of the economics of 
high-energy accelerator operation, it was decided to 
make the operation of this coil over extended periods 
as reliable as possible and with a good probability 
that it would last for more than 10,000 pulses. In 
practice the coil is to be replaced with an identical 
coil after 5, 000 operations. Part of the same exper
iment requires a cloud chamber, and for reasons of 
convenience the magnet for this- -although operated 
at a 20-kilogauss level or less--was made of a pair 
of simple rectangular iron-free coils, also pulsed, 
but with a much longer pulse duration than the sole
noid . Both pulsed systems are based on a capacitive 
discharge, with several ignitrons in a parallel-anode 
firing configuration used as the switch. The small 
solenoid (called the P magnet because it is used to 
precess the magnetic moment) is installed between 
these coils and, therefore, at the time it is pulsed, 
it is itself in a rather strong field gradient. 

The design of magnets for intense fields must in
clude several criteria. The problem that has re
ceived most attention, notably by Furthl and others, 
is the strength of the coil against the severe stresses 
set up by the magnetic field . At the 200-kilogaus s 
level there is, approximately, a 50, 000-psi radial 
outward stress and a correspondingly great axial in
ward stress on the conductor . A convenient way to 
solve some of the problems associated with such 
stresses is to constrain the motion of the conductor 
so that the frequency of failures due to metal fatigue 
is minimized . This has been done by other workers 
by placing massive clamping arrangements around 
the coil. In our own case, the requirements of the 
experiment prohibited very large assemblies. In
stead we have attempted to make the coil self-sup
porting, and have used small but efficient clamps, 
and rather elaborate potting techniques . Since we 
found that many failures are caused by elec trical 
faults--arcing across adjacent turns--considerable 
attention was paid to insulation problems in the con
struction . The construction is illustrated in Fig. 1 . 
The coil itself is made as a continuous flat helix. 
Three alloys have been used: Be-Cu, coin silver, 
and sterling silver. A hardened round bar of Be-Cu 
is machined on a screw-cutting lathe to the desired 
shape. The coin silver and sterling silver are both 
ductile enough to permit edge winding. The Be-Cu 
has a reported compressive yield strength of 
105,000 psi when hardened, and the silver alloys 
around 40,000 psi, still greater than pure copper. 

After the coil has been prepared, with leads hard
soldered to the end turns to leave the coil tangential
ly, wafers 0.050 in. thick of a fiberglass impregnated 

with epoxy resin are inserted between turns and the 
coil is mounted on a mandrel together with the stain 
less ·steel end plates, as shown in Fig. 1. The thread
ed mandrel (not shown) serves as a clamping bar . 
The clamped assembly is then immersed in a bath of 
resin and air bubbles are removed by vacuum pump
ing . Before the resin is polymerized, glass roving 
soaked in resin is tightly wound as a continuous fila
ment around the coil, and five steel bolts are insert
ed and tightened to nearly their stripping torque. 
Scrupulous cleanliness must be observed throughout 
this operation. Then the resin is polymerized, the 
mandrel removed, and the inside surface machined . 
Many failures apparently were caused by voltage 
breakdowns between turns, due to small burrs on the 
corners of the metal. This difficulty was eliminated 
by electropolishing the inner surface so that the 
metal is smooth and recessed about 0 . 005 in . below 
the edge of the insulation wafers. 

The principal reason for use of the silver alloys is 
their considerably smaller ohmic heat loss. After 
correcting for skin effect, one finds that 60% more 
heat is developed in the Be-Cu than in sterling sil
ver. Even though the silver is weaker than the Be-Cll 
there is advantage in running the instantaneous tem
perature at as low a value as possible in order to min
imize deleterious effects on the insulation. It is plau
sible that the incidence of magnet failures due to the 
extrusion of insulation between turns depends strongly 
on the temperature. It should be noted that the local 
instantaneous temperature rise near the inner sur
face of the coil is much greater- - since the skin effect 
confines most of the curr .ent to this region--than one 
might expect from a simple consideration of the aver
age power dissipation . Immediately after a single 
rectified pulse (i.e., one-half cycle of sine wave) the 
temperature rise in the inner one-third of the coil is 
estimated to be about 115° C; if the pulse is allowed 
to ring for four half cycles, this rise is about 250°. 

Fig. l. Assembly of P magnet . 
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The average temperature rise on an 8-second repe
tition rate is, in contras t, only 50° C . (This is main
tained b y pumping a low-viscosity silicone oil at high 
speed through the center of the magnet; the oil is 
c ooled in an external heat exchanger by dry i ce .} 
Since the thermal relaxation time in the metal is long 
compared with a pul se duration, this means t h at the 
insulation is subjected to rather severe therm al sho ck 
as well as mechanical shock. 

In order to minimize this, we have sought to en
sure that the disch arge switch opens just as the cur
rent passes through zero at the end of the first h a lf 
cyc le. To this end we have inserted a saturable re
actor- -following the suggestion of V. Pete rson 2-- in 
seri es with the load . The reactor is designed in such 
a way th at its inductance is small compared with the 
load at the peak current, but very large at small 
currents. The net effect of this is to slow down the 
r a te of rise (and subsequent fall} of the current 
through the switch without affecting the peak current 
significantly; thus the current remains unidirectional 
at low l evel s for a time long enough to allow th e ig 
n i tron to deionize. A detailed, alth ough only a pprox
imate , anal ysis of the operation of thi s choke has 
been made with results as follows. 

L et the effective impedance be defined as the r atio 
of peak voltage to peak current, 

Zeff = z 0 exp (1TR /4 z 0 }, 

whe re R is th e internal resistance of the coil and 
Zo = .J"LJC. L et L c be the inductance of the wind 
ing on the c hok e core, in th e absence of iron; L the 
inductance of the magnet; f.!-m the maxi~11__m permabil
ity at peak current; and 1 = Lc / (L + Lc}. Then the 
impedance above is to be multiplied by the factor (ap
proximately}: 

1 + 

2 
f. (fJ- 0 -ll 

I n this case this factor is about 1.08 . Further anal
ysis shows that th e p eak current through th e load is 
del ayed by a time Td = l(flo -1} T/1T, where Tis th e 

Fig . 2. Pulse shape with choke inserted as 
a function of voltage (500, 1000, 1500, and 
2000 volts }. (100 fJ.Se c/div} 
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duration_9_i_th e pulse in th e abs ence of the choke, 
T = 1r.J LC . Sinc e Td is a fun cti on of flO • this delay 
depends strongly on the charging vol t age. This is in 
dicated in Fig . 2, which shows a ser i es of pulses tak
en at l ower voltages th an the core was designed to use 
and clearly shows the predicted dependence. (Note 
that the or i gin of time is at the right; the overshoot is 
caused by the i ntegration c ircuit. } The curvatur e at 
the edges of the pulse is greatly exaggerated a t these 
voltages; at the design voltage the shape is h ardl y dis 
t inguish able from a pure sine pulse. The choke works 
very well; less than about one pulse in 200 fails to be 
rectified. 

This also means, as a beneficial by - product, that 
th e bank is left cha r ged to about 7 5% of the correct 
voltage but with the wrong polarity after each magnet 
pulse. Th e polarity is then reversed by i nitiating a 
discharge through a second, high-Q coil. Sinc e the 
current through this circuit is also rectified, and the 
losses are small , the bank is now charged with the 
right polarity and to about 70o/oof the corr ect voltage. 
This m eans th at the charging time for the next pulse 
is g r eatly reduced for a pow er supply with a given 
maximum drain. A schem ati c drawing o f the control 
system is shown in Fig. 3. T a ble I gives a list of the 
essential parameters for s uch a magnet , with Be - Cu 
as the conductor . 

The cloud chamber magnet (C magnet } is a relative 
l y lo w -fi e l d coil, designed for operatio n at a nomina l 
20-kilogaus s level and usually run at abou t 16 kilo -

CHARGING 
SUPPt.'f 

ISOLAT ION CHAII:GI'tG 
SWM RESIST~ 

'" C0Mo.4ANO 
PU L~F 

NTERLOCI< 

. 
~ 
; 
0 

DISCiiA-IG£ 

'300 ~1cl 

Fig . 3. Schematic representation of switch
gear connections. 

T able 

Properties of typical Be-Cu P magnet 

Total length 7.00 em 
Outer diameter 4.06 em 
Inner diameter 2.03 e m 
Number of turns 48 
Turn thickness 1.27 mm 
ac resistance 51.2 milliohm 
Effective (integrated} length 7 .1 em 
de resistance 16.5 milliohm 
Induc tance ( l kc} 18.0 fJ.h 
Capacitor bank 900 fJ.f 
Calibration 37 .7 k ilogauss / kv 
Effective impedance 0.21 ohm 
P eak current (2 00 kg} 25 000 ampere 
Energy loss / total energy 0.58 
Actual pulse duration 430 ms ec 
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gauss. This serves as the magnet associated with a 
diffusion cloud chamber. Here there are certain ad
vantages to be gained over the construction of a large 
iron magnet. There is, for example, the convenience 
of easy access to the top (camera position), side (illu
mination), and bottom (plumbing) of the chamber, and 
also the benefit of a minimum of material with which 
a beam of radiation can interact. An obvious disad
vantage is tha t the cloud chamber must be made with 
a minimum of conducting material becaus e the pulsed 
field would induce eddy currents in it. 

The magnet consists of a pair of rectangular coils, 
each of 64 turns of l / 4-in. -square copper; the param
eters are given in Table II . The short ends of the 
coils are raised a distance S = l in. out of the plane ; 
this distance was chosen after a computation program 
gave the relative length, width, and S for a given gap 
in such a magnet in order to obtain the best conditions 
for uniform field in the useful volume. The result is 
that, with the final configuration that was chosen, the 
vertical component of the field is uniform to ± So/o in 
the useful chamber volume of 4-1/2 X 8 X 2-3/4 in.; 
Measurements with differential-pickup coils . con
firmed the calculation. 

The C magnet is simply constructed. A c oil of 64 
turns of copper is wound, after the copper has first 
been covered with glass sleeving, on a rectangular 
form in an array of 8 X 8 conductors. The bundle is 

Table II 

Summary of C-magnet characteristics 

Turns per coil 
Material 

Cooling 
Useful v.olume 

(± lOo/ouniform) 
Nominal working field 
de resistance 
Indue tanc e ( 1 kc ) 
Capacitance 
Effective impedance 
Calibration a 
Energy loss/ stored 

energy 
P eak current at 18 

kilogauss 
Pulse duration (half

cycle sine wave) 

2A 
2B 
2C 
2D 
2S 

R 
L 
c 
z 

2-5/8 in. 
12-15/16 in. 
9-l/8in. 
4-7 / 8in . 
2 in. 
64 
heavy Formvar
coated copper, 
1/ 4 X 1/ 4 in . 

Forced air 
3300 cm3, approx. 

15 kilogauss 
57 milliohm 

3 . 27 mh 
1800 f!f 

1.44 ohm 
2. 70 kilogauss/kv 
0.14 

4700 amp 

7.7 msec 

aBy pickup coil and oscilloscope. Calibration was 
computed from measured inductance and other neces
sary parameters; the field calculated from numerical 
analysis is 2.78. The 3o/odiscrepancy can be explained 
b y neglect of switch drop, lead resistance, etc . 
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tightly taped and deformed to take its nonplanar shape 
in a h ydrauli c press . After appropriate terminals 
a re soldered to the ends of the wire, the coils are im
pregnated with epoxy resin, vacuum-pumped to re
move gas pockets, and potted under high pressure. 
The resulting coil is a very strong self-supporting 
structure; the two coils of the pair a re mounted with 
plastic shim blocks to separate the two, and the as 
sembly is clamped to a nonconducting table with stain
less steel bars. This magnet is cooled by forced air. 

The schematic assembly drawing of Fig. 4 shows 
the configuration of the C magnet with the P magnet 
installed. Note the massive lead assembly for the P 
magnet. This was found necessary because the cur ·
rent path in the leads pas sed through the fringe field 
of the C magnet; enough stress was thereby exerted 
to cause fatigue failure at the junction to the P magnet 
after only several hundred pulses when these leads 
were brought straight out and with ins ufficient sup
port. The arrangement shown runs the leads through 
a weaker field and the pair is made as noninductive 
as practicable. 

Fig . 4. Schematic diagram of P- and C
magnet assembly. 

To date, the assembly has had many thousands of 
pulses with a very small incidence of failure. 
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Discussion 

Penman: What is the core material of the saturated 
core reactor? 

Warshaw : Supersil. 



I. 3, SOME SPECIFIC USES OF HIGH MAGNETIC FIELDS* 

Leona Marshall 

Brookhaven National Laboratory 
Upton, Long Is land, New York 

The beams of extremely relativistic particles 
produced by 25-Bev alternating-gradient synchro 
trons may be handled in ways similar to the beam 
techniques presently used for particle energies up to 
6 Bev, provided that large;r magnetic fields are avail
able for this purpose . An increase by a factor of 5 in 
particle momentum corresponds to an increased aux
iliary magnet field strength of 10 5 gauss. To produce 
particle deflections of the same angle the increased 
field must be applied, of course, over the same flight 
path as presently used, namely about 1 meter. 

Such fields appear to offer no insuperable diffi
culties in problems of power supply, strength of ma
terials, and heat dissipation. (Because of their ex
pensive power consumption they will, however, prob
ably require activation by pulsed power sources). 

The time constant of the field coil is given by the 
inductance L divided by resistance R. For pulsed 
magnetic fields of approx 0 . 1 sec duration the contri
bution of the coil to the time constant of the entire 
circuit should be adjusted so that the pulse rise time 
can be approx 0.05 sec. The time constant of the 
circuit is given by !Lcen + Lcoil) / (RGen + Rcoil ), 
from which it follows that it is often useful to min
imize Lcoil . Because the latter varies as n 2 , 
where n is the number of loops of the coil, it is de
sirable to have few loops, and therefore large con
ductor cross section. Consequently, the resistance 
of the coil tends to be low, requiring a high-current 
power source of low voltage such as the unipolar gen
erator. But no particular power supply is necessarily 
the best for all kinds of coils that one rna? de sire to 
build. Uses of some high-field (about 10 gauss) 
large -volume (about 25 liter) auxiliary magnets are 
discussed here . For example, their use as switches 
would make it possible to bring the various desired 
particle beams to a given piece of experimental equip
ment such as a bubble chamber or pair spectrometer 
which because of its large size, weight, and delicacy 
of adjustment requires to be more or less permanent
ly built in place. 

1-Meter Switching Magnet 

A 20-Bev charged particle in a field of 10
5 

gauss 
has a radius of curvature of 

R = cp/eH = 7 meters. 

In traveling a path length of l meter it suffers a de
flection of e = 1/7 radian or 8 .4 degrees. We de
scribe here briefly a coil to make a pulsed field of 
105 gauss over a flight path of 1 meter. 

Let the field be contained in a volume lOXlOcmbyl 
meter long. Such a magnet coil may, for example, 
consist of 20 loops of water -cooled copper conductor, 
each loop 2.56 meters long, of 28

6
cm average inside 

diameter, and carrying 0.127Xl0 amperes, the cop
per conductor of each loop having a cross section of 

12 .5 cm 2 . Then the cross section of conductor m 20 
such loops is 20Xl2.5 cm 2 . The maximum temper
ature rise in the copper conductor, if all the heat 
from a 0 . 1-sec pulse is retained, is 5°C. The total 
weight of copper in the coil is 540 kg. The series 
resistance of the coil is 663 micro-ohms, requiring 
a power source of 91 volts. 

Such a high-field bending magnet finds valuable use 
as a sweeping magnet, of course, for just as 105-
gauss fields are required to deflect 20-Bev particles 
through 8° to bring them into a limited space, sim
ilarly, high fields are necessary to deflect them out 
of the given limited region after they have been pass
ed through a target to produce a desired reaction. A 
high-field sweeping magnet is exceedingly useful in 
preparation of beams of the short-lived neutral par
ticles, and probably will also be in demand for pro
duction of clean neutron and antineutron beams. 

Short-Focal-Length Quadrupole Lens 

A strong-focus quadrupole lens having short focal 
length has the important property of being able to 
collect into a parallel beam particles radiated into a 
large solid angle. For example, a quadrupole lens 
of 51 em focal length and of 6° half-angle aperture, 
with inside dimensions of 10 em high X l 0 em wide 
X 15 em long for each of two sections is constructed 
as follows: Each lens section has four walls, each 
wall consisting of a stack of 10 copper conductors, 
each conductor having cross section 12 cmXl em. 
All conductors are connected in series to make a 
total resistance of l92Xl0-6 ohm, requiring l.25Xlo5 
amperes at 23 volts for each quadrupole section and 
producing a magnetic quadrupole field of 105 gauss. 
The total length of 12 meters of copper conductor 
wei&,hs 120 kg. A power pulse of 0.1 second produces 
a 5 C temperature rise, provided that no heat is lost 
from the copper during the pulse. The current in 
each wall of the lens flows parallel to the axis of the 
lens. Furthermore, the curr ent in a given wall flows 
in the direction opposite to the direction of current in 
the wall across from it. The directions of current 
flowing in the second quadrupole section are the re
verse of those in the first section. The inductance is 
about 0 . 2 microhenry. Such a magnet is able to focus 
20-Bev charged I: particle in a flight path corre
sponding to two lifetimes. 

Counter for High-Energy Electrons 

A synchrotron radiation counter, specifically se
lective for high-energy electrons, which detects syn
chrotron radiation in a field of 105 gauss has also 
been proposed. (Leona Marshall, Mass - Sensitive 
Detector for Relativistic Electrons, Re v. Sci. Instr. 
~. 412 (1959).) 

* Work performed under the auspices of the U.S. 
Atomic Energy Commission. 



!.3 

Discussion 

Roberts: The problem arises of the portability of 
equlpffient needing 200,000-ampere supplies. How can 
the magnets and supplies be moved? 

Marshall : The small generator is about 24 in. long 
and 14 in. in diameter and could really be built on 
something 'portable and pushed around so that the cur
rents that run the rotor could be brought to it at high 
voltage; then, the output leads of low voltage and high 
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current would be quite short. I believe that this is one 
of its very nice features, but it remains to be seen 
just how portable it really is. 

Furth: A unipolar generator is, of course, not entire
ly portable. It must be fastened down, so that it will 
not do a somersault when pulsed. The fastening-down 
could presumably be accomplished with a steel frame, 
weighted with cement blocks. (Counter -rotating equip
ment is another possibility.) 
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to date confirm the smallness of the magnetoresist
ance coefficient of sodium, and can be used to esti
mate the performance of an actual coil. Having 
shown that it can be purified inexpensively and han
dled in a practical way, one can see that sodium has 
many advantages as a conductor in addition to its low 
magnetoresistance. For example , its density is. l ow 
(about l) and it is therefore by far the cheapest indus
trial meta l per unit vo lume (about 40 r/./liter on to
day's market, compared with about $ 10/liter for cop 
per) . Furthermore, even commercial - grade sodium 
is of quite high purity, owing to the diffidence of Na 
in accepting many materials into solid solution . On 
the other hand, one cannot assume that it is trivially 
simple to handle sodium. Both adequate equipment 
and experience are required. The fabrication of 
large coi ls using sodium as a conductor is still very 
much in the nature of a development in progress, 
not a technique which has been reduced to practice. 

Coil Losses--General 

The powe r dissipated by a coil in producing a 
given magnetic field is given simply by the integral 
of resistivity times the square of the current density 
Pl (power dissipation per unit volume), over the 
volume of the coil. In ordinary air-core coils both 
p and j are usually constant throughout the coil, so 
that the calculati on is a trivial one. However, in a 
cryogenic coil, where magnetoresistance effects 
rna y be important , p is a function of position within 
the coil, and of the strength of the field itself. This 
circumstance must be taken into account in calculat 
ing the power dissipation. Also, it may be advan
tageous in some cases to utilize a current density 
which is a function of position within the coil, so as 
to minimize magnetoresistance effects, mechanical 
stresses, or some other parameter. 

The "efficiency" of a system of currents in pro
ducing a given magnetic field intensity at some 
chosen point in space can be represented in a way 
that is independent of coil dimensions so as to facil
itate computation and design. Consider the rati:f of 
the magnetic ene r gy density, (B 2/8;r) ergs/em , 
to the Joule heat dissipated by the currents that 
produce the field. From the Biot-Savart law, this 
ratio is, for an arbitrary current system, 

(B
2 

/B;r) 
p 

mag 

_l_ ~~ d3; 

I 
- - 12 

800 ;r V r 

J 
v 

-+ 2- 3-
p(r)j (r) d r 

(3) 

Here r is the position vector dire:cted between 
the current element T and the point at which the field 
is measured. The volume integrals are to be taken 
over the entire vnlume V of the coil. In the expre s
sion, B is in gauss, P in watts, j in amperes/cm 2 , 
and p in ohm-em . The integrals can be expressed 
in a form that is independent of physical dimensions 
if we measure all distances in terms of a single char 
acteristic dimension of the coil, call it a (a would 
be , for example, the inner radius of a simple cir
cular coil, or the spacing L~tw~n two long parallel 
conductors). Thus we let r =au, so that the vol
ume element d3-; = a3 d3~. Also...._ writ~ j in terms 
of..,2- mean current density; then j (r) jox(u), where 
x(u) contains the spatial variation of j with position. 
In these units Eq. (3) now becomes 

(B 2 /8;r 
I{ 

p 800;ra f mag 

v 
i . e. , it can be written as 
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p(u) X (u) d u 

(5) 

where F is independent of the size of the magnet and 
depends only on relative dimensions and the resis
tivity. F can therefore be taken to be a "figure of 
merit" for the performance of a coi l system of given 
shape and current distribution . Maximizing F with
in any given class of confi gurations, one can find the 
most efficient coil configuration for producing a 
given magnetic field. 5 

Coil Figures of Merit 

The kinds of magnetic field configuration most 
likely to be encountered in high-energy physics ex 
perimentation can be divided into three genera l cat
egories . The first field configuration is like the one 
produced at the center of a simple circular loop or 
by a Helmholtz coil pair, i.e . , a roughly spherical 
region of approximately uniform magnetic field . This 
configuration wou ld be useful fo r bubble chambers, for 
example. The second gene ral category of fields is the 
long region of uniform field, such as the field produced 
by a long solenoid. Such a field configuration might 
be used in partic le separation, storage, or focusing, 
for example. The third category is the type of field 
produced between two long parallel conductors carry 
ing a current in opposite directions, i.e., a long cy 
lindrical region of roughly constant magnetic field, 
the field being directed perpendicular to the axis of 
symmetry. Such a field would be used for a guide 
field in a weak-focusing accelerator, for examp le, or 
for storage rings, particle separators, or bending 
magnets. 

Using the genera l expression, Eq. (4) above, we 
can ca lculate expressions for the figures of merit of 
conductor systems that produce fields of the three 
categories described above. 6 We consider, first, the 
second category, the long uniform field. 

Long Solenoid 

Taking the length of the solenoid as the character 
is tic dimension, we see that the dissipation per unit, 
_;,ength of a long solenoid is independent of its size, 
L e., 

p 
m 

p 
~ 

L · ( ::) , in watts/em, (6) 
~ 

m 

where the figure of merit, F m , of a long solenoid is 
given by 

F 
m 

[f~ du] 2. 

l -3 l 
---- ergs em /watt em 
100 p 

(7) 

a = r 2/r l ' the ratio of outer to inner radius' and 

= Ja p x
2 

u du, the weighted mean resistivity. 
l 

p 



1.4 

If we ta}<.e the c urrent density to be constant (i.e. , 
x = 1), F b ecomes 

' m l 
- 1 [ a.-1 1 

Fm- 50 ~J p 

p 2 
,,a. p u du . (B) 

~ I .1 1 

If the dependence of magnetoresistance on B is 
known, p can be evaluated explicitly . Since Na see ms 
to exhibit a linear dependence of magnetoresistance 
over a fair range, such a variation will be assumed in 
the calculations to follow. Now, within the coil, 

j(r)dr = B 0 ] x d1
1 

1J x du
1

• 

r1 u 1 

B(u) = 4TI 

"(9) 

Thus for x = 1, we have B(u) = B 0 (a.-u) / (a.-1), so 
that for a linearly varying magnetoresistance we 
find 

II a.+ 2 l\ 
La. + 1 J = Po + PB , (1 O) 

where Po is the ordinary resistivity and pB (B 0 ) is 
the magnetoresistance at the inside surface of the 
coil , where B = Bo . We see that for typical values 
of a. (2 to 3) the mean magnetoresistance is about 
1/3 of its peak va lue. This same result applies very 
nearly to the other cases considered. 

Coil of R ectangu lar Cross Section 

In a similar manner the figure of merit of a short 
coil of rectangular cross section can be ca lculated . 
Such a coi l, with its relevant dimensions, is shown 
in the sketch . 

--.
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Taking the inside radius b as the characteristic 
dimension of the coil, and considering the case of 
uniform current density, one finds that the fi g ure of 
merit for such a coil is 

F = __ 1_ 
M 200 p { 

'I [ (1 + -yr;-;:;;; ~ 2} ---y--:- loge ~ a . 
a -1 1+ 1+_y_ 

2 

( 11) 
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Writing F~ = (1 /2 00 p ) · F(a, '(), we can present 
"universal' curves of the variation of F with a 
and 'I· These curves are showninFig.'l' as a func
tion of 1/'1. It can be seen that F has broad max
ima in the v icinity of 'I = 2 to 3 fo:Utypical values of 
a. In the limit 'I= c/b - oo , (FM /b ) approaches 
Eq. (7), the result derived for a long solenoid. Equa
tion (11) should also apply closely to a coil set made 
up of two coils of rectangular cross section having a 
small gap between them. Such a coil set might be 
used for bubble chamber magnets. 

• I . z 

F(a;r')• 
11' Loq.[i.,/l,lfi-)

1 -~]}' 
I•~ 

(cr'- 1) 

. J /;;. .• .. . . 
Fig. l. "Unive rsal" curves of variation of 

. the figure of merit with 'I· 

In t erms of FM, the power dissipated by a c oil 
of rectangular cross section is 

.7 

PM " ( F~ ) ( :~ ) waU•, (12) 

where BM is the field intensity on the axis of the 
coil at the mid-plane . 

Parallel Conductors 

The figure of merit for a system of two parallel 
conductors carrying equal and oppositely directed 
currents can also be readily derived. For conductors 
of rectangular cross s ection, carrying a uniform cur
rent density, the figure of merit is 

{ Alog0 l ~'; :' J F 
r 

[ 400 lT ([3 -1) ~ l p 

H [~ .,,-1 (,~~ _ <ao-1 ( ;)]' (13) 

2 
so that Pr = (1/F r) (B 0 / 81r) watts/em, where 
Bo is measured at the midpoint between the con
ductors. 
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The re levant dimensions are shown in the s ketch. 

Note that in this case, as for the long solenoid, 
P d oe s not depend on the absolute dimensions. 
s6m e va lues of p F are given in T ab le III . 

r 

Table III 

Values of pF r fo r v arious conduct or geome t ries 

)1. -F p r 
(l 0- 3 ) 

1 .5 l.O .941 
1.5 1. 259 
2.0 1. 466 
2 .5 1 .584 
3. 0 1. 639 
3.5 l .651 
4.0 1 .636 
4.5 1. 605 
5. 0 1 .564 

2.0 1.5 l . 922 
2.0 2.292 
2.5 2.535 
3. 0 2.680 
3 .5 2. 761 
4.0 2 . 775 
4.5 2.762 
5,0 2 .726 

3.0 2 .0 3 .0 82 
3.0 3.807 
4.0 4.138 
5 . 0 4 .233 
6.0 4.197 
7.0 4.090 

4.0 3.0 4.3 15 
4.0 4. 83 1 
5.0 5.oi8 
6~ 0 5.15 4 
7 .0 5.1 26 
8 .0 5.035 

C oil L oss C a l culations 

The results derived above may be used to ca lcu
late the coil losses and over-a ll power requir ements 
of c r yogenic coils. C ons ide r first the case of a long 
solenoid . In o r de r to r e la t e the calculations to a con 
venie nt standard , they will be compared t o the dissi
pation of a "standard solenoid," i . e . , one constructed 
of solid copper and operated at 300 °K. The losses of 
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Fig. 2. Coil lo sses in a solenoid for various 
r a tios of outer radiu s to inne r radius. 

10'" 10. 

r-<··~--j 
cr . ~ . 2 

10. ~-r 10' 

---~__t _ _l 
e. 

10° -~ 100 

10' 10 

10° P • I. 73 X 10-'ohm-C'tn 
(o.o 300' K) 

PJCI<.ING f'RA.CTION = 1.0 

10. 0 . 1 

Fig. 3 . L osses in coils of rectangular cross 
section for various inner-coil radii . 

..J 

0 
u 

"' 0 

"' "' ::1 

0 

"' < 
0 
z 
< .. ., 
., .. .. 
< 
':1: 
< 
" .. 
::1 



!.4 

"' "' :: 
a: 
"' 31: 
0 
Q. 

a: 
~ 
() 
::> 
0 

~ 
() 

"' > 
t:i 
.J 

"' a: 

20 100 200 300"1< 

_,_ 
Fig. 4. Dissipation in coils using sodium 

conductors. 

the "standard solenoid" are readily calculated, using 
Eq. (8), and are shown in Fig. 2, for various values 
of a= (outer radius)/(inner radius). It can readily 
be seen that at high magnetic fields the dissipation 
rates are very lar~e, amounting to some 103 kw/cm 
(10 .3 Mw/m) at 10 gauss. 

Similar curves can be plotted for "standard" coils 
of rectangular cross section. Figure 3 shows such 
curves for various inner coil radii, as a function of 
BM, the field at the center of the midplanes. For 
these curves the values a = y = 2 are assumed ; these 
are relative dimensions which lie close to the maxima 
of the curves of Fig. 1 . Again, it can be seen that the 
dissipation of ordinary Cu coils would be large indeed 
at high fields . For example, at BM = 105 gauss, a 

2"1<3 10 20 30 50 100 200 300'K 

_ ,_ 
Fig. 5. Power requirements for a cryogenic 

coil for P. F. = 1.0 and refrigerator effi
ciency 0.25. 

Cu coil of 50 em inner radius would consume some
what more than 30 Mw of power . 

Taking the resistivity of copper at 300°K as a 
standard, the relative dissipation of coils using so
dium conductors can b e calculated. Theoretical 
curves of this kind, calculated for a long solenoid 
are shown in Fig . 4 (taken from Post and Taylor, 5) 
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as a function of tem perature for various values of the 
magnetic field. In these curves the impurity resist
ance has been assumed negligible, but the temperature
dependent resistivity associated with lattice scattering 
(depicted b y th0 Bloch-Gruneise n curve, labeled B = 0), 
has been included . At temperatures below about 150K, 
as predicted b y the Bloch-Gruneisen curv e, the lattice
scattering contribution to the resistivity varies as T5, 
having the value 8.4X 10 15 T5 ohm-em? for Na. Thus 
at l0°K or less this contribution b ecomes very small. 
The magnetoresistance is taken from Table II. It c an 
be seen from the curves that if the temperature is 
lowered to about l0°K, resistivities less than 1/1000 
of that of Cu at 300°K are predicted, even at mag:netic 
fields as high as 105 gauss. It follows that at 10" 
gauss the predicted dissipation is· l e ss than 100 watts 
per em. 

It is important to point out again: that the res is
tivity is on the order of 1/1000 of that of Cu means 
that the heat dissipation rate per unit vo lume of a 
cryogenic coil will be reduced by the same factor, 
relative to conventional air -core coils. This means 
that problems of heat transfer are correspondingly 
greatly reduced. We find theoretically, therefore, 
that simple helium gas cooling at low flow rates can 
be employed, using small relative areas of coolant 
passages . 

The total power required to operate a cryogenic 
coil, relative to the "standard solenoid," can now be 
obtained simply by multiplying the curves of Fig . 2 
by the refrigeration factor, GR , and the reciprocal 
of the coil packing factor. Figures 5 and 6 show the 
results of such calculation, for a P . F. = 1 .0 andre 
frigerato.r efficiencies 0 ,25 and 0.5 times Carnot, re
spectively. It c an readily be seen that unless the t e m
perature is dropped below about 25°K, no net g ain is 

_, _ 
Fig. 6. Power requirements for a cryogenic 

coil for P. F. = 1.0 and refrigerator effi
ciency 0.50. 

K 
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possible. Howe ve r , in the vicinity of 10°K the c urves 
show minima, and it is seen that over-all reductions 
of a factor of 10 or more are predicted, even for mag 
netic fields of 105 gauss. 

These curves show clearly that substantial savings 
in the over -all power requirement to produce a high 
magnetic field can be expected if: ultrapure sodium is 
used as the conductor material. To be sure, the cal
culations are based on ma gnetoresistance data that 
are still somewhat uncertain. Nevertheless, we feel 
on the basis of our own data that this r esulting un
certainty in power requirement is not likely to exceed 
a factor of 2 in the unfavorable direction. 

Example Calculations 

It will be informative to present some example 
calculations r e lating to cryogenic coils that might 
be used in high-energy physics experimentation. 
Consider first a large circular coi l of rectangular 
cross section producing 40,000 gauss on its axis at 
the mid-plane. Such a coil might be used as a bubble 
chamber magnet. The inner diameter of the coil wi ll 
b e taken to be 100 em . Thus power requirements of 
such a c oil can be calculated from Eqs.(ll) and (1 2 ). 
The m e an resistivity is calculated by using the ex 
perimental results we have obtained with the 20-foot 
sample conductor alluded to previously in the report. 
In the calculation we shall use the measured impurity 
resistivity and the highest magnetoresistance observed, 
so as to introduce some conservatism. Thus the im 
purity resistivity assumed is (l /700 0) X 4.27 X 10-6 
ohm-em= 6.1Xl0- 10 ohm - em {the 4.27Xlo-6 ohm-
em is the resistivity of Na at OOC) . Using the ob
ser v ed magnet ore sistance and extrapolating it from 
18 kilogauss, we find that the predicted mean magneto
resistivity at 4Xl04 gauss is about 4.7Xl0 -10 ohm 
em, i. e., somewhat smaller than the impurit y re
sistivity . Thus the predi.cted mean resistivity asso 
ciated with impurity and magnetoresistance effects is 
10.8X1o- 10 ohm-em, or about 0 .6X10-3 times there
sistiv ity of Cu at r oom temperature. The total re
sistivity, including the lattic e scattering term, de
pends on the operating temperature assumed . 

The dimensions, approximate weight, and packing 
factor assumed for the magnet are: 

inner radius, 50 em; 
outerradius, 150 c m; 
length, 200 em; 
packing factor, 0.9 ; 
approx wt, 15 .0 m e tric tons 

(33, 000 lb) 
Fr o m the curves of Fig . eva luated for 
y = (length/radius)= 4, a = (outer radius / inner 
radius) = 3 , c:_ne finds F (a, y) = 032~. Therefore 
FM = (l/200 p) · (0.26) = 1 . 3X10 (p)-1 . If we assume 
a mean operating temperature of lOOK, the t otal mean 
resistiv ity (impurity and magnetoresistivity plus 
lattice-scattering term) w ould be about 1.9 X lo- 9 
ohm -em. Thus FM = 6.8 X l05, uncorrected for coil 
packing fraction, or 6 .1Xl05 for a P.F. = 0.9. There
fore, the power dissipated is PM = (B2 /8 rr) 
a/FM = 5 kw. Taking the refrigerator efficiency= 0.3, 
the total powe r required w ould therefore be 
GRPM = 500 kw. 

The cost of fabricating such a coil can be estimated 
,£rom our experience. The cost of the refrigeration 
plant can be obtained from estimates based on the c ost 
of existing large refrigeration plants; plants such as 
those which have been built in connection with rocket 
and space developments. The best way to establish a 
firm cost figure for the refrigerator, however, would 
be to be willing to solicit serious bid proposals. 

The estimated capital costs are 
Na cost (at $1.00/kg, purified) 
Stainless steel coil structure
fabricated 

R e frigeration plant (at $500 
per kw demand) 

Miscellaneous (contro ls, etc.) 

Total 

1.4 

listed below: 
$15,000 

16 0,000 

2 30,000 
25,000 

$450, 000 
The se costs are, of course, only rough estimates. 

They are perhaps best used only as a guid e in asses 
sing the scale of effor t that would be required. 

The power cost, c alculated for 2000 operating 
hours per year and at I f. / kwh, would be about 
$10,000 per year. 

For comparison, an estimate of the cost of a 
c on ve ntional copper aircore coil of the same dimen-

Fig. 7 . Cutaway model of coil construction . 

Fig. 8. Assembly of first layer of coil. 
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sions, producing the same field strength, can be 
made. The costs quoted are approximately those 
which experience has shown shou ld apply in the U.S. 
for conventional copper coils. 

approx wt of coil 100 metric tons 

packing factor 
power required 

{220, 000 lb) 
0.7 
6.5 Mw 

cost of coil {at $ 4/kg ) 
cost of power supp l y {at $60/kw) 
cost of cooling system {at $20/kw) 
Miscellaneous aux iliary 

$400,000 
390,000 
130,000 

10,000 

930,000 Total capita l cost 
Power costs per year {2000 hr at f /kwh)= $130,000. 

Fig . 9. Reinforcing shells. 

,, 

Fig. 10. Encapsulated sodium conductor. 
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It is quite clear that if the assumptions made are 
va lid, capital cost savings of more than a factor of 2 
and power cost savings of more than a factor of 10 
could be expected if a cryogenic coil were to be used 
in place of an ordinary coil. Furthermore, the weight 
reduction of about a factor of 6 or more might ma
terially reduce other prob lems associated with the in
stallation. Savings and weight reductions similar to 
these would be predicted for coils producing fields up 
to say, 105 gauss . However, the installation involved 
would be much laq:;er, and more severe mechanical 
problems would ar1se. 

Another example wi ll serve to illustrate a magnet 
which is probably economica ll y feasible only if sodi -
um cryogenic coi ls can be used. Suppose one wished 
to fill a long cylindrical region with a uniform mag
netic field of high intensity. Such a region might be 
used as a particle-storage volume, or might be use-
ful for some new types of particle accelerators. Sup
pose again that the field is to be 40,000 gauss , and the 
inner radius 50 em . If a. is 2, and the length is 10 
meters, then the weight of the coil {if sodium is used) 
would be about 25 metric tons. Using the same resis
tivity as above, the coil dissipation would be about 18 
kw total. Therefore, the total power demand {in
cluding refrigeration) would be approximately 1.8 Mw. 
The capital cost of the installation works out to be 
about $1 X 1 o6 , and the year ly power cost {at 2000 
hr/yr) about $36,000. By comparison, a copper coil 
of the same dimension would consume about 25 Mw of 
power, weigh about 200 metric tons, cost about $3Xlo6, 
and incur year ly power costs of about $500,000. 

Progress Toward an Experimental Coil 

As described in a previous publication, 5 we have 
commenced work on a "fu ll -scale " test of the feasi
bility of cryogenic coi ls at Livermore. The construc
tion phase is nearing completion, as far as the coil 
proper is concerned, and we hope to have tests under 
way in the next few months. The approximate dimen
sions and predicted e lectrica l characteristics of the 
coi l are 

inside diameter, 
outside diameter, 
length , 
weight of Na, 
de sign central field, 
peak centr al field, 
power at design field, 

20 em; 
40 em; 
30 em; 
29 kg; 
65,000 gauss; 

100,000 gauss; 
3 kw. 

The coil will be constructed of layers of square, 
thin -wall stainless stee 1 tubing, each layer being re
inforced by a stainless steel shell. Anodized aluminum 
sheets, car rying shallow groved passages, wi ll be 
sandwiched b e tween each winding and its supporting 
shell. These sheets provide coolant passages through 
which refrigerated helium gas at a temperature of 
about 10°K wi ll flow. F igure 7 shows a cutaway 
model of the construction . Figure 8 shows the first 
layer of the coil in the course of assembly. Figure 9 
shows the reinforcing shells that will be used. Sub
marine batteries will be used to excite the coil to its 
rated current {approximately 15,000 amp). Refrig
eration for periods up to 1 minute wi ll be provided by 
refrigerating and subsequently "blowing down" a bottle 
of compressed helium. A small c los ed-cycle helium 
refrigerator will be used to cool the helium before 
blowdown. 

Figure 10 shows one of the sample encapsulated 
Na conductors prepared to measure residual resist
ance and magnetoresistance. This sample y·fe lded 
the 7000:1 resistance ratio alluded to ear lier. 
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Summary and Conclusions 

Granted that large vo lumes of high magnetic field 
may be required in high-energy physics experimen
tati on , the cryogenic coil has been shown, in theory, 
to offer many advantages ove r conventional coils. 
From available data on magnetoresistance it appears 
that either aluminum o r sodium i n ultrapure form 
could be used for such coils. Howeve r , b ecause its 
density is low and because it is by far the cheapest 
industrial metal per unit volume, sodium appears to 
offer substantial advantages despite the added diffi
culty in handling. We have shown that commercially 
available sodium can be purified in large quantities 
by distillation and subsequently can be encapsulated 
in stainless steel tubes to form a durable conductor 
of ve ry low residual resistance. 

In a large high-energy physics research laboratory 
there are other places where cryogenic refrigeration 
is necessary or could be used to advantage. For ex 
ample, hydroge n bubble chambers already require re
frigeration for their operation. Also, improved vac
uum conditions within experimental chambers can be 
attained by using "cryopumping" techniques - -i. e. , 
vacuum pumping systems with baffles refrigerated to 
very low temperatures. These considerations, taken 
all together, suggest that a large central helium re
frigeration system could become an important adjunct 
to a high-energy physics laboratory. By use of already 
de ve loped techniques, cooled helium gas could be read
ily and .efficiently circulated over substantial distances 
to provide low-temperature refrigeration at many 
places throughout the laboratory. A bonus from the 
use of such a central cooling system to refrigerate all 
high-power magnets in the laborator y area would be to 
eliminate the need for high-power electrical bussing 
or equipment within the laboratory profer. Only in 
the refrigerator area would high-power equipment be 
required. 

Promising though the cryogenic coil appears to be, 
it should be remembered that it is still a de velopment 
in progress. One must therefore expect to encounter 
unforeseen practical difficulties which will have to be 
ir oned out before the technique is perfected and its 
ultimate value assessed. Furthermore, it is already 
clear that the cryogenic technique is not a panacea 
for all magnet headaches. It is likely to be of little 
use for small coil systems, or for syst"!ms requiring 
pulsed operation. Its main application wou ld appear 
to be t o the generation of large volumes of static or 
quasi-static magnetic fi e ld. 
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Dis c ussion 

Galonsky : Have you looke d into the effect of the in
crease of resistivity in the radiation field of an accel
erator? 

Post : Yes, radiation damage is something we con
sidered, and this is one of the reasons for being ex
cited about sodium. In the first place, sodium has 
been shown by several inve stigators to have an elec
trical resistivity which is almost independent of me 
chanical strain or cold working. The effects of cold 
working are similar to radiation damage. It is the 
least sensitive of the metals to this effect, probably 
because it is ductile . So until you get into questions 
of transmutation of sodium in appreciable quantitie s 
into something else and that "something else" then 
going into solid solution, ,·adiation damage do es not 
look serious . I would remind you that all you have to 
do to anneal sodium is to raise it up to perhaps 80°K. 
It anneals at a very low temperature . Returning to 
the question of cold work, it has been demonstrated 
that the change in low-temperature resistance in so
dium occasioned by strain is almost infinitesimal; 
you can strain a sample by several percent and hardly 
measure the change. Nobody really knows quite why 
this is so, because some oth e r metals, such as cop
per, are very sensitive . Copper also shows severe 
radiation - damage effects on its resistiv ity. There
fore I would say that although we certainly have not 
measured these effects in a reactor ourselves, never
theless - - provided you have kept the radiation flux to 
a point where it does not present a heating problem 
{which you must do anyway)--you don't have to worry 
about radiation damage. 

E. Fowler: Are you talking about a helium refrigera
tor or a hydrogen refrigerator for use in refr igerating 
your coils? 

Post: We will use a h elium refrigerator, utilizing only 
the gaseous phase - - no liquid phase involved at all. So 
it is to be a single compressor-expander engine refrig
erator; this has many advantages. I forgot to m e ntion 
that our actualcooling w ill be by a "blow - down" tech
nique, using a quite small refrigerator to refrigerate 
a bottle of helium and then "blowing down" the helium 
through the coil for about a minute to accomplish the 
refrigeration. 

Peyrou: I would like to know, in the comparison be
tween the cryogenic coil and the conventional coil, are 
the inside dimensions of the coils the same? If you 
are speaking of a cryogenic bubble chamber you prob
ably have the further advantage that the cryogenic coil 
could be brought closer to the chamber than the hot 
coil. 

Post: You are right, the cryogenic coil could probably 
be brought closer; I did not take advantage of that. The 
two coils were assumed identical in cross section and 
dimens ions. 

Hofstadter: Are there any safety considerations that 
are 1mportant with a coil of this kind? 

Post: There appear to be no problems - providing the 
sodlUm is not simply l e ft to run loose in a puddle of 
water or something like that! The question we thought 
of at first was the thermal stability of the coil itself . 
That is, should a local thermal perturbation occur, 
would this grow or not? It is very easy to show that 
because of the nature of the resistivity curve- -which 
has zero slope at low temperatures, compared with 
the cooling curve, which has a constant slope begin
ning at a finite temperature- - for any well designed 
system the operating point is a stable point. Only by 
allowing marginal designs would you reach an unstable 
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point. Therefore the coils are thermally stable, any 
small t emperature perturbation being stable. As a 
matter of fact one can calculate that if a short c ir cuit 
developed in the coil the dissipation of the ent~re stored 
energy (in a r e asonably sized coil ) would not raise it 
to room temperature; there is enough heat capacity to 
prevent this. Let me reiterate: you must consider, in 
my opinion, that cryogenic coils are applicable to large 
systems; if you try to apply the technique to small coils 
you are bound to end up in discouragement; it is not the 
proper technique. The Bitter magnet or the pulsed mag
net is the proper technique to use for small magnets at 
high fields. 

L. Marshall: The compound Nb3Sn has been recently 
reported to remain super conducting to about 70 kilo
gauss. 

Post : I think that this is an exciting possibility, if it 
turns out to b e true; there are some "ifs," and so we 
have not delved into this. I commend the idea to any
body who wants to look into it, but one thing to remem
ber it that once you have bought a certain size of cryo
genic equipment in order to reach low temperatures you 
may find the equipment not greatly different from that 
r e quired to refrigerat e the co ils that I am talking about. 
So if you balance against this fact the likely higher costs 
of the superconducting material, it is not clear that you 
would make a gain. However, I certainly would say that 
superconducting magnets ought to b e looked at carefully. 
It is simply that we have found a great deal to be gained 
by using "old-fashioned" conductivity without inquiring 
very far into the subtleties of superconduction. So if 
the technology develops a high-field superconductor, fine, 
it will be wonderful. 

L . Marshall: You would save the power bill for a year 
and you might save money on the coils, which would be
come simpler in construction . 

Post: You would save some of the $6,000 power costs 
that I have estimated. You wouldn't save all of it, since 
you would still have some power losses . But once you 
had knocked the power costs down from the $130,00 0 it 
would take to run a conventional coil to $6,000, it is 
not entir ely clear that there could be much further sav
ing. 

Mozley: I wasn't clear how you were insulating between 
turns in your magnet. 

Post: Insulation between turns turns out to be rather 
~rivial. -r:he ori?inal design used the stainless ste;l 
ltself for 1nsulat10n because there is a factor of 10 
between the conductivity of stainless steel and the con
ductivity of sodium. Actually, we are slipping in a lit
tle Mylar here and ther e, just in case. 

Ramm: In connection with the cost comparison between 
a cryogenic coil and others I would like to indicate that 
the magnet yoke, coil, power supply, and cooling sys
tem for our propane bubble chamber has cost about 
$300,000. The dimensions of the coil are close to those 
chosen. 

Post: Does it run at 40 kilogauss? 

Ramm: No, 24 kilogauss; but the internal coil radius 
~m and the length about 120 em. 

Post: So you come to about $400,000, or something 
like that? 

Ramm : Yes. 

Post: It is probably the usual factor of 2 b etween 
American and European prices . 
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Ra~_!"!?. : One w onders about this factor. I would imag
ine that in the cost estimates for the pulsed-magnet 
systems involving capacitors, the capacitors might be 
cheaper in America and the iron-cored magnets might 
be cheaper in Europe. These detailed price relations 
may sometimes explain differenc e s in current tech
niques. There are a lso other factors; for example, 
no homopolar generators are commercially available 
to or in Europe. 

I would imagine that in principle most people would 
like to make pulsed auxiliary magnets for a pulsed 
accelerator. For our bubble chamber this problem 
was studied carefully by my colleague, L . Resegotti. 
Pulsing would certainl y have meant a saving of power 
by a factor of about 4. However, the cap ital cost of 
the supply would have been more than for a conven 
tional one, and it would have been inconvenient for 
visitors . As a rule of thumb for a c ircular bubbl e 
chamber magnet machine, under pulsed conditions 
with the I2R loss unimportant, the rotor of the genera 
tor must be of about the same dimensions as the bubbl e 
chamber, which for our chamber would mean a large 
machine. The practical situation today is, I believe, 
that one should strongly encourage the d evelopment 
of all these new coils and magnets but r ememb er also 
that the use of existing t echniques is often imperative 
in order to keep down the total number of staff mem
bers of an establishment . 

Post : I certainly have to agree . I only tried to say 
that questions of these coils being developed right now 
are not germane. You have the weight of evidence on 
your side. There aren't any c r yogenic coils, but there 
are a lot of copper coils. I think it is clearly worth 
whil e to see what might b e done a couple of years from 
now, and that is what we are trying to do. Look for 
cryogenic coils t o be practical in one to two years. 

Wilson: I would like to make a comment about the 
super conducting magnets whi ch L eona Mar shall just 
mentioned, One has worked at 5 kilogauss at the 
Lincoln Labs. If you look at the Heitler - London theory 
of superconductivity you find that the attainable fields 
increase as you have thinner specimens of supercon
ductor. This must stop when you get down to mon
atomic dimensions. But a r easonable figure of im
provement for an ordinary superconductor, which 
would have a limit at ordinary thicknesses of 3 kilo
gauss, i s about 18 kilogauss. These ideas werepointed 
out to me by Dr. R. Kompfner of the Bell Telephone 
Labs at Holmdel, N. J. 

Heymann: I wonder if Dr. Post could give us some 
estlmate of the relative power dissipated ele c trically 
in coils as compared with the power gained from the 
atmosphere or from the surroundings of the coil. 

Post: I think that is another point of scaling. When 
you are dealing with 3 kilowatts of refrigeration you 
find that it is a very large number compared with the 
h eat leaks, using any reasonable insulation. But ifyou 
are dealing with 50 watts then leakage becomes an im
portant factor. So again scale appears. As long as you 
are dealing with kilowatts of refrigeration, with mod
erate care you can ignor e th e heat l eaks in th·e system; 
this we have shown. Insulation at cryogenic tempera
tures is another area, of course, where a great deal 
of development has gone on. But the minute one talks 
about a few watts of refrigeration, leakage is no longer 
a trivial problem. For kilowatts forget l eakage-for a 
few watts it is not likely to be worth while to consider 
cryogenic coils. 

Kraybill: Could you estimate the increased cost of 
attaining 100,000 gauss, instead of 40,000 gauss, for 
the same size magnet? 
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Post: Yes. In the first place let's look at the magneto
resistance; it will incr ease by a factor of 2.5, roughly, 
and now will become larger than the impurity t erm {al
though not a great deal larger), so the total resistivity 
will go up by perhaps a factor of 1.5. The power of 
course will go up, i gnoring the change in res i stivi ty, 
by the square of 2 . 5 or about 6 . Thus the over -all in
crease in powe r loss es will be a factor of about 10, 
i. e ., up to 30 kilowatts, so that you must deliver 30 
kilowatts of refrige r a tion . At 30 kilowatts one can 
possibly do a little better than $400 per kilowatt for the 
refrigerator, since you are getting into the range of 
lar ger e quipment. But taking it at $500/kw, the refrig
erator cost would come up to the order of 1.5 million 
dollars. The sodium costs would not be expected to be 
appreciably large r, although you might make a slightly 
larger coil to be a littl e more effi c ient. The cost of 
the stainless steel coil might be a little higher because 
of the need for additional strength. Therefore I would 
say the main increase is in the r efr igerator cost, by 
a factor of about 10. Now, if you tried to increase the 
ordinary copp e r a i r-cor e design to 100 kilogauss you 
would get clear out in left fi eld. You just couldn't {or 
almost couldn't) build it within a sensible budget. I 
think we will have some evidenc e from the coil we w ill 
be testing to show what a 75- or 100-kilogauss magnet 
would b e like . Incidentally, ther e is nothing in the 
theory of conductivity or in the behavior of the system 
to suggest that you couldn 't go over 100 kilogauss; one 
IS still not seriously into th e m echanical strength prob
l em. In the example cal culations here I just took 40 
kilogauss becaus e it looked like a reasonable and inter 
esting figur e. 

Hine: B e aring on this last point, are ther e any special 
problems on pulsed operation ? --long - pul se op e ration ?- 
just to reduce the dissipation if you ar e in for a million 
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dollars ' worth of refrigeration. 

Po st: This is a very worth- whil e point. W e are doing 
exactly that in our test. W e are using a quite small 
refrigerator and hav ing it deliver perhaps 20 to 50 times 
its normal ratin g simply by refrigerating a system which 
cons ists of a high -pressure helium bottle and a l ead 
shot towe r {lead shot hav ing a ve ry high specific heat 
relative to other mate rial s at low temperatures) . So 
one can s tore up " cold" over a period of time, so to 
speak, and then l e t it loos e in the gas - cooling cycle . 
If you are willing to settle for duty cycles such as 1 
minute out of 10, rather than 1/10 second out of 1 sec
ond or the minute range w ith cryogenic coils to be 
talking sense, because of the skin - depth problems and 
so forht), then "pulsed" cryogenic coil systems l ook 
practical. 

Hine: Ar e the time constants rather long? 

Post: Th e tim e constants are ve ry long; you might be 
shocked . You take a very large coil and cal c ulat e how 
long it takes to decay and it com e s up hours~ 

Hine: One other very small point. You say the heat 
losses are trivial--does this include heat l eaks through 
the end turns ? 

Post: The effects of heat leaks through the l eads scale 
away, in the sense that the leads for a l a rg e coil woul d 
use about the same cross section {a c m 2 or so) as a 
small coil. As you make the coil larger and l arger this 
area becomes relatively smaller. For example, in our 
small t e st coil, l ead leakage is already only something 
lik e 10 or 15o/o of th e total, so in a coil as large as the 
example, the bubble chamb er magnet, the losses through 
the leads would drop to a percent or so. 
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In the electromagnetic particle separators, which 
h a ve been used now for some time, one finds re
markably small electric fields. A field strength of 
60 kv/ cm with plate separation of a few inches is typ
ical. In terms of the angle through which it deflects 
a very relativistic particle such a field is equivalent 
to a magnetic field of only 200 gauss. Thus e ven at 
modest beam momenta, at which the relative deflection 
of different mass components of a beam may be 10 or 
20o/o of the total deflection, the effective separating 
field is only of the order of tens of gauss . On the 
other hand, the electric fields that can be sustained in 
good dielectrics and in vacuum with very small gap 
lengths are of the order of several million volts per 
em, and in the absence of any obvious fundamental 
limitations one might hope ultimately to attain sim
ilar field strengths in particle separators. 

A small ste p toward the attainment of higher e lee
tric fields has been made recently through the use of 
glass cathodes in vacuum-insulated high-voltage sys
tems, with the glass heated so as to lower its resis
tivity and cause it to behave like a conductor in the 
static realm. But first, before a description of re
sults, a bit about the motivation for using glass cath
odes at all. 

The motivating idea was that a limiting class of 
vacuum sparks might involve in their incipient stage 
the emission of electrons from very small areas of 
the surface of the cathode at the eventual spark site, 
and that if the bulk resistivity of the cathode were 
high enough the degenerative effect of the local volt
age drop at the emitting site would stave off or pre
vent an instability, whatever its nature might be, 
which would otherwise cause a spark . Such a notion 
might appear to be inconsistent with the well-known 
fact that the maximum electric field that can be sus·
tained in all-metal systems is nearly proportional to 
the inverse square root of gap length. There is not 
necessarily any inconsistency, however, since this 
hypothetical incipient property of a spark- -that it in
volve emission of electrons from the cathode --does 
not uniquely determine the ultimate nature of the 
spark. By way of illustration one might imagine two 
subclasses of sparks, one in which the final eruption 
resulted from cathode vaporization and another in 
which the ultimate source of instability was anode va
porization . The former would clearly depend only on 
local conditions at the emitting site, whereas the 
latter would depend on gap lengths as well. Both 
classes of sparks should, however, be suppressed by 
the action of a highly resistive cathode. 

Now in order for a highly resistive cathode to be
have as imagined here, certain physical conditions 
must be fulfilled, and these limit the selection of 
suitable materials. One consideration is the time 
constant for approach to equilibrium charge distri
bution on the cathode surface. For an isolated smooth 
surface this time constant, T, is given by the product 
of bulk resistivity, p, and capacitivity, €, when in
ductive effects and more complex relaxation phenom
ena are ignored . In order to realize conductor-like 

behavior in a static sense an upper limit for T of 
the order of a millisecond would appear to be rea
sonable in separator applications. Thus the first 
condition is 

< -3 
1: T "'p E .-. 10 sec . 

If there is to be any effective quenching of cold 
emission, the backward field, E, induced on the vac
uum side of the cathode surface at the emitting site 
must be comparable to the field strength required to 
cause appreciable cold emission, or in order of mag
nitude, say 10? v/cm. A second condition, then, is 

2: E :::: E/Eo ip ~ 10 
7 

v/cm, 

where i is the emission current denlity and Eo is 
the 'iapacitivity of vacuum (8.85X 10- 4 sec n -1 
em- ) . 

Finally, one must require as a third condition, 

1_: stability of the following types : 

(a) thermal- -no cathode vaporization, 
(b) dielectric--no breakdown with inter~'il 

electric fields of the order E(E/E
0

) , 
(c) mechanical--no ruptur e for stresses of 

the order E 2 /8 1T, and 
(d) dynamic, 

where "dynamic stability" implies stability in tem
poral sense, as determined by the dynamical re
lations hip among the various parameters of the sys
tern in the absence of more or less violent and dis
continuous instabilities of the former types. The sys
tern involved here is so complex that one can do little 
more analytically than recognize the need for dynamic 
stability, and condition (3d) therefore cannot very well 
influence the choice of material. Furthermore, al
though its fulfillment is important, condition (3c) 
would not be expected to impose severe restr1ct1ons 
on the choice of material, since the stress associated 
with a field of 10 7 v/cm is only about 600 psi. Con
dition (3b), however, suggests the choice of a material 
with high dielectric strength and high capacitivity. In 
addition, condition (3a) together with condition (2) can 
be used to estimate roughly a lower limit for p as 
follows. 

Given a critical temperature, Tc (certainly less 
than the melting temperature of the cathode material), 
and assuming that ohmic losses are dissipated solely 
by thermal conductivity, one can easily demonstrate 
with the aid of simplifying models or dimensional 
analysis that the relationship between E and the 
other parameters of the system is dominated by the 
term 

where b. T = T c - T ambient is the temperature rise 

at the emitting site, on the cathode surface, r is 
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the "radius" of the site, and k is thermal conduc
tivity. C is a numerical factor of order unity which 
depends on the geometrical details of the site. Setting 
C equal to unity and using condition (2), E;: l07v/cm, 
one gets an order-of-magnitude estimate of a lower 
limit for p, 

P ;:: 1014 r2 /kb. T (€/Eo )2 

in ohm -em, for r in em and k6 T in watt em -l 

There is experimental evidence
1 

suggesting that 
the~ffectivg r for tungsten is of the order 
ro- to 10- em, and for present purposes this will 
be assumed to be generally true. For metal s and 
semiconductors with T Tmelting, k6T varies 
between 102 and 103 wafts/em, so that using 10 as a 
representative value for €/ €0, one finds the condition 
for metals and semiconductors 

p ;:: 10- 3 to 100 em, 

an unattainable range of resistivity for metals and 
possible but marginal for semiconductors; that is, 
these materials would likely melt before an appreci 
able back field, E, developed. 

For glasses, on the other hand, with 
T = T 

1
. , the va lue of k6T is ab0n.t 2 

c annea 1ng 
watts/em, so that with €/Eo again set equal to 10 
one finds 

p ;: 1 to 102 ohm-em, 

a lower limit of resistivity always exceeded by a wide 
margin in glasses but at the same time ruuch less 
than the upper limit, p ::: ro-3/€ = 10 ohm - cm,set 
by condition (1), thus leaving a wide acceptable range 
of values of p which can be attained in glass by heat
ing. In Fig. 1 nominal values of vo lum e resistivity as 
a function of temperature for soda-lime glass, pyrex, 
and fused quartz are indicated. Condition (3b) is a l so 
satisfied by these glasses even though their capac
itiv ities are not especially high, ranging from 3.5 for 
fused quartz to about 10 for soda-lime glass, since 
the intrinsic die legtric strength for each is so very 
high, about SX 10 v/cm . These considerations, 
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temperature for various glasses. 
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Lumped equivalent circuit for soda-lime 

gloss for frequencies between 10 cps end 50xi03 cps 
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Fig . 2 . Equiva lent circuit for soda-lime 
glass for fr equencies between 10 cps and 
SOX 103 cps, together with values of the 
specific parameters of the glass deduced 
from impedance measurements at tem
peratures of 140, 160, and 200°C. 

together with practical factors having to do with a
vailability and fabrication, motivated the choice of 
hot glass for testing as a cathode material. 4 

., 
a: 

The resistivity and dielectric constant of glass 
actually tested was deduced from measurements of 
the complex impedance of the test sys t em (described 
later) as a function of frequency and temperature. 
An electrical network with a configuration selected 
to repres e nt known or suspected properties of the 
system was adjusted experimentally to best sim
ulate the impedance function of the system. The 
simplest network found to give a satisfactory r ep 
resentation of th~ glass itself in the frequency range 
10 cps to 50Xl0 cps, for soda-lime g .lass (Corning 
type 0080), is shown in Fig . 2, where the lumped 
circuit elements are labeled with the corresponding 
specific parameters associated with the glass. Me as 
ured values of the four parameters at temperatures 
of 140°, 160°, and 200°C are a l so shown in Fig. 2. 

As expected, the values found for p and € 00 

were essentially in agreement with hanaEook va lues 
if €00 is taken to be the optical or high-frequency 
capacitivity and p the de conductivity. These 
elements represen~cqualitatively the dominant low
frequency properties of the glass. The additional 
series elements repres ent a lossy polarizability which 
amounts t o nearly half the total effective polarizability 
of the glass at frequencies that are low compared with 
the relatively long relaxation time, Ppc €1 
(:::: ro-5s ec at T = 200°C ). Inclusion of thPs element 
as the simplest reasonable refinement of the basic 
Pdc, € 00 approximation was necessary in order to 
simulate the data within experimental accuracy . It 
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should be interpreted, however, only as a phenomeno
logical approximation to probably much mor e com
plicated processes actually present. p and E

00 
, 

on the other hand, should be interpreta<t'i.e in a true 
physica l sense, pd corresponding to a de con
ductivity due to sligbtly mobile cations (mainly Na 
ions in soda-lime glass) , and E

00 
corresponding to 

the polarizabi lity of the lattice . 

For proper evaluation of the experimental results 
of the g la ss cathode tests, some reference to the 
normal behavior of all-metal systems is needed . In 
this connection it is helpfu~ to refer to the results of 
Trump and Van de Graaff. Using a system with 
stainless steel e le ctrodes, they covered a wider 
range of gap lengths than has be e n covered in any 
other sing-le experiment. By and large the i r results 
represent about the best that can be expected under 
any conditions in metal systems. The line labeled 
"Trump and Van de Graaff" in Fig. 3, in which field 
strength is plotted vs gap length, conforms closely 
to points representing their actual results . Note the 
near inverse -square -root relationship b etween field 
strength and gap length. Another useful reference, 
also drawn on Fig. 3, is the "no spark" limit of 
Kilpatrick, 3 an empirica l fit to many experimental 
results, which represents a good estimate of operat 
ing conditions under which little if any sparking 
should occur . 

Neither of these limits is really very well defined 
and in practice may not be easily recognized. They 
may be related conveniently to the actual performance 
of high-voltage systems by means of the following type 
of measurement. Repeatedly raise the potential until 
the system discharges, noting each time the potential 
at which the discharge occurs. The result obtained 
in this way can b e represented as a distribution of 
spark potentials, and will be well defined if the sys
tem is allowed to operate long enough so that an equi
librium is reached at which successive measurements 
of the spark potential distribution give the same re
sult. The shape of the distribution will b e affected by 
the details of the system, especially by the amount of 
stored energy available to the spark . In the experi-
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ence of the writer the maximum potential in the. spark 
potentia l distribution usually lies near the Trump and 
Van de Graaff line . It is a condition attainable only in 
a statistical sense and is therefore not a practical 
operating condition. Kilpatrick's limit, on the other 
hand, fa lls well out on the low- vo ltage tail of the dis
tribution, and at small gap lengths practical spark 
rates can usually be realized well above the "no spark" 
limit . 

Figure 4 shows equilibrium spark potential distri
butions obtained in the foregoing ·manner for s t ain less 
steel e le ctrodes of two different geometries and in the 
sphere-sphere case for two values of stored energy . 
The high-voltage and vacuum apparatus employed in 
these tests was the same as that used in the ~ las s 

cathode tests describ ed hereafter. Electrode surfaces 
were polished with 600-grade emery, washed with 
detergent, and flushed with acetone. 

Small -Gap Low- Voltage Experiments 

The first experiments with g lass cathodes were 
performed at small gap lengths with a maximum 
supply voltage of 100 kv . Conventiona l · vacuum appa
ratus was used- -rubber gasketed, and continuously 
pumped by a mercury diffusion pump and a liquid ni
trogen trap. After about a day with no heat or high 
vo ltage applied the sy:stem would reach a base pres
sure of about 3Xlo - 7 mm Hg. The 100 kv was ob
tained from a small Cockcroft -Walton type supply with 
300 megohms series resistance, a minimum capacity 
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Fig . 4 . Equilibrium spark potential distri 
butions obtained with stainless steel elec
trodes of size and shape indicated in the 
accompanying sketches where capacity 
across the gap is also given. (All hem
ispheres l in . in diameter.) 



28 

of 300 pf on the load side, and provision for increasing 
the capacity to 3000 pf. There is no evidence that the 
results obtained with glass cathodes depend at all on 
the stored energy available with this range of storage 
capacity. Most of the results to be described were 
actually obtained at the minimum capacity. 

For convenience the test apparatus was mounted 
in a large glass cross. An oven with anode and cath
ode inside and mechanically integral with it was 
mounted on a pedestal connected to a cove r plate which 
fitted over one opening of the glass cross as sketched 
in Fig. 5. In Fig . 6 is another sketch showing a cross 
section of the oven and the electrode assembly inside. 
Replaceable flat or hemispherical stainless stee 1 
anodes were screwed onto a hollow stainless tube con-

Ineanel 
diaphragm 

Fig. 5 . Over-a ll schematic of the low
voltage test apparatus . 

Nut 
a heft 

._J 

Heater 

Cathode 
platform 

Fig . 6. Schematic cross section of the oven 
and electrode assembly in the low-voltage 
test apparatus. 
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nected rigidly to a flat disc - shaped zircon insulator 
which was clamped in the top of the oven. The anode 
supporting tube projected through the insulator to pro
vide a semiflexible vacuumtight connection to the hv 
lead-in bushing. Thermocoup le leads connected di
rectly to the anode were brought out through the hollow 
anode supporting tube, through the hollow lead- in 
bushing and coaxial transmission line to a meter at 
the h v supply. Oven temperature was limited to about 
300°C because of chronic failur e of the zircon insu
lator at temperatures above 300°C, at which zircon 
becomes fairly conductive. 

The cathode assembly was at g round potential. A 
platform to which the glass samples were fastened was 
mounted on a threaded post which passed through and 
was keyed to a beal!ing mounted in the center of a cir
cular semiflex ib le inc one 1 diaphragm. The diaphragm 
was connected around its periphery to the oven and 
thus almost directly to the anode support, thereb y 
minimizing the chance for spurious gap -length flue 
tuations. A nut bearing against the diaphragm and 
engaging the threaded post could be manipulated by 
a shaft extending outside the vacuum through a g land 
in a bellows mounted on the cover plate, and allowed 
adjustment of the position of the cathode platform with 
r espect to the diaphragm. Thus the gap between the 
cathode and anode could be changed under vacuum. 
At the same time motion of the cathode assembly in 
proportion to the electric force acting on the cathode 
surface was allowed by the semiflexible diaphragm 
and bellows, and could be accurately sensed exter
nally as an axial motion of the nut shaft. The t ypica l 
maximum ":rotion of the cathode encountered was 
3 to 4X 10- in., and measurements of the motion 
were accurate to about 5Xlo-5 in. 

Actual cathodes consisted of discs of plate glass 3 in. 
in diameter with various thicknes ses up to 1/2 in . 
The minimum practical thickness is that which will 
permit the glass to successfully withstand the entire 
supply voltage, which will very likely be impress e d 
across it transiently whenever a spark occurs. For 
a supply potential of 100 kv the minimum thickness 
seemed to be about 1 /8 in. Plate glass samples with 
stock surface finish were selected for testing accord
ing to the c riterion that they should have no surface 
blemishes obvious by inspection with the unaided eye . 
The y we re prepared simply by wiping with lens paper 
and acetone . A clamping ring bearing on the periphery 
of a disc held it to the cathode platform. Large -area 
electrical contact was made b y coating the back sides 
of the glass discs with evaporated aluminum or 
brushed-on or baked-on silver paint. It was never 
established experimentally, however, that such large
area contact is preferable or needed in addition to 
normal unaided contact at clam ping points. 

An opening in the side of the oven permitted vis
ual observation of the cathode -anode gap and allowed 
precise optical measurements of gap lengths to be 
made with a telescopic cathetometer. 

A thermocouple connected to the cathode platform 
was assumed to indicate glass temperature if at the 
same time the anode was at essentially the same tem
perature. Several hours was usually required for the 
overn and its contents to outgas thoroughly and to 
reach thermal equilibrium. 

In view of the considerable conductivity of the 
g lass it would not be expected that any static charge 
would accumulate on its surface, so that in the ab
sence of current flow and after a time lapse much 
greater than pE the entire de potential of the sys
tern should appear across the vacuum gap . Never-
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the less an effort was made to establish directly that 
the electric field on the surface of the g lass expected 
on the basis of the vo ltage- gap -length relationship is 
actually attained. This was done by comparing gap 
length measured optically with effective gap length 
deduced from measurements of applied potential and 
the corresponding force acting on the cathode. 

A hemispherical anode was used t o facilitate op
tical gap -length measurements. With the system 
evacuated and at operating temperature the apparent 
gap length between the anode and its image in the 
flat g lass cathode s'3rface was measured to an accu
acy of less than 10- in . with a telescopic cathetom 
ete r set up with its optical axis at a grazing angle 
with respect to the cathode surface. 

In this geometry the force, potential, and gap 
length are not very simply related. For a sphere of 
radius a with its center a distance d from a plane 
at a potential difference V, the electric force is 
given by 

F = 2rr E V
2 

\ L 
n=1 

[ csch na (coth a - ncoth n a)] 

where cosh a = d/a . The series is not very rapidly 
convergent for small values of a as encountered in 
this case. Com paris on with machine summations 
carried out to 200 terms shows that for a < 0.3 the 
series is approximated to better than 1% by the simple 
expression (1.08 a 2 )-1 , which, together with a first
order small-angle approximation for cosh a, gives the 
approximate expression for gap length g = d - a 

rr E v 2 
g/a "' mr (mks rationalized units), 

accurate to better than 1% for g/a <0.05 . The force 
F was inferred from measurements of the deflection 
of the ca librated spring mount of the cathode assembly 
already described, and V was measured in a straight
forward manner to an accuracy of about 1%. 

In Fig. 7 are results showing the ratio of the op
tical and e lectromechanical gap- length measurements 
as a function of vo ltage obtained for a 1/4 -in. -thick 
soda-lime glass cathode operating at about 150°C with 
a 2 -in. -diameter type 303 stainless steel anode and a 
nominal no-field gap length of 0 .025 in. The uncer 
tainty becomes large at l ow voltage mainly because of 
uncertainty in the measurement of cathode deflection. 
Since no appreciable currents were involved (see also 
Fig. 7), the agreement between the optical and electro
mechanical gap-length measurements within stated 
errors, especially at high voltages, leads to the con 
c lusion that within an uncertainty of 2 or 3% the ex
pected e lectric field was attained on the surface of 
the glass cathode. 

Severa l samples of each of two types of glass were 
tested to determine the field-holding capabilities of 
glass cathodes. One type was soda-lime or soft glass 
similar to Corning type 0080 . The other was a boro
silicate similar to Corning Pyrex brand type 7740. 
Presumably in the application here as a cathode ma
terial, the most significant difference between these 
glasses is that at the same temperature soft glass has 
a resistivity about two orders of magnitude lower than 
that of P yrex, a relationship to be expected because of 
the higher sodium content of soft glass. 4 Above 50°C 
and l00°C respectively no differences in performance 
of soft glass and Pyrex were noted, and no tempe rature 
dependence in the performance of either was observed 
up to the maximum available temperature, about 
300°C. 

Immediate ly after a fresh sample of glass was 
installed its surface would invariably be dusty. 
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Upon first application of voltage, sparks would usu 
ally start at a very low voltage (whatever the gap 
length might be), and as the voltage was raised, ac
companied by repeated sparking, all visible debris 
in the gap would disappear. Eventually a potential 
would be reached at which without any foreign matter 
visible in the gap, sparks would start to occur at un
predictable times but at more or less definite rates. 
This potential, which will be referred to as the spark 
threshold, was usually definite within about ±5% and 
did not tend to increase appreciably, if at all, with 
time. On subsequent application of vo ltage, sparks 
would not occur until the potential again reached the 
spark threshold. Above the spark threshold the spark 
rate would increase, although not precipitously, un
til at a maximum potentia l usually not exceeding the 
spark threshold by more than 10 to 50o/o the sample 
would be ruined in a single event as a result of one 
of the f o llowing observed forms of cathode damage: 

(a) A puncture penetrating the entire thickness of 
the glass, often not involving any large-sc a le fracture. 
A myriad of short microfractures radiating in all di
rections from the puncture line would give it the ap
pearance of a miniature piece of Christmas tree tin
sel. 

(b) A chipped or pitted spot on the surface of the 
glass. 

(c ) No mechanical damage, but a patch of evapo 
rated metal, presumably from the anode, typically 
covering an area of several square millimeters. In 
addition, any of these forms of cathode damage might 
be accompanied b y numerous feathery, multiply 
branching faint white tracks radiating deep into the 
volume of the glass from tiny scratches or other im
perfections on the surface which beforehand were 
invisible to the naked eye. Samples examined after 
operation with appreciable sparking at potentials 
above the spark threshold, but which had not been 
t e sted to destruction, were often undamaged in any 
way . 

Spark threshold potentials and maximum potentials 
observed during these tests are plotted in Fig. 3 as 
open circles and x 's r espectively in the part of the 
figure corresponding to gap lengths less than 0.035 
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Fig. 7. Ratio of electromechanical to op
tical gap-length measurements as a func
tion of vo ltage, obtained by using a soda
lime glass cathode (l/4 in. thick) and a 
hemispherical stainless. steel anode (type 
303, 2 in. diam) . No-field gap length 
0.025 in.; temperature l50°C. 
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in. Some of the points were obtained with soft g lass, 
others with Pyr ex cathodes, some with hemispherical, 
others with flat anodes. Tem perat ures ranged from 
90 ° to 2150C . No systematic effects associated with 
any of these qualifications were noted, and for this 
reason the individual qualifications of the data points 
were suppressed. Also shown in Fig . 3 is an indi
cation of the salient features of the spark potential 
distributions obtained w ith stainless steel cathodes 
at sma ll gap length. The so lid points represent the 
most probab le spark potential and the upper and 
l ower extremities of the line thr ough the point r ep 
resent respectively the maximum pot ent ia l attained 
and a low - spark- rate condition comparab le roughly 
to the spark threshold for a glass cathode. 

In a quiescent state of the system ei t her above or 
below the spark threshold a sma ll gap cur rent was 
a lways observed which increased monotonica lly and 
smoothly with voltage, starting at very low vo ltages 
{perhaps at zero ). In the vicinit y of spark thr esho ld 
the current flow tended to decrease with time at a 
fixed voltage. On the other hand, as the maximum 
potentia l was approached a precursor was often noted 
in the f orm of a relatively slow but unstab le rise 
{ove r seconds) in gap current . T ypica l relationships 
of gap current to vo lt age are shown in Fig . 8 . 

Observations were made with a Nal counter of th<. 
bremsstrahlung f r om g lass and a ll -meta l systems, 
identical in all respects except fo r cathode material, 
which indicat ed equa l yie lds at equa l current s. From 
this result it i s con c luded that the carriers of gap 
current in the low - voltage g lass - cathode systems un
der cons i de ration here must be primarily electrons, 
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laionships obse rved with glass cathodes 
at small gap lengths. {Cathodes: soda
lime, glass, 1/4-in. thick; anode: cir 
cular type 303 stainless stee l, 10 cm2 
area; gap length 0.931 in.; temperature 
6 o oc for 0 , 160°C for 0 

1.5 

not ions, resu lts to be described later notwithstanding 
which indicate that at higher vo ltage s a dominant proc
es s occurs involving mainly ion current s. 

Large - Gap High- Voltage Experiments 

Lar ge -scale tests at vo ltages up to 500 kv were 
performed on actua l partie le separators. A drawing 
a nd photographs of a typica l assemb l y a r e shown in 
F igs. 9, 10 , and 11. These assemb lies were com
pletely enc losed in a thin alumimum she ll which 
serve d as a heat baffle and were mounted in the usual 
stainless and mi ld stee l vacuum envelope which was 
provided with coi ls and suitab le magnetic circuit s to 
set up a uniform magnetic f i eld trans ve rse to the e lec 
tric field. T he sygtems were evacuated t o pressur es 
of a few times 10- mm Hg by oil diffusion pumps and 
liquid nitrogen traps . Radiant heaters a llowed the 
entire apparat us within the heat baffle - - cathode, anode , 
and supporting insu lators- - to be raised to tempera
tures somewhat in excess of 100°C. Cathodes we re 
made of 27-in. -long slabs of soft glass, 1 in. thick 
and 10 in. wide, with e dges smoothed and radiused to 
about 1/8 in.; there were dove t ai l cuts on t he back 
sides for ho lding and silve r paint baked on the back 
sides to effect lar ge - area electrical contact. Anodes 
were stain less steel of conventional shape, and both 
cathodes and anode were supported in the usual man 
ner on zircon standoff insulat o rs with deeply recessed 

F ig . 9. Separator assemb ly, withdrawn 
from vac uum tank and with heat baffle 
parti a lly removed. 

Fig. 10. Separator assemb ly, showing h igh 
vo ltage connection t o cathode . 
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stainle ss stee l "flower pots" on both ends of the in
sulators . The cathode was made of s e vera l separate 
pieces in or der to simplify fab rication and to mini
mize the effects of therma l expansion. 

At vo ltages b e tween 300 and 400 kv a n ew phenom 
enon occurred, one not observed at lower vo ltages, 
name ly an ion - exchange process. With a sudden on 
set, identica lly shaped luminous patches appeared on 
the cathode and anode , stab le a t threshold but rapidly 
b ee oming intense and deve l oping into unstable d is 
charges as the pote ntial was raised only a few per
cent above thre sho ld. The thresho ld vo ltage for on
set of the ion exchange inc r eased at first when the 
syst em was fo r ced t o discha r ge repeatedl y, but was 
ob served to s t abi lize event ually a t about 400 kv 
a lmos t independent of gap lengt h, for gap le ngths 
bet ween 1.5 and 7 em (the com plete r a nge of gap 
lengths used iet t he tests described). 

Identification of the dischar ge as an ion - exchan ge 
proces s is based on the following obse r vations: 

(a } The lu~inous patches, sometimes covering an 
are~ of 1 em or more, were most int e nse and, in 
spite of a certain amount of dancing about, t e nde d to 
occur mainly at depressed areas of the anode (not a 
particula rly flat surface, but with relative de viations 
from flatness of as much as 2 mm ) . This is a natural 
consequence in an ion exchange if the secondary ions 
are emitted with essentia lly zero ve locity, v i z., the 
hypothetical e xchange trajectories in the vicinity of a 
depression in the anode sketched in Fig. 12a. A 
striking demonstration of the same effect occurs whe n 
the elect rodes ar e not paralle l. In this case a single 
luminous spot may appear on each e le c tr ode at the on 
set of a discharge, but as the vo ltage is rais e d anum 
b e r of r egularly spaced patche s d eve l op, sprea.ding 
out a long a line dir ected toward t he w idest part of the 
gap, as depicted in Fig . 12 b . 

(b) The luminous patche s are unaffecte d by magnetic 

--- --------
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Heat baffle 

Fig . 11. Se paratqr assembly, c ross section. 

31 

fie lds of s evera l hundred gauss trans ve rs e to the 
e lectric fi e ld, which wou ld b e expected t o cause notice 
ab le distortion or motion of the patches if e lectron s 
were involved as significan t agents in effecting the ex 
change (electrons are evidently invo lved a t le ast in a 
passive role , a s evidenced b y high x -ray yie lds}. 

After prolonged operation (hours } with a stable ion 
exchange in progress, inspection has revea led appr ec 
iable erosion of the cathode (thousand s of angstroms} 
in the v i c init y of the luminous patches, sometimes 
wi thout any other damage at al l. Occas ionall y c ur
re nts in excess of 1 rna can flow b efor e an i on - ex
change discharge b e com es unstable. At currents 
g r eat e r than about 20 0 ua, howeve r, cathode damage· 
in a ddition to e r os ion usually occurs, apparently as a 
result of loc a l heating which c aus es the surface of the 
glass to chi p. 

Such an ion-exchange proce ss occur ring a t an es 
s e ntia ll y f ixed threshold vo ltage wou ld , if a llowed to 
persist , nullify any prac ti ca l advantage from the us e 
of g lass cathodes at lar ge gap le ngths. Shortl y aft e r 
the phenomenon was first observed, however, it was 
found that it could be suppressed effecti ve l y by the 
introduc tion of any on e of seve r a l different g a ses int o 
the system at pressures from a few t enth s of a micron 
t o a few fJ. of Hg. Ai r, Hz, He, Nz, a nd A a t sim
ilar pres sur es a ll pr oduced essentia lly t h e same effect -
t he dis charge w ould simply disappea r a nd the vo ltage 
a pplied to the system could be raised immedia tely and 
p e rmane ntly to a higher va lue a t whic h some factor 
ot her than gap dischar ge became a limita tion . As yet 
"other factors" have pr evente d measurement of the t rue 
limit of the gap in the large systems. At relatively 
sma ll gap length (approx I' em } mechanica l ins tability 
occurr e d due to t he large e lec tri c fo r ces. At larger 

(a) deoresaion ~ -
\ 1\\ 

Cathode 

Anode 

Cathode 

luminous 
patches 

Fig . 12 . Schematic of hypothetical ion-ex 
change trajectories, (a ) in the v i cinit y of 
a depression in the anode surface, and (b) 
for nonparallel electrodes, w h e r e in both 
cases the secondary ions are supposed to 
be emitted with near zero initial ve loc i t y. 
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gap lengtli.s maximum powe r-supply vo ltage and break
down of auxiliary insulating de vices were limitations. 
Typical operating points actually attained at large gap 
lengths (but which do not n eces sarily indicate limits} 
are shown as open squares in Fig. 3. Also shown in 
Fig . 3 as open triangles are operating points attained 
in the three most recent applications of all-metal 
separator systems. I n each case the all-metal sys
tems were spark-rate - limited. 

It seems unlikely that the suppression of the ion
exchange process at elevated pressures is the r e sult 
of collisions, since the effective mean free path of an 
ion crossing the gap for any kind of collision at pres
s·ures of a few tenths of a micron is considerably 
longer than the gap lengths involved her e . Some sort 
of surface effect could conceivably be responsible, 
but no experimental evidence is yet available to shed 
any light on the matter. 

It should be noted that at short gap le n gths l< 1 mm} 
the introduction of an inert gas at pressures up to 
several fJ. of Hg had no effect except to cause a sub
stantial increase in the normal quiescent gap current. 
Essentially the same maximum field could be reache d 
with or without ga s pres sure. 

Two 10-ft - long parallel - plate separators equipped 
with soft glass cathodes have been in successful op
eration now for more than 3 months in an 800-Mev/c 
K- beam at the Bevatron operating at 450 kv (tested 
to 500 kv} with a gap length of 5 em, an argon pres 
sure of about l fJ., and a temperature of about l00°C . 
Under norma l conditions the combined spark rate of 
the two separators varies between a few per day and 
a few per hour, much of which can be attributed to 
sparks on the supporting insulators. 

Afte r the first two months of operation there was 
occasion to open one of the separators, thus affording 
the only opportunity up to that time for inspection of 
the glass cathodes. No damage or change in appear
ance had occurred. 

Operation of the separators in a high - energy par
ticle beam of known momentum has provided reaffir
mation that the expected electric field actually appears 
in the gap; that is, the correct high-voltage-magnetic
field current relationship for a given dynamical effect 
is realized within an uncertainty of a few percent in 
vo ltage. 

The author wou ld like to acknowledge the encour 
agement and support of Luis Alvarez and Don Gow, 
which le d to this development, and to express appreci
ation for technical support from Edward J. Lofgren 
in connect ion with the construction of the glass
equipped separators, and further to acknowledge the 
inva luable contributions of his co-w,orkers Paul Aron, 
Seth Sheppard, and George Edwards in the design and 
execution of tests and experiments. 
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Good: Suppose you wanted to get an extremely uniform 
e lectric field in a separator for a "good optics" beam. 
How much trouble would you encounter from the IR 
drop in the plate due to the currents formed in the 
glass? 

Murray: This is negligible. You would estimate it 
from the total current and the resistivity of the plate 
just considered as a block- - disregarding the fact tha t 
the em is sian is actually from tiny points. The total 
currents a r e of the order of a few microamperes in 
thes1, large systems where the cathode area is about 
20 ft . If the resistivity of the plate is taken to be 
to9 ohmcm, the drop in the plate is completely neg
ligible - -of the order of l /20 volt per fJ.amp. The local 
drops at emitting points with back gradients of the 
order of magnitude I indicated may be on the order of 
50 to 100 volts. 

Parker : Do you understand the marching of the ion 
exchange to regions of greater separation? 

Murray: Yes, I think so. Suppose an ion is emitted 
with zero velocity fromone electrode. It is then prop 
agated a l ong a line almost normal to this surface. 
You can then make the same remark about the ones 
traveling back from the other s l oping surface, The 
point is that the initial velocities are negligible com
pared with the final velocities, and this causes the 
marching. You see a series of luminous spots that 
slide out along the surfaces as the voltage is raised 
and disappear around the edges. 

Good: Have you considered putting tunnels in these 
plates? 

Murray: This was seriously considered. We even 
built some e l ectrodes tha t were perforated in various 
ways, but I think this is a hop e less process. Depend
ing on what multiplication factors are there, when the 
system became regenerative , the perforation of the 
plate would have to overcome it. Even if the factors 
were no more than 3 or 4, the open area of the plate 
would be a fraction so large as to be mechanically 
impractical. 

Sard: Have you tri ed coating the anode as well as the 
cathode with glass? 

Murray: We did, There was absolutely no motivation, 
but we did it anyway. It does not work well in any re
spect, primarily because of mechanical deficiencies. 
The glass is melted easily by e lectron bombardment, 
and local heating cracks and crazes the surface. There 
appear to be no good effects and all undesirable effects . 

Bowen: Does it seem likely that glass composition can 
be found that can be operated at room temperature? 

Murray : I don't know of any such glass. To my knowl
edge no glass exis ts of any composition that has re
sistivities in the proper range a t room temperatur e . 
Other materials are not suitable for some other reason. 

Galbraith: Does the pr esence of the magnetic field a f
fect the maximum voltage limit to which you can work? 

Murray: When the system is up to voltage there seems 
to be no interaction caused by magnetic fields (of sev-
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eral hundred gauss) that we use in the separators. 
However, when the voltage is off, and the magnetic 
field is on, it is then impossible to turn the voltage 
back on. This is a very-low-voltage phenomenon-
the voltage can not be raised over a few hundred volts . 
It is very likely a PIG type of discha r ge that is often 
encountered in these circumstances . The easy cure 
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is to simply t urn the magnetic field off until the high 
voltage is raised to some nominal low value, then turn 
both back on together. 

* This work was done under the a uspices of the U. S. 
Atomic Energy Commission. 
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Rather than try to discuss both de and rf types of 
electromagnetic mass separation, I will discuss just 
how far one can reasonably expect to go w ith de sepa
ration. This is one approach to the problem of where 
to start using rf separators . This work was inspir ed 
by statements (by H. Anderson and also U. Camerini) 
that de separation can be extended considerably. For 
a comparison with rf separation, I refer those inter
es te d to a paper discussing the separation of K mesons 
from pions at 10 Bev/c by an rf system of wavelength 
10 em. 1 The rf system is difficult and costly, but 
feasible. 

de Separation 

Momentum Bite, Transmission, 
Rat1o of Separation to Image Size 

If one makes the phase volume accepted by the device 
small enough {thus reducing the inte n s ity) , and if one 
makes the device long enough (thus incurring decay in 
flight for some particles), then one can in principle 
always separate. Therefore the real problem is to 
achieve separation at a reasonably high over - all in 
tensity. 

I w ill begin the discussion by referring to a simple 
geometry such as that of Fig. l, which is capable of 
being cascaded and which provides the maximum sep 
aration for a fixed length. 

+V 

Objec~--A J _ -A---I~age 
~--~------------~--

1 Lv I 
~ f~ ... ~!E~- L ----+-+~ f --l 

Fig. 1. Geometry for de separation. 

Most of my a rguments are based on extrapolation 
from existing practice, in particular from the 1.17 -
Bev/c K - beam at Berkeley. 2 {This beam used the 
geometry of Fig. 1. ) In this beam the momentum bite 
was 2.5 o/o . 

In a parallel - plate separator, the horizontal and ver
tical motions are independent to first order. Thus there 
is no special problem in obtaining any desired momen
tum bite, provided it is not so large that chromati c ab
errations become serious and interfere with the separa
tion . In a precision experiment one would not wantmore 
than a 2.5 o/o momentum bite. A smaller bite is easy to 
obtain; its chief disadvantage is the reduced intensity. 
In what follows we therefore assume 2.5o/o momentum 
bite. 

The transmission of such a separator is determined 
by the entr ance solid angle , the momentum bite, any 
losses encountered either horizontally or vertically, 
and- - for K mesons - -decay in flight. For the argument 

here, we assume the entrance aperture to be 2x5.5 in. 
(as in the beam of Ref. 2), so that the solid angle varies 
as l /f2 , where f is the focal length of the first l ens. 
The vertical losses are approxima t e ly lOo/o per stage. 
We find that these remain the same or become smaller 
as we go higher in momentum. The horizontal losses 
are zero, and remain zero. 

The variable factors in the transmission are there 
fore the focal l ength, and fo rK mesons, the ove r-all 
l ength. For K mesons we have 

1 r - n (L + 2£) I 
T = -;z exp l (pfM C)T ~ ( 1) 

where T = transmission, n = number of stages, f = 
focal length, L = separator length, p /M = fly = momen
tum/rest mass, and T = 1.2 x lo-B sec forK-meson 
lifetime. 

We now turn to the problem of whether or not we 
can separate any two particles of mass m

1 
and m

2
. 

The essential relation is the ratio of separationS 
12 to image s i ze ox. This ratioS 

12
/ox is at a maximum 

for a parallel beam through the spectrometer, and is 
independent of the magnification . We assume unit mag
nification for simplicity; then this meas ur e of separa
tion is 

S 12 _ ELf r 1 /_1 
bX - ----ox- -p ll31 

l l -rrz)J . ( 2) 

where s 12 1s the separation of the images of particles 
l and 2, ox = image size, E = electric field, and 
cfl 1 and cfl2_ are the respective velocit i es of the t wo 
particles. Tor 1T-Kseparation we may put fl 1 = fl = 1, 
and let fl 2 be fl. Then the function on the right - h'lnd 
side goes as Mk / p3 for p >> MK. The problem is 
then to fulfill the condi tion 

ELf _ p 3 

"'X - ~ 
K 

as we increase the momentum. 

Means of Going to Higher Momenta 

Electric Field Increase 

(3) 

Joseph J. Murray has recently succeeded in holding 
field gradients up to 200 kv/cm over a p ertures of sev
eral inches, using a heated g lass cathode. We assume 
tentatively that this technique is practical. We there
fore have E '"3E0 . (The subscript zero refers in a ll 
cases to the beam of Ref. 2.) 

Increase in L ength L of Separator 
This by itself does not help, because of the K - meson 

decay in flight and also because the beam spreads ver
tically by an amount ox · L/f in going through the s ep 
arator. At present this gives a loss of about lOo/o per 
stage or 30o/o in a three-stage separation. Thus a ma
jor increase in length must be accompanied by an in
crease in foca l length or a decrease in image size if 
excessive losses a r e to be avoided. We therefore de 
fer consideration of the length until later . 
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Increas e of Focal Length 
Th1s h e lps the separation but hurts the transmission 

as ljf2. ForK mesons it also hurts the transmission 
· by the increase in total length . On the other hand, f 
must increase as p increases simply because the quad
rupoles saturate. 

Decr ease of Image Size 
Th1s lS the only vanable other than the e lectric field 

that helps the separation without hurting the tra nsmis
sion. However, in order to decrease the image size, 
it is necessary to reduce the aberra tions of the optical 
system. 

Spherica l Ab e rration. This a t present is caused by im
perfect des1gn and construction of magnets: in quad
rupoles it can certainly be reduced greatly. In bending 
magnets the spherical aberration can be shimmed out 
to any desired degree by a sufficiently complex set of 
current shims. 

Chromatic Aberration. This may b e removed to first 
order by a wedge absorber (this was suggested by U . 
Camerini) or by cancellation against a deliberately in
troduced spherical aberration. For the first case the 
wedge is placed in the first slit. A horizontal and a 
vertical focus a r e effected a t this slit. Because of the 
dispersion of an initial bending magnet, each momen
tum is focused to a different l a teral position. Because 
of the chromatic a berration, each momentum is also 
focused at a slightly different distance from the lens. 
The slit is cocked horizontally, so that its position is 
at the a ctua l vertical focus for each momentum. The 
wedge then brings all particles to the same momentum, 
and, since the wedge is at a focus, the effect of its scat
tering is minimized . Subsequent separators then pro
duce this same cocked focus with no trouble from the 
chromatic aberration. The require d absorber is in all 
cases less than a nuclear mean free path. The physi
cal length of the absorber might, however, be trouble
some a t higher momentum. For the second method, 
which has also been used successfully to eliminate the 
chromatic aberration, a horizontal focus is made a t 
the second quadrupole, Because of the dispersion, 
the momentum is a well-defined function of transverse 
position at this point. The vertic ... ! focal length of the 
second quadrupole is then deliberately made a linear 
function of trans ve rse position (a form of spherical 
aberration) in just such a way as to compensate for the 
variation of its focal length with momentum (chromat
ic aberration). This brings all momenta to a sharp 
vertical focus at the first slit. The process is re
peated in each subsequent stage of separation. Figure 
2 shows a Panofsky quadrupole element with currents 
such as to create a magnetic potential with this prop
erty. 

Let us specify by a subscript "0" the parameters 
of the bea m described ih Ref. 2. The image size ox0 was due about equally to multiple scattering in the 
Bevatron thin window and to the combined effects of 
all the aberrations. The image size due to aberrations 
was about 0.1 in. It seems clear that this can be re
duced by a factor of three with ease and by a factor of 
10 with diligent attention to detail. 

Aside from the aberrations of the optical system, 
another factor to be considered is the target height, 
which must also be reduced. Consider a target 0.015 
in. high; folded with the above aberration (0.010 in.), 
we get 0.018 in. for the image size, which is about 
1/ 10 tha t in the beam of Ref. 2. We the r efore ass,ume 
6 x :::: 1/ 10 (6x)

0 
(here ox without a subscript de

scribes a beam designed to separate masses at high 
momenta). 

Discussion and Examples 
We must now decide how to vary Land£. In order 
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to have a good solid angle we will keep f as short as 
is practical (i.. e . , as short as possible without over
working the quadrupoles ), and adjus t L to make up 
the necessary fL prod uct as required by the separa
tion criterion. We take as a practi cal minimum for 
f 

f = f
0 

(p /1.7 )
1

/ 2 , (3) 

where f 0 = 10ft is about right at 1.7 Bev/c. Equa tion 
(3) is based on the fact that we can "scale" the orbits 
if we increas e the focal Jength and the physical length 
of the quadrupole as pl/~ (dH/dx is held constant). 
We thus have, for K mesons, 

ELf EO LOfO 
~ 3 (4) 
lixp (6x)

0 
p 

0 

For L 0 =
1 
2~ ft, E/E0 = 3, ~0 = 1/10, (fotf) 

= (1.7 /p ) / , p = 1.17, we find L = 0.54 (p) t 2 feet, 
where p is in %ev/c. This gives the following param
eters for a separator to separate 1r mesons from K 
m e sons of momentum p. 

Parameters for K mesons at various momenta 

p L f L+2f L+2f K-decay 
(Bev/c ) (ft) (ft) (ft) length, -r;;-

Lk (ft) 

5 30 17 64 121 0.53 
10 171 24 219 242 0.91 
15 470 30 530 362 1.46 

For antiprotons Eq. (4) shows we must insert a factor 
(MK/ M- )2 = 0.28 on the ri&~-hand side of Eq. (4), 
sol:hatl&e have L = 0.15 (p) 12 feet. 

This yields a corresponding ta ble for antiprotons. 

Yoke 

elements 

y 

<j> = Axy + (B/2)y (x
2

- //3). 

Hx = Ay + Bxy, 

Hy =Ax+ (B/2 ) (x
2

- y 2 ). 

aH 
f "'rv=A+B x y y 

aH 
f :::: - -

8 
Y = - (A + B x ) 

X X 

Fig. 2. Nonlinear element for cancellation 
of chromatic aberration. The current el
ements are excited approximately to pro
duce the potential <j>. The vertical focal 
length, f , is a constant plus a term lin
ear in x, X:,hich is the desired property. 
Horizontally the element is not a lens 
(dHy/ dx depends on x), but this is imma
terial, since it is to be placed only at a 
horizontal focus. This element can be a 
separate element (A = 0) or the last el
ement of the second quadrupole (A f. 0). 
The A term gives just a quadrupole field. 

X 
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Parameters for antiproton s at various momenta 

p 
(Bev/c) 

5 
10 
15 

L 
(ft) 

8.4 
48 

132 

f 
(ft) 

17 
24 
30 

L+Zf 
(ft) 

43 
96 

192 

We have the remarkable result that the .task of s ·ep 
arating K mesons from pions at 15 Bev/c is possible 
with a separator that is only 1.46 decay distances in 
length. For two stages, comparison with the 
1.17- Bev/c K- beam of Ref. 1 gives relative transmis-

sions ( \ 
T/T

0 
=(10/30)

2 
e - 2 ·92 /e-4 } = 1/3 . (5) 

Thus the loss on going from 1.17 to 15 Bev/c is by a 
factor of only three. 

The above results contained some fairly optimistic 
assumptions. If, however, we give only a factor-of-
3 gain in ox and none in E- - a much more conserva 
tive set of figures --we then find separation possible 
at 3.5 Bev/c for K mesons and 5 Bev/c for anti
protons. 

Plate - Parallelism T0lerance 
If the electnc held, averaged over the path of the 

particle, varied in fractional amount ( 1 -1 /[3), the 
pions would be put on the K - meson slit, with disas
trous results . If we demand that the pions be moved 
by no more than 1/10 of this amount we have 

( L.lE) ~ 1 1 1 1 z:::E> ~ TO ( 1 - l3 ) "' TO ( Ty2 ) • ( 6) 

where 

(L.l E) _ ( L.lD ) 
<.Tl (15>. 

and D i s the plate spacing. Thus ·; t:.;D/ ~ D/20·/. 
For D = 2.5 in.andat the momenta given, we find, for 
K mesons, at 

5 Bev/c, (6D) < 
10 Bev/c, (L.lD > < 
15 Bev/c, (L.lD> < 

.0012 in., 

.0003 in., 
_00014 in. 

Thi s may be interpreted as the difference between 
plate spacing at the two sides of the beam. This tol
erance is difficult, but not impossible . 

There is a corresponding tolerance on nonuniformitz 
of the field due to fringing - -namely, (6Ef'/< E/ < l/20y 
= 0.005'/o at 15 Bev/c--which requires careful attention. 
However, it is not a fundamental limit. If the p lates 
are made vvider, the fringe field goes down accordingly. 
The same corr.rnents apply for the magnetic field. The 
field uniformity tolerances, although difficult, can be 
met by careful designing and testing. 

Targets for Separated Beams 

We consider a target 0.015 in. high, since that is 
thin enough for all cases considered. As ' for the hori 
zontal dimension normal to the separated beam, about 
0.5 in. or les s is r e quired. This restriction stems 
from considerations of chromatic aberrations. (We 
wanted to decrease over-all aberration by 10, and since 
all aberrations in the 1.17-Bev/c beam were about 
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equal, a corresponding decrease must be attained in 
the chromatic aberration.) Both the methods mentioned 
above for removing chromatic aberration depend on 
making a horizontal focus at which the momentum bite 
of the beam is dispersed across the beam and can be 
corrected by means of a wedge or magnetic field. Thi s 
image at this horizontal focus cannot be wider than the 
useful aperture of a quadrupole, say 5 in., and the 
momentum must be well defined at this image, so it 
follows that the horizontal image of the target must be 
small compared with 5 in . , say 0.5 in. For unit mag
nification we have then justified the restriction that the 
dimensions of the target perpendicular to the beam 
must be less than 0.5 in. 

As for the target l ength along the separated beam, 
it must not be too great becaus e of the finite entrance 
aperture. When viewed from the top of the aperture, 
the tar get looks thicker in the amount ox' = a L * /2f, 
where a i s the vertical aperture ( "' 2 in. ) and L* i s 
the target length . Our worst case is when f is small, 
"'10ft . Then if we set ox .:S ox (where lix = 0.015 in.1 
we find 

L* ~ 2(120 in.) (0.015 in.) = 1.8 in. 
1n. 

This case corresponds to 1 or 2 Bev/c, a t which mo
ment'f;fx coul d b~ relaxJ:;d. For the higher momenta, 
f "'p , and soL "'pl;2 is allowed. Thus targets 
can be the usual 4 to 6 in. if desired, in most cases. 
There seems to be no problem. 

Conclusion 

We conclude that reasonable extrapolation of ex
isting de separator techniques, with careful attention 
to tolerances, will allow separation of K mesons and 
antiprotons from pions at energies up to 15 Bev/c. 
This now raises the question whether there is any re
gion in which rf separation i s preferable. 
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Discussion 

Alvarez.q.. The tolerances you just wrote down, of 
lft2x 10 ), would indicate that for a 2- in. gap, you 
have to hold the tolerances to four wavelengths of 
light, which is a little rough mechanically, but I think 
it makes good sense from the optical standpoint. No
body makes an optical flat by grinding it flat, and say
ing, "this is going to be good to one wavelength." He 
goes out and tests it, and then polishes it off here and 
there. In analogy with the optical case, one would set 
the system up, and run particles through it in all the 
different zones. Then he would make the appropriate 
corrections ( which do not have to be made over the 
whole surface.) 

Good: Yes, I agree completely . 
I might say, if one does not gain the factor of 3 

in field it does not affect the results too severely. At 
first glance you might say you lose only the cube root 
of 3; you lose more than that, but less than 3 -- some
thing like a factor of 2 on momentum. 
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At the International Symposium on Nuclear e lee
tronics organized by the Fr ench Society of Radic-
e lectr onicians in 195 8, G. A. Morton of RCA named 
four functional attributes required of a good nuc lear 
particle detector, namely (a ) sensitivity, (b) good 
time resolution, (c ) ability to discriminate energy, 
and (d) ability to discriminate between types of nu
clear particles. The importance of these functions 
has long been recognized by experimenta l physicists, 
and the performance of the equipment has been great 
ly improved during the past decades. More recently, 
the development of fast nuclear particle detectors 
and fast cathode-ray tubes has led to a demand for 
improved fast sensitive amplifiers. 

Fast, sensitive amplifiers are of interest not 
only for fundamental experimenta l studies in physics 
and chemistry, but also for radar and communica 
tion systems. The demands of the communications 
engineer have, in recent years, stimulated the de
ve lopment of several new amplifiers which combine 
low noise and large bandwidth (i. e., accurate re
sponse to fast transients and linear amplification of 
the original wave forms). Long-range radar and 
high - r es elution radar require extremely high sensi
tivit y and good time res o lution . Another example is 
the high-speed computer, which also requires ex
tremely good time resolution and high sensitivity. 
The maser and the parametric amplifier, whichhave 
r ecently joined the field of low-noise amplifiers, add 
only a negligible amount of noise to the input signal 
during the amplification process. Furthermore, the 
rise time is only a fraction of a nanosecond for a 
number of amplifiers, in particular the parametric 
amplifier, tunnel-diode amplifier, microwave coax
ial transistor, and traveling -wave tube. 

To obtain amplifiers which are both fast and sen
sitive constitutes a very difficult art. To improve 
the sensitivity, the gain of the amplifier must be in
c r eased and at the same time the noise figure of the 
amplifier should be improved. For car efu lly designed 
amplifiers, the sensitivity is limited by the amount of 
noise added by the amplifier itself. The time resolu
tion is entire ly determined by the frequency bandwidth 
of the amplifier. 

In Fig . l we illustrate the effect on the ability to 
transmit detail when the frequency bandwidth of the 
amplifier is reduced. Here f is the cutoff fre
quency of the amplifier and s (T 2 - T 1 ) is the 
width of the smallest detail that one wishes to dis
tinguish. The pulse interval is assumed to be equal 
to the width of the pulse. When the frequency band
width is greater than 1/2 (T 2 - T 1 ) , the two bits of 
information can readily be distinguished, but the de
tail is rapidly washed out when the bandwidth is 
decreased be low this value. When the pulse interval 
is much larger than the pulse width, the tolerance of 
course becomes much larger . 

Communications engineers use the terminology 
"noise figure" or "excess noise temperature" to de
scribe the sensitivity of an amplifier. The noise fig
ure is defined as 

F 
Signal-to -noise ratio at input 
Signal-to-noise ratio at output 

Sin/Nin 

Sout/Nout 
( 1) 

The minimum noise input of the first amplifie r is 
usually the thermal noise kT 0 B coming from the gen
erator (k is the Boltz'man' s constant, T 0 is room tern
perature, and B is the frequency bandwidth of the 
amplifier). If the input is connected to an antenna 
which is directed towards a co ld sky, the noise input 
is much smaller. On the other hand, if the input is 
connected to a noisy generator, the noise input is much 
large r. It is customary, however, to use kT 0 B as 
the noise input when defining the noise figure of an 
amplifier. The noise output is the sum of the ampli
fied input noise and the noise added in the amplifier 
itself, 

(2) 

where G is the power gain of the amplifier and N is 
the noise from the amplifier itself. Therefore, the 
noise figure is 

F 
GkT

0
B + N 

GkT
0

B 
l + N 

GkT
0

B 
(3) 

The quantity N/GkB is known as the excess noise 
temperature of the amplifier. The noise figure of an 
ideal amplifier is unity and the excess noise temper
ature is oo K. 

If the output signal is to be distinguished clearly, 
the signal-to-noise ratio at the output should exceed 
unity. This m eans that, for detection of a weak sig
nal, the gain of the amplifier has to be ve r y high so as 
to bring the signal level up to the level required to 
operate the r ecorder or counter which follows the am
plifier. On the other hand, so that one can distinguish 

(a) fs" r/-_r, 

r1 r2 

(d) fs= 3(T21-TI) (e) Is• 4(T~-TI) 

(AFTER GOLDMAN) 

Fig. l. Effect of frequency bandwidth of am
plifier. on the transmission of detail of 
information. 
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the output signa l c lear l y , it is essentia l that the am 
p lifier itself does not introduce a significant amount of 
noise . In mathematical terms, if a detector sys t em is 
a combination of severa l detect ors and amp lifiers, the 
over - all noise figure of the system is give n by there 
lati on 

F -
F = F l + ___,2,___ 

Gl 

F 
4 

- l 

+ GlG2G3 + . .. 

(4 ) 

whe r e F 1 and G 1 are the noise figure and gain of 
the first amp lifier, and F 

2 
and G ar e the corre

sponding quantiti es for the second slage, and so on. 
From this formula one can see at once that if G

1 
is 

reasonably high, the over - a ll n oise figure i s a lm ost 
e ntir e ly determined b y F 

1 
. 

In the last three years, so lid - stat e devices have 
penetrat ed deeply int o the field of low - noise amplifi 
cation; in particu lar there are the maser and the pa
rametric amplifier. These de v i ces possess ext reme
ly low noise, and represent great advance in the art 
of l ow -nois e amplifi c ation at microwave frequencies. 
In fact, the noise adde d in the ampli f i cation process 
amounts to onl y a fraction of t h e unavoidab le the rmal 
noi se. The se devices are thus very usefu l when one 
has to detect a very weak signa l. The maser, how 
ever, suffe rs from re la ti ve ly poor bandwidth, and 
this t e nds to wash out the detailed information. The 
par ametric amplifier is b e tte r in this respect , and 
represents a good compromis e between low n oise and 
fast r esponse. The par amet ric amplifi e r w ill p r ob 
ably never attain the u ltimate in no i se performance 
which we associate w ith mas e rs. In man y applica
tions, howe ve r , we cannot benefit from this u ltimate 
in noise performance and are the r e fore, in any case, 
unwilling to pay the cost in the complexity of the com 
ponent associ a ted with masers, in particular the need 
for stringent refrig e ration and for the magnetic field . 
It is worth noting, howe ve r, that a moderate amount 
of refrigeration -- say , t o 2 00°K (whi ch can easily be 
obtained by the rmoe le c tric coo ling ) or to liquid nitro 
gen temperatur e s--already suffices t o improve sig
nificant l y the pe r formance of the parametric amp li
fier; on the ot h e r hand , such mode. rate r e fri ge ration 
is inadequate for masers. 

The principles of parametric amplifi cation are not 
r e ally new, but their application to the microwa ve a rt 
is rather new; it may thus be wor thwhi le to introduc e 
the simple princip le. The param e tric amplifier is a 
so - called " variable - r e actance amplifier." The energy 
associated with t he signal is i ncreased at the expense 
of energy from a str ong coh e rent high-frequenc y 
sourc e , called the "pump," using the mixing effect 
due to the variable r eactan ce . Therefor e, if this vari 
ab le reac tance were idea l , no noise would be added to 
the amplified signal. T he parametric amplifier re 
quires simultaneous exis t ence of at leas t thr ee fre
quencies, namely a signal f r e quenc y f , a pump f re
quency f , and a l owe r sideband freqJenc y f - f 
or an up~ r sideband frequency f + f . ThiJ' is t'he 
basic difference between the paralbetr~c amplifier 
and the conventiona l amplifiers, which d o not r equire 
any fr equency other than that of the signal. 

The simples t and p r obably most e ffec tive way to 
introduce the physical princip les involved in a par 
amet ric amp lifier is by re viewing the low-frequency 
analogue of the mechanically pumped capacitor . L et 
one of the c apacitor p lates --say, the uppe r plate- - in 
the sim ple resonant c ircuit of Fig. 2 b e movable so 
as to permit a mechanica l var iation of plate spacing , 
and h ence of c apacitance. L e t us apply to the t e rmi
nals of t he circuit a small signal vo ltage of frequen-
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cy fs , this fr e que ncy b ein g eq ua l t o the resonant 
freque n cy of the circuit, the reby setting up a sinus
oi d a l variat ion of vo ltage and a lso of charge across 
t he capacit or . Imagtne now that the uppe r capacitor 
plat e is sudden l y pu lled upward b y a smal l a m ount 
whenever the c har ge is at a maximum r egardless of 
po larity--this, of course, occ urs twice every cyc le-
and returned to it s origi na l position whenever the 
charge is ze r o, again twice eve r y cyc le. In other 
words, we are pe rforming a sq uare - wave pumping 
moti on with the upper capacitor p late at twi ce the f r e
quency of the app lied signa l. This pu lli ng apart of the 
capacito r plat e , a lthough it decreases the capacitance, 
d oes n ot a lt er the charg e . But, for a cons tant charge, 
the vo lt age on a capacit o r is inversely proportional 
to capacitance . Hence we increase o r amp lify th e 
signal vo lt ag e wheneve r we increase the p l ate s epa
ration. In p r ac t ice , of course, the capacitance is 
v aried not b y me c hanic a l m eans but rather by e lec 
trica l means. We usua lly utilize a p - n junction 
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Fig. 2. Illustr a tion of degenerative-type par
ametr ic c amplifier by means of mechani
cally pumped capacitance . 
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Fig. 3. Illustration of the gene r a tion of an 

idle r signal fo r the case in which the sig _, 
nal frequenc y differs from half the pump 
fr e quenc y . 
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diode as a voltage-sensitive variab le capacitor . If 
the signal fre9uency fs differs from half the pump 
frequency fp/2 , the result of this difference in fre
quency is that now the conditions for maximum energy 
transfer from pump to signa l are no longer satisfied 
all the time. Rather, the pump and signal periodi
cally drift into and out of the condition for favorable 
interaction. There is still, however, a net flow of 
energy from pump to signal with the result that the 
amplified signal now exhibits a beat phenomenon. It 
grows and decays as indicated by the modulated wave
form in Fig . 3. A waveform of this type may be 
shown to be the sum of two uniform sine waves having 
frequencies fs and fp - fs . If, then, the signal 
frequency differs from half the pump frequency, we 
get back not only the desired amplified signa l but also 
a signal at frequency fp - f 9 • This latter signal is 
known under various names, namely lower sideband, 
idler, and image. This idler signal is an inevitable 
byproduct of the frequency-mixing process, and there 
is no way of suppressing this idler without a lso sup
pressing the entire amplification. When the idler fre
quency is close enough to the signal frequency that the 
idler frequency falls within the signal frequency pass 
band, we ca ll this a degenerate amplifier. When the 
idler frequency is much higher than the signal fre
quency, so that the input circuit rejects the idler fre
quency, we call this a nondegenerate amplifier. The 
output power can also be extracted at the idler fre
quency. In this case, the output frequency differs 
from the input frequency, and we call this a lower
sideband upconverter. It is also possible to arrange 
the circuit so that the output frequency is the upper
sideband frequency fp + fs instead of the lower 
sideband fp - fs . In this case the maximum gain of 

-
Fig . 4. Power flow of different operations 

of parametric amplifiers . Arrows show 
the direction of power flow and their 
lengths indicate relative power. 

fp + s 
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the amplifier is limited by the ratio of output to input 
frequency, in contrast t o the unlimited gain obtainable 
for the first three modes of operation--namely, the 
degenerate and nondegenerate operations and the 
lower-sideband upconverte r . Hence, to achieve rea
sonable gain with the upper-sideband upconverter, the 
pump frequency must be many times the signal fre
quency, whereas a ratio of only about two was required 
for the lower-sideband amplifiers. This requirement 
for a large ratio of pump frequency to signal frequency 
restricts the highest practical signal frequency to 
about l, 000 Me. However, for particular applications 
in whi ch low gain is sufficient (one such application is 
discussed later), this amplifier can be utilized at a 
much higher frequency range. 

The principle of the upconverter wi ll be introduced 
by considering the fundamental power relation for a 
nonlinear and loss less reactance, af summed up by 
a theorem due to Manley and Rowe. This simple yet 
very powerful theorem states : when a strong pump of 
frequency f and a weak signal of frequency f are 
simultaneou!?ly impressed on a nonlinear react.i'nce, 
and if we consider on ly the signal and the two lowest 
sidebands, fp-s and fp+s (that is, ignore all higher
order modulation products), then we have 

p s p p+s 
-f - + y-:--

s p+s 

p 
p-s 

- -f-
p-s 

0 ' (5) 

where Ps, Pp+s, and Pp-s are the powers at the 
frequencies fs, fp+s, and fp-'s . A positive value 
of P denotes net power leaving the amplifier, and 
a negative va lue denotes power absorbed by the am
plifier. In the first three modes of operation, the 
circuit did not respond to the upper-sideband fre
quency, f +s ; hence the middle term of the equation 
is zero an~ the Manley-Rowe relation describing this 
case becomes 

p p 
s p -s 

(6 ) -f- f--
s p-s 

We can see that in order to have amplification at the 
signal frequency- -that is, more power at fs leaving 
the amplifier than entering it--Ps from our previous 
definition must b e positive . This, in turn, means 
that Pp-s is also positive, showing that if amplified 
signal power is to leave the amplifier, then we must 
also have image (or lower -sideband) power leave the 
amplifier. Incidenta lly, by rearranging the above 
relation as 

p 
p-s 

f 
p-s 

-f--
s 

p 
s 

(7) 

we see that the lower -sideband power exceeds the 
signal power by the frequency ratio fp -s/f 

s 
In the upper -sideband upconverter, the circuit 

responds to the signal and the upper sideband and 
not to the lower sideband. Setting Pp-s = 0 in the 
Manley-Rowe relation, we obtain 

fp+s 
-y-- (-Ps). 

s 
pp+s (8) 

Here the two powers are of opposite sign. Hence, if 
we want power out at one frequency, we must put 
power in at the other. In particular, if we inject 
power at frequency fs , making Ps negative, we 
can extract fp+s/fs times as much power at the fre -

quency fp+s . These relations are illustrated in Fig. 4. 
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The variable-capacitance diodes which are cur
rently in use are the sili con p-n junction diode, the 
germanium p-n junction diode, the gallium arsenide 
point - contact diode, and the germanium gold-bonded 
diode. These semiconductors are highly doped to 
increase the conductivity of the bulk material. How
ever, it is very difficult to make the resistance of 
the bulk material negligibly small. Therefore, a 
sma ll dissipative e lement i s always associated with 
the variable capacitance . The equivalent circuit of 
the diode is generally represented by Fig. 5. Here 
C (v) represents the variable part of the capacitance 
and C the fixed part, and Rs represents the spread
ing or series resistance of the diode. The principal 
noise contributed by the variable - capacitance diode 
is thermal noise originating in this series resistance 
Rs . At very high frequencies the fixed capacitance 
C effectively shorts out the variable capacitance so 
that all of the applied voltage then appears across 
and is wasted in the series resistanse. One can 

2 define a "dynamic figure of merit" Q for the diode 
b y the relation 

Q - Q 
- (2/y - y/2 (9) 

where Q = 1/wCR s and 'Y = C(v) /C . When Q 
is unity the diode can no l onger amplify the signal. 
The minimum obtainablz noise figure is also a func
tion of Q: the higher Q is, the smaller is the noise 
figure of the amplifier. 

C(V) 

~ 
c 

Fig. 5. Equivalent circuit of the varactor 
diode. 
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Fig. 6. Diagrams of nondegenerate ampli
fier and lower -sideband upconverter. In
put and output spectra are show n next 
to the diagrams. 
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Figure 6 illustrates four fundamental modes of 
operating parametric amplifiers. The input and out 
put spectra of thes e amp lifiers are i llustrated in Fig. 
7. The hatched areas show the input signals and the 
solid - line rectangles represent the output signals. 
The idler powers or the powers which do not come 
out of the amplifier are illustrated by the d otted lines . 

The external view of a typical lower-sideband 
upconverter 3 bui lt by T. C losson of B e ll Telephone 
Laboratories is shown in Fig . 8. The input fre
quency is about 1, 000 Me and the pump frequency is 
about 11 kMc. The output frequency is therefor e 
about 10 kMc. In the figure, A is the varactor diode 
mount . The input signal is introduced from the 
coaxial input through the isolator int o the variable 
capacitor. The pump power is fed from the right
hand side of the mount through the X -band waveguide, 
and the output is taken out from the other side of the 
mount. The gain of the amplifier is about 20 db, 
the over -all noise figur e is 1 . 8 db (inc luding the 
effect of the second stage, which has noise figure of 
ll db), and the frequency bandwidth is about 80 Me. 
The amplifier thus degrades the signal -to-noise 
ratio of the input signal by a factor of only 1 .5, and 
the rise time is about 4 nanoseconds. The frequency 
bandwidth can be considerably inc. eased by modifying 
the circuit or by reducing the gain of the amplifier. 
A double-sideband upconverter was also built, giving 
a g reat increase in the frequency bandwidth, though 
at the sacrifice of much of the gain of the amplifier. 
Signals from de to 700 Me were amplified with less 
than 3 db gain fluctuation. The maximum gain was 
about 5 db. No r es ults are available for the measure
ment of noise figure. 

Eckhardt and Sterzer of RCA have also reported 
on a broadband parametric amplifier. 4 They also 
utilized both the upper sideband and the lower side
band, and reported a vo ltage - gain -bandwidth product 
of 1100 Me, i.e., 4.5 db gain, 0.5 nanosecond ris e 
time , and 3 db bandwidth from de to 700 Me. A 
photograph of t his amplifier is shown in Fig. 9 . 

The typical noise figures reported for parametric 
amp lifie rs are il lustrated in Fig. 10 . The minimum 
noise figure of 0.5 db was measur ed at 6 kMc with a 
gallium arsenide diode. 5 This noise figure was de 
creased further, down to 0 . 2 db, by cooling the diode 

OU TPUT 
DETE CTOR 

OUTPUT 
DETECTOR 

lp 
2 

lp lp+s 

Is lp Ip-S lp Ip-S 
2 

Fig . 7. Diagrams of upper-sideband upcon
verter and double-sideband upconverter. 
Input and output spectra are shown next 
to the diagrams. 
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to 90°K. Since this is a degenerate amplifier, the 
noise figure for single - sideband reception is 3.5 db 
at room temperature . If the diode and idler load are 
r efr ige rated -- say, the diode at liquid nitrogen and 
the idler load at liquid helium temperatures--a noise 
figure of 0.5 db should b e obta ined instead of 3 .5 db. 
At lower frequencies, the n oi se contribut ion is main
ly d ue to the a mplifie r circuit, and 1/f noise is ve r y 
surprisingly small. A n ois e t emperature ot 3 00K 
(0.4 db noise figure) was r eported at 1 Me. 

The Esaki (tunne !)diod e is ye t another new semi
conductor device. This amp lifier utilize s the neg
ative r e sistance characte r i stic of the diode caused 
by the quantum -m echanical phenomenon known as 
tunneling. The V-I char ac teristic of the diode is 
shown in F ig . 11. If the diode is biased to an oper 
ating point in the negative resistance range, thee -

Fig . 8. A t ypical lowe r- s ideband upconver 
ter . 
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F ig. 9. Eckhardt and Sterzer 1 s up - and
down converter . 
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quivalent circuit can be r epresent ed b y the circuit 
in Fig . 12. I n this diag r am -R is the negati v e ·re
sistance due to its tunneling effect, and C i s the 
barrier capacitance of the diode. Rs and L are 
the inevitable series res is t ance and inductanJe asso 
ciated with leads to the diode. One important ad 
vantage of this diode is that the negative resistance 
remains constant i n magnitude up to extreme ly high 
frequencies, and, as opposed to the parametric am 
plifier, no high -fr equency p ump is required. The ul
timate limitation on high-frequenc y operation is 
again determined b y the shunt capacitance C and the 
se ries r e sistance Rs . The Esaki diode can am
plify a signa l only if its frequency is less than one 
half the cut off f r equency of the diode: fs < fc / 2 
l / 41T RsC. 

The Esaki diode has a number of interesting ap-
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Fig. 10. Noise performance of parametric 
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Fig. 11 . V - I characteristic of Esakl diode. 
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plications, in particular for microwave amplification 
and for switching and as a source of high - frequency 
power. The main advantages of the diode are its 
small size, potentially low cost, fairly low noise , 
and r easonably simp le associated circuity . An addi
tional advantag e is its potential use as a basic building 

- R 

c 
Fig. 12. Equivalent circuit of Esaki diode 

when the diode is biased to an operating 
point in the negative resistance range. 
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b l ock for future microminiaturization. I n spite of 
these potential advantages, many problems remain to 
be solved. The negative resistance is shunted by the 
large shunt capacitance C, which is much larger 
than that of the varactor . This shunt capacitance and 
the whole question of circuit stability present many 
specia l problems and seriously limit the type of cir
cuits which can be used at higher frequencies . An
other factor that limits the application of this diode is 
the fundamental fact , true for any two - terminal de
vice, that there is no isolation between the input and 
the output. These problems will doubtless be solved 
in the future- - in fact, to a considerab le extent they 
have already be e n solved at lower frequencies - but 
they repr e s ent the reason for the slow progress on 
Esaki diode microwave amplifiers. 

The most promising appli cation of this diode is as 
a high-spe ed switching element. This utilizes the 
special bistab le or monostab le operation of the diode 
as shown in Fig. 13. The mode of monostable oper 
ation is different from the bistable operation in that 
the basic circuit resets itself after reaching the 
high - voltage state, while the latter can be brought 
back to the original state only by applying a negative 
reset pulse. The input and output vo ltage waveforms 
are shown in the figure. In monostable operation a 
negative reset pulse is applied to bring the high 
vo ltage state back to the original low - voltage state. 

The gain and minimum input l eve 1 are a function 
of the p ower - supply tolerances and therma l fluctu
ation of the diode characteristics. Much smaller in 
put signal can be used for the counting application 
than for the computer application. Howe ve r, the 
minimum input signal level is still limited b y the 
stability of the bias vo ltage and that of the diode 
characteristics. These [Jroblems have been consid 
ered by s eve ral people 7, 8 from the point of view of 
computer app li cation ; however, no serious consid
eration has been given to counting applications. A l 
though this amp lifi e r might not have ve r y high sensi
tivity, it might simplify the counting system and im 
prove the counting speed very much. A propagation 
delay time of 20 nanoseconds and a rise time of 4 
nanoseconds we re obtained by using a lO - rna-peak
current Esaki diode with a capacitance of 100 fJ.fJ.f. 8 
Thes e data would b e considerably improved by using 
an improved unit. 
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Fig. 14. Mi c rowave Coaxial transistor 
structure and its encapsulation. 
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Another interesting de ve lopment is that of the 
coaxial microwave transistor. A 17-db three-stage 
amp lifier , useful from low freque~cies to 750 Me, has 
b een built by C. A. Bittman et a l. of B e ll T e le phone 
Lab oratories. The parasitic capacitance and induct
ance of conventiona l transistor encapsulation have up 
to now limited the full utilization of the potentialities 
of the new diffused-base me sa transistor . These 
difficulti es have been minimized by utilizing a coax 
ial encapsulati on. The transistor structure and encap
sulation ar e shown in Fig. 14. The transistor is a 
pnp diffused-base mesa germanium unit . Figure 15 
is a circuit diagram of the three-stage amplifier . To 
maintain the outer conductor continuity which is nee 
essary for low radiation loss es, the e mitter has been 
physically grounded . Therefore, de l oca l shunt feed 
bac k has been used instead of series feedback to s ta
bilize the transistor biasing. An extra transistor of 
a low-frequency t ype is p laced in each biasing loop 
to increase the fe edback at de without was ting appre 
ciable amounts of high - frequency gain, since no wide
band c hoke coi l is effective to 1000 M e. Figure 16 
shows the construction technique . The inner con
ductor of the transmission line is broken by the ac 
tive devices and tubular capacitors. The amplifier 
has been markedly stable. The spot noise measured 
at 200 Me is 5.5 db . No substantial change of this 
value is expected for the entire frequency range. 
The curves for measured insertion - voltage gain for 
several values of RF and LF a re shown in Fig . 17. 

Rapid progress in the development of solid-state 
de vice s has attracted attention away fr om electron 
tubes. However, electron-tube amplifiers should 
not be forgott e n, since they have inherent properties 
not necessarily contained in solid-state structures. 
The low-noise traveling -wave tube and the beam-
type parametric amplifier have been considerab ly 
improved in the last 3 years in low -nois e performance. 
Important improvements have a l so been made in tri
odes. The new close-spaced high-g microwave 
triodes, 416A, 5876, DCXX, and RH"1c, are useful 
as fast amplifiers with r easonably low noise. 

The shaded area in Fig . 18 shows the best noise 
performance reported to date on various experimen
tal vacuum -tube amplifiers over the frequency range 
from 100 to 10,000 Me . At 500 Me a close-s0aced 
planar triode 4 16A de v eloped by Von Ohls en 1 of Bell 
Telephone Laboratories has yielded a noise figure of 
2.5 db. At 3, 000 Me, noise fifures of 3.5 db have 
been obtained, both by Currie 1of Hughes Aircraft 

-24\' 

L, 

(after C . A. Bittmann) 

Fig. 15 . Circuit diagram of the three-stage 
amplifier . 
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C ompany, using a backward-wave amplifier, and by 
St. J ohn and C aulton 12 of Bell Telephone L abo ra
t or ies , using a traveling-wav e t ube. At X band, a 
noise fi!J.ure of about 6 db has bee n reported by 
Watkins 3 of Stanfo r d Universit y for a specia l multi 
electrode traveling-wave tube . The low -noise trav 
eling-wave t ube has the advantage of unriva led band 
width with large gain. Frequency bandwidths of 20 
to 30o/o can easily b e obtained. At 40 0 M e, a double 
sideband noise figure of 0.5 db was r epor t ed by Adlerl4 
of Zenith Company for a quadrupole parametric am
plifier. Thi s noise fig u r e corresponds to 3 .5 db for 
a single-sideband operation. Ashkin15 of Bell Tele
phone L aboratories has modified Adler 1 s tube and 
measured a 2.2 -db doub le-sideband noise figure at 
4 , 000 Me. These quadrupole amplifiers are still 
narrow-band, but have the advantage of absolu te sta
bility wi thout any isolater in the input circ uit, and 
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furthe rmore the re is no reason why the frequency 
bandwidth cannot be improved. 

Finally, mention should be made of a promising 
method for obtaining a very broad-band low -noise 
amplifier by combining a trave ling - wave t ube w ith a 
low-noise reactance frequency converter (up converter). 
As described before, the upper-sideband upconverter 
and the do uble-sideband upconverter have demon
strated very -broad-ban d amplification from de to 700 
Me with ve r y l ow noise and a moderate amount of 
gain . H owever, the gain of 5 db is not high enough t o 
to overcome the noise contribution from the se c ond 
stage. The refore the output from the upcon ve rte r 
should be furt her amplified by a low -noise traveling
wave tub e with high gain, and then demodulated by 
using a broadband resistive demodulator. An o ver-
all noise figure of about 3 db is expected. 

I have reviewed the recent activity in the field of 
the low-noise microwave amplifiers. Most of these 
are still under development. At the present sta ge, 
the c oaxial transistor and the close -spa ced high-gm 
triode can appreciably improve the dete c tor sensi
ti vity w ithout sacrifice in time resolution. How 
ever, new detectors which may be able to resolve 
very short time intervals rna y be d eve loped, and 
much faster and more sensitive amplifiers wou ld 
then be required. It is thus hoped that the informa
tion presented will aid the f u rther improvement of 
.nuclear detection systems. 
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:penman: 

Discussion 

What is the a. of these coaxial transistors? 
c 

Uen~ara: About 3,5 00 Me/sec. 

~_g):>_oth.Ec.IIJ.: I wish to comment that these amplifiers 
are not easy to use in our case. As described, they 
operate from a resistive source. What we are dealing 
with is a small charge on a capacitor. I think that 
there is something to be ga ined by using parametric 
amplifiers, but it will not be a very large factor. We 
can expect improvement in signal - to-noise ratio of 
from 4 to 10, which is very useful. 

P enman: 
matters? 

Why does the capacity of the source limit 
Please be more specific. 

Higinb~tham: The situation is complicated. Whe n one 
is dealin~ with a capacitor source, you have an energy 
(l/2) (Q/C2) . Attaching more capacity loses energy. 
Robert Chase and others have worked on this. You 
would lik e to improve on the usual good amplifiers, 
which have an input capacitance of l 0 f.l.f.l.f and an equiv
alent noise source of 200 ohms . Parametric capaci 
tors have a small but finite resistance, and there will 
be some noise from the following amplifier tube. With 
an optimum match of all the noise sources we hope for 
the improvement mentioned above in signal-to - nois e 
ratio. 

Uenohara: There are many ways to s olve the problem 
in the microwave field. 
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Abstract 

The tunneling effect in semiconductor junctions was 
first reported in 1958 by L. Esaki. Two-terminal de
v ices, called tunnel diodes, utilizing this effect were 
built and now are commercially available. The con
siderable interest shown in tunnel diodes is due to their 
potentialities for high- speed operation. 

This paper discusses the tunnel diode as a circuit 
element. It is characterized by its measurable prop
erties: the voltage - current relationship, and its inter
nal capacitance, inductance and resistances. Simple 
relationships are derived from these parameters wh-ich 
indicate the circuit's impedance level and maximum 
operating speed. 

The stability of the device under various biasing 
conditions - monos table, bistable, and astable -is stud
ied, and is used to explain the various switching modes 
and the waveforms obtained. The first switching cir
cuit treated is the basic monostable circuit, which can 
be used as a blocking oscillator or a pulse amplifier or
with changed bias -as an astable pulse generator. The 
bistable biased tunnel diode is used as an introduction 
to various counter and flip-flop circuits. Both the static 
conditions which determine tolerances and trigger r e 
quirements, and the circuit reactances which determine 
the switching recovery time are discussed. These cir
cuits include both "one-sided" and complementing flip
flops, and circuits which can be set, reset, or triggered. 

In many switching or threshold circuits, directional 
diodes are helpful. Because of the low voltage range of 
the tunnel diodes available, conventional semiconductor 
diodes, with the "knee" at about 0.5 v, are not suitable. 
Instead, a variation of the tunnel diode known as the 
"tunnel diode rectifier" or "backward diode" acts as a 
directional diode which gives a voltage range compatible 
with tunnel-diode characteristics. 

Two binary counters are described that are capable 
of an input pulse repetition rate of up to 2 x 10 7. If the 
best diodes now available had been used, the rate would 
have been better than 108. 

The use of the tunnel diode for Class A amplification 
is also discussed. Its use is limited to low-level, low
noise preamplifiers. In the Class A amplifier, one en
counters in all its severity the complete bilaterality of 
the device and the difficulties it implies in achieving 
isolation and directionality. For example, one cannot 
build a feedback amplifier in the commonly accepted 
sense. 

This paper, rather than presenting a few selected 
sophisticated circuits with claim to superior perform
ance or other merit, aims at presenting a general 
background of tunnel diode circuitry with emphasis on 
the problems, possible solutions and inherent limita
tions. 

I. Introduction 

The tunneling effect in semiconductor junctions was 
reported in 1958. 1 In the short time since, consider-

erable effort has been directed towards the building of 
tunnel diodes, a device utilizing the above effect, and 
towards establishing the theory and practice of their 
circuitry. The tunnel diode as a circuit element has 
certain inherent limitations and requires a radical 
change in circuit designing. The interest in it in spite 
of this is due to some inherent advantages: 

(a) It is capable of high-speed baseband operation, 
both in switching and Class A modes. 

(b) It is insensitive to radiation, though not to the 
extent of early hopes. 

(c) The tunnel diode is small and rugged andre
quires only low power. As it is a single-junction de
vice, its manufacture is simpler than that of three 
terminal devices, such as transistors. All these fea
tures make it a potentially low-cost device . 

(d) The tunnel diode is a low-noise device. 
(e) Tunnel diode operation is simple compared with 

that of cryogenic switches, masers, or parametric am
plifiers. For example, it does not require a "pump," 
and it operates at room temperature. 

Discussion 

Tunnel Diode Characteristics 
Figure la shows the I-V characteristic for a typical 

germanium tunnel diode. All germanium tunnel diodes 
have similar characteristic curves, except for a pro
portional change in current values. For other materi
als, the characteristic curves are similar to those for 
germanium units, but the scale changes. For GaAs, 
for example, the voltage values are: 180 mv peak; 
560 mv valley; 1120 mv equal-current point. 

The current as shown in the figure is composed of 
three components: the injected current, which exhibits 
the familiar exponential characteristic; the tunneling 
current; and an " ·excess" current component. The 
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Fig. 1, Tunnel diode: (a) I - V character is 
tics, (b) equivalent circuit. 
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may present a low impedance at low frequencies; but 
at higher frequencies, a transmission line of very low 
characteristic impedance would have to be used . A 
possible "brute force" solution is to connect a low
value resistance across each individual circuit, thus 
greatly increasing the power dissipation and also the 
power - supply c urrent requirements. 

Another possible solution is to use lower-current 
tunnel diodes at the cost of not using the fastest diodes 
available . 

The expression- . L/C has dimensions of impedance, 
and can be considered the dynamic impedance of the 
tunnel diode. The magnitude of this impedance rela 
tive to that of the dissipative resistances would deter
mine the circuit's mode of operation. 

Tunnel Diode Rectifiers 
The tunnel dwde rectifier is constructed similarly 

to a tunnel diode but with the aim to produce as low a 
peak current (in the f.La range) as possible while still 
drawing a l arge current (due to tunneling) in there
verse-bias state. The rectifier's characteristic curve 
is shown in Fig. 6a. Figure 6b shows a suggested 
notation for the tunnel diode rectifier. For low-volt
age swings (below the knee), the tunnel diode recti
fier behaves like a conduction diode having its voltage 
and current axis reversed: hence, it is also called 
the "backward diode. " 

(a) 

Fig. 6. Tunnel diode rectifier (a) characteris 
tics (b) proposed symbol. 

The tunnel diode rectifier can be used for low-volt
a g e swings, comparable to those in the tunnel diode, 
for all applications in which conventional diodes would 
have been used. 

The double knee of the tunnel diode rectifier can be 
utilized for some novel applications. Figure 7 shows 
a simple circuit whi ch produces square waves from a 
sine wave . Owing to the finite slope of the characteris
tic curve of the tunnel diode rectifier, the top and bot
tom are somewhat rounded. The circuit of Fig. 8 also 
produces square waves but without the rounding effect. 
This is achieved by balancing the bridge of Fig. 8 with 

Fig. 7. Wave-shaping circuit. 
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Fig. 8. Balanced wave - shaping circuit. 

the dynamic resistance of the conducting r e gions. (If 
it is not the same in both regions a compr omise is 
necessary.) This circuit also can be used to shape 
pulses. If several tunnel diode rectifiers are connect
ed in series in place of the one in Fig· 7 or 8 , a larger 
voltage swing can be obtained. A back-to-back series 
connection would produce a balanced square wave. The 
above circuits can easily be used for pulse shaping. 

The Regenerative or Switching Mode 
The foregoing discusswn considered the tunnel 

diode mainly as a linear e l ement. D epending on the 
biasing condition and the strength of signal applied, 
the tunnel diode can be made to switch between stabl e 
or quasi-stable states. Figure 9 shows a few typical 
static load lines. Load lines I and IV are always sta 
ble and have only one oper r.c t c,,g point. Load lines II 
and III have two stable operating points each, AB and 
AD, while E and F are as table points (as explained 
in a previous section). As the stability study indicated, 
load line V could be stable if the circuit's series in
ductance were small. If it exceeds the va l ue indicated, 
the circuit is astable and e xhibits r e laxation oscilla 
tions around a limit cycle. 

Fig. 9. Various loa d lines. 

Figure 1 Oa shows a diode normally biased at A 
(Fig. lOb), which is a stable point. When a step of 
current, lin• is applied, the l oad line shifts and the 
only intersection available is AC. Thus the tunnel 
diode switches from a low-voltage state to a high- v olt
age stat e . 

The broken line indicates schematically the switch 
ing path. During switching it is not possible to deter
mine the V-I re lationship from the static characteris
tic. The diode capacitance which requires charging 
current becomes another circuit branch. The total 
current into the tunnel diode splits into two currents, 
Id and I . The magnitude of I. determines how quick 
ly the cfrcuit switches from AI~o D. Once the voltage 
reaches the value indicated at D, Ic becomes large, 
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Fig. 10. (a) Switching circuit, (b) switching 
operation path, (c) switching waveform. 

T 

owing to the nega tive resistance, and the switching 
becomes regenerative. Switching time depends on both 
the magnitude of the available switchinl' current and 
the diode capacitance . Once again I fC serves as a 
convenient figure of merit. A value gf I /C = l ma;{.fi 
corresponds to a switching time of about IJ. nsec, pro
vided the overdrive of I. is sufficiently la:ttge. If the 
step is removed, the op1J'rating point changes from C 
to B . The speed at which the operating point moves 
from C to B depends on the inductive time constant 
of the circuit . This will be studied later in greater 
detail. 

The Monostable Circuit 
Ftgure lla shows a circuit biased statically at A 

with a low-resistance load line R to assure mono
stable oper.ation . The added induc~ance in the circuit 
is large enough (the inductive time constants are large 
compared with the capacitance time constants) so that 
under perturbation, the inductance can be considered 
a constant-current source and the dynamic load line 
becomes temporarily horizontal and bistable (AB'). 

A pulse , I. , large eno ugh to bring the operating 
point beyond !Re knee will switch the circuit to B in 
much the same way as explained in the previous sec
tion. The circuit does not stay here, however. The 
current through the inductance begins to decay with an 
instantaneous time constant, L/R . t' where R. 
is the dynamic resistance of the I:V curve . wJl:-gfi.tthe 
tunnel diode voltage reaches C, another switch occurs 
to D . From D to A, the current decays again in accord

'ance with another time constant. As the slope near the 
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origin is very steep, the time constant there is large, 
and the recovery may take as much as five to seven 
times the period from A to D . 

This monostable circuit can serve as a triggered 
pulse amplifier. If A is brought near enough to the 
peak, the input-pulse magnitude necessary for trigger
ing can be quite small. The main limitation is the tol 
erance problem. When the operation point is near the 
peak, a slight variation in one direction may make the 
circuit unstable, whereas a slight variation in another 
direction will make it much less sensitive. 

Biasing at V 
1 

(Fig. ll b) would allow similar opera
tion with the roPes of peak and valley interchanged, pro
vided the input pulses were negative. 

Another monostable - circuit variation is that of 
grounding the inductance (Fig. 12) . The advantage here 
is in having the quiescent point at zero voltage. 

For pulse techniques, the advantages of the mono 
stable circuit over the linear - a mplification type are 
that the voltage swing is greater and that the output 
waveform is independent of input variation. Also, the 
"gain" is considerably larger, and sensitivity prob
lems , component variations, and the effect of stray 
reactances are much less severe. 

Ro 

Vo 

Vout 

A 

Fig. 11.. Mono s table circuits: (a) circuit 
diagram, (b) operating path, (c) waveform. 

(a) 

(C) 
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Ro 

Vo 

A 

Fig. 12. Monostable circuit: (a) grounded 
inductance, (b) operation path, (c) circuit 
waveform. 

Astable Regenerative Operation 

(a) 

(c) 

If the cucmt of F1g. lla 1s biased in the negative
resistance region and the inductance is large enough, 
the circuit oscillates in a relaxation mode. Figure 
13a shows a stylized broken-line characteristic. As
sume that at a given moment the circuit is at D; the 
current in the inductance builds up towards A with a 
time constant of L/R 1. When it reaches E, however, 
the circuit switches to F . Here the current starts to 
decay towards B, but as it cannot reach Bit switches 
again to the low state, and so on . Figure l3b shows 
the waveform obtained with this type of operation. 
Owing to the difference in the slope between the high 
and low state, change of the bias voltage affects mainly 
the repetition rate, not the puse duration. This cir
cuit offers a convenient pulse source hav ing a r e peti
tion rate adjustable by power-supply adjustment. Rep 
etition -rate changes of 1:3 are easily obtainable in this 
manner. 

Bistable Operation 
General 

Cons1der again the circuit of Fig. lla, only now 
with a resistance to produce a bistable load line as in
dicated in Fig. 14a. A train of alternating positive 
a nd negative pulses produces a square wave. Here, 

v 
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B 

Fig. 13. (a) Astable operating path, (b) a
stable waveform. 

I 
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Fig. 14. Bistable circuit: (a) ope r ating path, 
(b) waveforms. 
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the operation speed is not limited by switching time, 
but by the inductive time constant. Reduction of the 
inductance increases the operation speed. Some cir
cui t s, however, depend on this inductance for their 
operation . 

Tunnel Diode Co-mplementing Flip -Flop 
Figure 15a shows a tunnel diode complementing 

flip-flop. For ease of explanation, assume that diode 
Db is at a low state (50 mv) and D 2 is at a high state 
(3 0 to 400 mv), a nd that the diodes are biased hi
stably. If a positive pulse is applied to the low side, 
D 1 swit ches to the high state. This voltage change is 
inverted by the transformer to a negative pulse, which 
causes D2 ~ to switch to the low state. Thus, D 1 is 
high and -u

2 
is low. A positive pulse applied to D 2 

causes the circuit t o flip again . Hence, we have a com
plementing flip -flop with set-and-reset capabilities. 

It is possible to obtain a triggered mode : Pulses 
are applied to the two sides from a common point. The 
tunnel diode that is in the low state draws most of the 
current, as it presents a much lower impedance than 
the high-state tunne l diode. A much more satisfactory 
solution is to insert a tunnel-diode rectifier in series 
with R 2 . The rectifier impedes current to the high
state tunnel diode, provided the input pulse is of com
patible height. Another advantage is that the rectifier 
prevents back current while no pulse is present, pre
venting R

2 
from loading the circuit. 

In the circuit of Fig. !Sa the output is taken from the 
transformer. The typical resultant waveform is shown 
in Fig. lSb. Considering only one polarity of pulses, a 
pulse (say positive) is obtained for only every other in
put pulse. This makes the triggered flip-flop a binary 
counter. 

A Single Tunnel Diode Triggered Flip-Flop 
It may be seen from F1g. 16a that the tunne l diode 

connected in series with a load R, at a proper bias, 

+ 

(b) 
Fig. 15. (a) Magnetically coupled complement

ing flip-flop, (b) transformer output from 
symmetrical flip-flop. 
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Fig. 16 . Single tunne l diode flip-flop : (a) cir 
cuit, (b) operating condition, (c) waveform. 

establishes two de operating points, as shown in Fig. 
l6b. The load line shown actually includes R in 
parallel with the input resistor , etc. 
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A positive pulse causes the tunnel diode, when it is 
in the low state, to switch to the high state. It switches 
on a constant - current line if the input resistor is not 
too small, and then the current diminishes to point C. 
Since there is a large series resistance, the inductive 
time constant is small, and point Cis reached quickly. 
When a second positive pulse is applied, the voltage on 
the tunnel diode rises again to Band starts to return. 
If, however, the tunnel-diode capacitance is large e
nough so that the inductive and capacitative time con
stants are of the same order, the system is under
damped and a negative overshoot occurs. This may 
bring the operating point below the knee, and hence the 
diode switches back to A through D . A typical wave-
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form for this circuit i s shown in Fig. l6c. To under
stand why the negative overshoot occurs only at the 
second switching point, one should note that when 
switching from A there is a high initial current, I , 
in the inductance, while in the other case it is onl~ 
I . Here again the output is taken from the transform
e'i- secondary and it looks essentially the same as the 
waveform in Fig. l5b. This circuit exhibits the prop 
erties of a triggered flip-flop (noncomplementing) which 
is capable of suppl ying a carry and hence is useful as a 
counter . This circuit has been found to be stable and 
dependable. 

Tunnel Diode Binary Counters 
To test th e pre v iously des c ribed flip-flops, two 

three -bit binary counters ( l :8) were constructed. Each 
counter consisted of three similar flip-flops with inter
stage buffers. The buffer was a monostable circuit 
acting as a pulse reshaper, amplifier, and " rectifier''; 
as seen before, there was a need to suppress the nega
tive output pulses. Onl y positive pulses trigger the 
monostable circuit, whereas negative pulses produce 
almost no output . The output of the monostable circuit 
was fed through a resistance to the next flip-flop. 

Figure 17 shows the "single diode" counter, and 
Fig. 18 shows the counter employing the complementing , 
flip-flop. The maximum repetition rate attained with 
these counters was 22 x 106, using tunnel diodes having 
I / C = 0.8. Diodes made at present have a figure of 
rRerit of up to ten and higher, and counters built around 
these should have a correspondingly higher speed. 

Fig. 17. Three-bit counter (single diode). 

Fig. 18. Three -bit counter (complementing 
flip -floJ¥. 
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Resistive Coupled Flip - Flop 
The fhp-flop of F1g . "19Was developed by Mr. R. H. 

Bergman of RCA. The load lines for each diode, R 1 
and V , are so adjusted as to produce bistable opera
tion. s.if the coupling resistors are neglected, four sta 
ble states are possible. Examination of the effect of 
including the coupling shows that when one tunnel diode 
is in the high state, it tends to reduce the voltage a
cross the other. A proper selection of circuit par am
e ;:e rs can insure bistable complementing operation. 

o. 
A B 

Fig. 19. Resistance - coupled flip-flop. 

The advantage of this circuit over the previous cir
cuits, which contained inductance, is that it is faster, 
as there is no delay due to decaying inductance cur
rents. It has, however, its drawbacks: The magnitude 
of the output voltage is only half . Also, the circuit is 
very sensitive to l oading, and requires a v e ry strong 
trigger pulse . 
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Abstract 

A number of circuits using transistors and tunnel 
diodes have been designed during the past year for 
counter experiments at pulsed accel erators. The cir
cuits include: a coincidence c ircuit, a pulse limiter, 
pulse - amplitude discriminators, pulse amplifiers, a 
fanout c ir cuit, a trigger circuit , and a fast scaler. 
These individual units are compatible with one an
other in that the output of any one may serve as the in
put to another, and all interconnecting cables are of 
50 Q impedance. They are designed to work with both 
small and large photomultiplier pulses. 

T wo related developments ar e als o presented. One 
is a high-voltage supply for use with high-current 
photomultipliers. The other is a pulse -train genera 
tor and synchronizing circuit, the combination of 
wh ich is used for duty-cycle tests. 

Fast Electronic Circuits 

We are making up a set of fast electronic circuits 
which will perform the more common functions re
quired in counter experiments at the accelerators. 
The active elements are transistors and tunnel diodes. 
The building blocks and some of their characteristics 
are listed in T able I. In addition to these counter c ir
cuits a high-voltage supply and a pulse generator are 
described . 

Table I 

Characteristics of subunits of fast electronic c ircuit s 

Maximum 
rise time 

Titl e lnput(s) Output( s) (nsec) 

Caine idence 4 coinci- three 1.5 
c ircuit dence ( 10 rna) 

1 anticoin- 3.5ma 
cidence 

Limiter >10 rna one 0.7 
(10 rna) 

Dis c rim- threshold three 1.5 
ina tor 2 - 20rna ( 10 rna) 

Discrim- threshold three 1.5 
ina tor 0.5-5.0 rna (10 rna) 

Fanout 10 rna four 0.8 
(10 rna) 

Pulse am- ( gain=20 db) one 2. 5 
plifier ( 15 rna) 

Trigger to drive 
circuit H-P520A 

S cale-of-4 ( 10 nsec 
circuit resolution) 

The application of these elements is obvious to this 
audience. Item B is used to limit pulses from high
gain photomultipliers. C or D is used when one wants 

to discriminate against small pulses. These three 
circuits are designed to drive the coincidence circuit, 
A. Th e coincidence output is also relatively fast ( 1.5 
nsec rise time; 100 Me repetit i on rate), so that it may 
be used as an input to another coinc idence unit. The 
fanout, E, may be used whenever it is des i red to 
branch out from one signal to several circuits. G is 
an interim unit to drive the H-P 10 -Mc scalers we 
now own. 

Clean and reliable operation has been stressed 
w ith the result that most of the circuits are probably 
more complicated than necessary. For exampl e, 
direct coupling is used as much as possible to avoid 
baseline shift with counting rate. All the c ir c uits to 
be described have the following e l ements in common: 

(a) 50 It cable is used for all signal leads. 
(b) High-frequency grounded emitter stages are 

2N700 ' s. 
(c) Transform e r s are wound in the d istributed 

mode, 1 four turns of #3 8 wire, bifilar or t ;: ifilar, 
F erroxcube 3b damping beads. 

(d) Tunnel diodes are General Electric gall ium 
ars e nide units of 20 rna peak current (ZJ61 - 22). t 

on 

At present these circuits are being built in small 
chassis with a panel 3-l/2ft X9-l/4 in. and with a 
depth of 12 in . Five units fit in a row across the stan
dard r elay rack . Jacks and control s are in front, and 
a small power plug is in back. We are building some 
c ircuits now on a formed metal sheet and expect to be 
able to build the standard and a lso custom circuits on 
one type of stamped and die-punched plate. One co
incidence c ircuit quite fills a chassis; two to four of 
the simpler c ir cuits are combined in one chassis . 
Panel space is actually the limiting factor. 

The coincidence circuit illustrates most of the tech
niques employed in this system. The coinc idence cir
cuit proper has been previously described. 2 Th e lat 
est model has an ampl ifier, a discriminator, and a 
threefold output following the discriminator. 

Figure 1 shows the coin c idence circuit itself . Up 
to four coincidence inputs are de-coupled to the emit 
ters at the left. Normally a steady current of 3 to 4 
rna flows into each input. Signals, in a direction to 
cut off this current, are normally stub-clipped to a 
few nsec. If an input terminal is not used,the circuit 

·• 
NOT-

·{ 
T-1,6,7 2N100 

T·2,3,4,5 2N768 OR T· le3Z 

0 · 1 1N263 

0·2 06·100 

Fig . 1. Coincidence unit input circuitry and 
amplifier . 
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still functions, since the corresponding de source is 
absent. A somewhat longer pulse of the same polar
ity may be applied to the base of the anticoincidence 
transistor. All but about 2.5 rna of the steady- state 
current flows through the Garwin diode, so there is 
very little output signal until all inputs are cut off. 
A hot diode is required for this breakaway operation. 

An amplifier follows the Garwin diode. The first 
2N700 is normally just below cutoff. A coincidence 
output turns this transistor on and turns the second 
stage off. The diode here helps to keep an even base
line and serve s as a lower threshold to reduce feed
through. (With four connected inputs, a threefold 
false coincidence results in less than lO o/o feedthrough.) 
A 2:1 current step-up transformer is used in the col
lector circuit of the second 2N700. The total current 
gain is 10 or more, and the rise time is about 1.5 nsec 
for an input step pulse. 

Figure 2 shows the discriminator circuit, whose 
basic element is a tunnel diode . Its trigger level is 
adjusted between 4 and 22 rna by varying the bias cur
rent, I. When the sum of signal and bias currents 
exceeds 20 rna, the diode voltage snaps up and 
switches the current in the long-tailed pair (ltp). The 
right-hand side of the ltp is directly connected to the 
base of an n -p-n transistor, the output of which goes 
back to the tunnel diode through a delay line, to turn 
it off again . The delay line is terminated by a 
matching resistor at the n-p-n collector. The dura
tion of the output pulse is th e length of the delay line 
plus 3 nsec. The output pulse is taken from th e other 
side of the ltp. The current is doubled by a pulse 
transformer, and 10 rna can be supplied to each of 
the three output jacks. This feedback circuit may 
appear to be an elaborate way to turn off the tunnel 
diode, but it is the only way we have found to obtain 
fast recovery (5 nsec after the pulse for 95o/o recov 
ery). 

ON 0>-<>------, 
OFF * 

0 - 20 MA 
BIAS 

+qol 

-14V 

T·l , T- 'l . . _2N700 
T-a •••••. 2N706 
T-4 • •. . . • 2H 140 
D· J . .. . -~ERM~A/11.1~ 
C·l-----2~1·22 

·SV 

Fig. 2. Coincidence unit discriminator . 
Circuit recovers in 5 nsec. 

In spite of the de i.e.edback, it may be possible to 
lock the tunnel diode on by misadjustment of the cur
rent bias. A pilot light indicates when the circuit is 
operating properly. One may apply an external gating 
signal, as shown schematically, by the switch. The 
discriminator bias current is indicated on a panel 
meter . Biases for the de circuits are compensated 
for temperature when necessary. 
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The limiter circuit, B, is shown in Fig. 3. This 
is similar to the limiter circuit described in Refer
ence 2 except that two transistors are used in series 
to improve the limiting action. The standing current 
is 10 rna in this case, which becomes a 5-ma pulse at 
the output when delay-line clipping is used. (Figure 4 
shows limited-output waveforms. ) 

PM 
ANODE 

STUB 

2N700 

10 
r---u--l 
I I 
I /OO.JJ, I 

I OO.fl 

2N700 
!>70G 

,.. 30V 

/OK 

Fig. 3. 10-ma cascade limiter with diode 
overload protection. For inputs greater 
than 10 volts an additional diode should 
be shunted across the input with 5 volts 
reverse bias . 

Fig. 4 . Output signals from limiter circuit 
for input-current step pulses of (a) 10 rna, 
(b ) 50 rna, (c ) 100 rna, (d) 5 rna. Output 
limits at 10 rna. One small division= 0 . 1 
nsec. 

Discriminator C is very much like the discrimina
tor used in the coincidence unit except that the input 
pulse is passed through a grounded-base transistor, 
which serves as a limiter. At present we have 20-ma 
Esaki diodes, and discriminator operation is stable 
for input pulse thresholds from 2 to 10 rna. 

Discriminator D is the same circuit again, with an 
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amplifier similar to the amplifier used after th e Garwin 
diode in the coincidence unit. 

Th e fanout, E, is shown in Fig. 5 . This has been 
used after the limiter circuit, B. A negative pulse 
enters at the lower lef t. The two transistors in paral-
lel at the bottom inver t the signal. The four cutput 
transistors reinvert the signal. They are wir ed in 
such a way that the l ead inductance and stray capac
ities form a delay line between the input stage and the 
output stages. The outputs are ac - coupfed f rom a 
relati Jely high impedance. Th e outputs may be indi
vidually stub-clipped. 

- - so.n ourPUrs 

I 1. 11<1. ~<DJ. 
( 40Mio ) ~ 

Fig. 5. Fourfold fanout. Trans istors are 
type 2N700. 

.B+ v 
So.n.,IOMA to IN 

Fig. 6. 

1/2 MA 
B-

j 80 

Q6 

3.SMA 

) 
3.5MA 

'AND""; DISCRIMINATOR 

AMPLIFIERi SCALER; 
' 1NOT'! FANO UT 

DISCRI I-1/NATOR 

Illustrative input circuits. 

Figur e 6 shows several types of inpu t c ircuit. At 
the top is a de connection such as might be used be 
tween a photomultiplier anode and discriminator, C. 
The middle circuit is an ac-coupled and de-restored 
arrangement for the same sort of application. Th e 
bottom circuit would be used for ac coupling with base
line r estoration where further cur rent gain is desired. 

ln order to illustrate the behavior of these c ir cuits, 
a puls e generator was c o n n ected to a coincidence c ir
cuit. Figure 7 shows the resolution curve for two 
signals from the fanout. Each was clipped to 4 nsec. 
Th e del ay curve is fairly rectangular. Th e sides are 
steep enough so that one may expect good long-term 
time stability even with some drift in gain . 

The amplifier, F, was designed about a year ago. 
It is shown in Fig. 8. It consists of three grounded 
emitter stages with d egene rating resistors and peak
ing capacitors in series with each emitter. A voltage
step - up transformer is used at the input and a currert
step-up transformer at the output. Th e switches at 

F 

-8 

DELAY{NS) 

Fig. 7. Coincidence c ircuit, output signal 
vs. pulse pair d i splacement f or 4-ns ec 
pulses. F is fraction of tunn el -diode 
peak current. Discriminator normally 
triggers at F = 0.3. 

S·I , S·Z, S<J 
P0S. lo • 0<1..1> 
PO$. 8· - Zr:l. ~ 

Fig . 8. Amplifier. 
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the bottom change the gain by changing the amount of 
degeneration. 

Th e trigger circuit is a one- shot multi v ibrator to 
drive H- P 10 - Me scalers from the fast counter c ir
cuits just described, and it is listed here for com 
pleteness. It i s essentially the circuit des i gned by 
S. Weaver, and is described by Melissinos in the fol
lowing paper. 

So far we have built 100-Mc binary scaler stages 
as described in Reference 2. These combine the fea 
tures of scaler and discriminator but are very expen
sive. In the future we w ill build scale-of-four c ircuits 
wh ich will operate on standardized input pulses, em 
ploy six transistors and four Esaki diodes, and putout 
a pulse suitable for driv ing slower scaler c ircuit s. 

High- Voltage Supply 

Th e c u rrent in the divider for a photomultiplier 
should be high compared w ith the average cur r ent 
drawn at any tap, and the bypass capac itors should be 
lar ge enough to suppress voltage fluctuations. These 
conditions are difficult to fulfill in high-current photo
multipliers subjected to the extreme counting-rate 
fluctuations encountered at pulsed accelerators . Var
ious schemes have been tried, using strings of VR 
tubes or Zener d iodes, with indifferent success. D. 
Potter designed the circuit of Fig. 9 for this type of 
application . It is a conven tional de-to-de converte r 
whic h has a multiplicity of outputs in cascade. Th e 
power transistors generate a square wave whose am -
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I 
1-20P111 CiNCH 

I ~;Q~,;~~'-
1 'OIIl 

Q8JO·R 

Fig. 9. High-voltage supply . 

plitude is ve ry nearly twice th e input v oltage. The 
secondary voltages are n early as well r egulated as 
the primary. Th e re is, in effect, a low-impe dance 
power supply between each pair of dynodes which de
livers current a s it is needed. Half-wave rectifiers 
and single-capacitor filters ar e used on the lower
current dynodes, full-wave rectifiers and LC filters 
on the higher - current dynodes. The circuit was 
teste d with a light pulser. Extreme variations in duty 
cycle had little effect on the gain; however, output 
pulse height is modulated some 10 to 15o/o at the rate 
of th e square wave generator. This is due to the fi 
nite capacitance and to the r everse leakage of the sil
i con rectifiers. 

Eithe r side of the power supply may be grounded. 
This whole cir c uit may be mounted adjacent to the 
tube socket, eliminating the high-voltag e cable. The 
unit is powered from a well -regulated variable corn 
m e rcia! power supply located in the main circuit rack. 

Synchronizer 

The ASP synchronizer (And circuit with Sequen
tial !_'hase lock) is used for oscilloscop e disPlay of 
r epetitive waveforms up to 2 kMc (see Fig. 10.) It 
provides one output trigger pulse for each mercury 
switch input pulse about 1 f!Sec after the input, and is 
phase-locked to the r£. Time jitter is less than 20 
picoseconds, our sampling-scope peak-to-pe ak time 
error. There are no tuning adjustments. 

The tunn el diode is turned on to the high-voltage 
state by a switch pulse of a few nsec duration. This 
transition is rf phase-locked, but, unlike othe r syn
chroni z in r; circuits, is not used for the trigger pulse 
becaus e it also contains a small unphased component 
from the switch pulse. Instead the diode is held in 
the high-voltage state by an inductance until the switch 
pulse has disappear e d. The low- v oltage transition is 
then phase-locked by the rf in the normal tunnel-<iiode 
fashion. This transition h a s the correct polarity to 
trigger a blocking oscillator that provides the output 
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puls e . Amplitude s of the rf and switch pulse are set 
so that e ither a lone is insufficie nt to trigger th e diode, 
there being a 50"/o range for each below 500 Me. 

The synchronized waveforms are fre e from mul
tiple patterns. Above 500 M e, amplitude adjustments 
b ecome mor e c ritic al, but the phase errors do not in
crease. There ar e a few trigger puls e s, however, of 
random phas e whose number increases w ith the rf 
fr e que n cy, perhaps 10% at 2 kMc . 

Fig. 10. Tunnel-diode oscilloscope synchro
nizer . 
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~ ~-~ ~ 
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'----- .J L---- _J I I 
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Fig.ll. Block diagram of 100 - Mc pulse

burst gene rator. 

Pulse Burst G e nerator 

The pulse generator (Fig . 11) provides from 1 to 
10,000 pulses at 2 0 rna output with 1.3 nsec rise time . 
Maximum useful repetition rate is at l east 100 Me. 

A tunnel-diode regenerator and re-entrant line are 
used to produce the pulse burst. They are started by 
a mercury switch pulse . For trains les s than 200 
nsec, the separate variable-delay lines ar e used to 
generate a scope-synchronizing pulse and a train-stop 
pulse that d etermine s the number of puls e s in a train. 
For longer trains a portion of the s w itch pulse is elec
tronically delayed. Th e delayed output is used to 
trigger an ASP synchronizer whose rf input is taken 
from the pulse-train output. The ASP output then goes 
to the variable-del ay lines as before. No time jitter 
(<20 psec) or misfires are observed for any pulse
train length. Pulse -height variations are within 5o/o 
for all puls e s in the train. 
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Footnotes and Refer ence s 

*This work wa s done under th e auspices of the U.S. 
Atomic En e r gy Commission. 
t G eneral Elec tric has advised us that th e gallium 
arsenide tunnel diodes employed in our c ir c uits have 
b een temporarily w ithdrawn from the market b e cause 
of degr a dation problems inh e r e nt in the mater ial us e d .. 
It is our unde rstanding that the Philco Corp. has 
under d evelopmen t a gallium ar s enide diode that we 
believe to b e equival ent for th e c ir cuits des c ribed. 

1. C. L . Ruthroff, Proc. IRE 47, 1337 (1959 ). 

2 . R . M. Sugarman, IRE Trans. Nuclear S c i., NS-7, 
No. 1, 23 (1 960 ). 
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Dis c ussion 

Whetstone : Is the transform e r you used in the photo
tub e b ase difficult t o w i nd ? 

Higinbotham: No, it is a standard pot core w ith a 
littl e insulation a dded and six o r e i ght turns p er w ind
ing. 

Penman: I noticed that there was no feedback stabili
zat ion on your high-voltage supply. 

f!.i g inbo tham: You can buy primary power supplies 
regulated to 0.0 1 o/o whic h we found to be satisfac tor y. 
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Introduction 

We would like to report on the performance of a 
simple counting system with resolving times of the or
der of 1 to 2 nanoseconds and a 100-Mc repetition rate, 
which uses only transistorized components . There is 
certainly nothing ·novel about achieving such resolving 
times, but this is another example showing the easy 
attainability of the nanosecond region with transistors. 

The system was designed by R. Sugarman, 
1 

and we 
tested its performance in the Cosrnotron beam, and 
modified or added some components. The fastest 
transistors are the Motorola 2N700, and the whole sys
tem could be operated only with them; other transistors 
employed are the Phil co 2N502, Texas Instruments 
2Nll43, and W.E. 2N1195. 

Description of the System 

The system consists of the following main units 
(see Fig. 1). 

(a) A fast coincidence. 
(b) A 100-Mc discriminator and scale-of-2 circuit. 
(c) A driver. 
(d) limiters . 
(e) Fanouts. 

It is designed for 50-ohm level, but the input can be 
fed in with any reasonable cable if the appropriate ter

. rnination is made at the photomultiplier anode. Even 
though the system was primarily designed for 14-stage 
tubes (at least 20-rna pulses), it has performed satis
factorily with 10-stage tubes (1P21) and the tests re
ported here were obtained from such tubes. 

Fig. 1. Block diagram of the system. 

In general in all fast stages the transistors are 
emitter-driven, and de restoration is widely used to 
avoid bias drifts at high repetition rates. 

(a) The fast coincidence. This is a modifi e d Garwin 
circuit using 2N502 transistors, with two, three, or 
four channels ; the inputs must be standard pulses of 
3 to 5 rna, and can be as narrow as 2 nsec. The out
put is amplified in two 2N700 stages and is 10 rna, 4 
nsec wide. The coincidence is followed by: 

(b) The fast discriminator. The discriminator has a 
threshold of l20 rnv a:t 5 nsec, and provides either a 
scaled or unsealed output of the same width and of the 
order of a volt. The threshold is very sharp and the 
unit will not double-pulse unless the input pulse ex
ceeds a volt; it can be gated for any length of time. If 
it is desired to use the output of the discriminator for 
driving a scaler (for example the 10-Mc Hewlett
Packard) a higher amplitude and width are required. 
These are obtained from: 

(c) The driver. This uses a 2N1143 and a n-p-n 
2N706 transistor, and delivers 12 volts at 60 nsec 
(into a high impedance) (see Fig. 2). 

For the satisfactory operation of the c oincidence, 
it is necessary to feed standardized pulses in. Such 
pulses can be obtained by limiting the photomultiplier 
pulse, which is achieved (for 14-stage tubes) by turn
ing off two cascaded 2N700' s. 

(d) Limiters. For ten -stage tubes, howe ver, the out
put is low and two other limiter designs have been 
used, both with transformers at the collector to give 
current gain (see Figs. 3 and 4). These units have an 
output rise time of 2 nsec with an amplitude of 10 rna 
for tp>ical inputs . Then, the pulse is shaped by clip-

Fig. 2. Driver circuit. 
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Fig. 3. Limiter for ten - stage photomulti
pliers w i th cascaded 2N502 1 s. 
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Fig . 4. Limiter for t en -stage photomulti
pliers w ith single "2N700 . 

OUT 

ping w i th a shorted stub. T o avoid reflec tions at the 
input, it was nec e ssary t o term inate at the a nodes. 

( e) F anouts . If the signal from a s ingl e counter h as 
to be used in seve ral c ir cuit s this can be achieved 
with the fanouts , whi ch provides four outputs a t 10 rna 
th a t can be independently clipp ed . The input level is 
10 to 20 rna at 4 nsec. 

Th e c ir cuits for Units (a ) and (b) a r e those g iven in 
Ref. 1 ; Unit ( e ) and other limite r designs have been 
discussed in the pr ece ding paper. 

Perform_~'}£~ 

Th e performance testing o f the syst em consisted 
mainly in finding the 

(a) resolving tim e, 
(b) efficiency. 

A s far as resolving tim e i s concerned , th e d elay 
c ur ve s for doubles a re consistent with the puls e width ; 
in Fig. 5 is shown a curve taken with a mercury 
pulser, and in Fig. 6 a curve taken w ith 500 -Mev/c 1T

from the C osmotron b eam . The sharp drop in Figf 5 
from full co unt to no co unt in 2 in. of d e lay ( 2Xl0- 0 

nsec) is a conseque n ce of th e discriminator setting . 
It shows the p o s s ibilities of th e system ( a system w ith 
;;ooclpw to n stati s tics ) if the photomultiplier p u l ses 
could be perfectly limited . 

The c ur ve of Fig . 6 is m ore r e~i s ti c and shows a 
10-db drop in countin g rate for 10- sec delay. 

T o test th e effic iency of the s ystem the following 
se tup was used: The puls es f rom t wo counters were 
fed into t wo fanouts; thr ee outputs from each fanout 
were fe d to three co inc i dence s ystems , which we r e 
then t e s ted against one another . Figure 7 shows the 
counting rates as a function of discriminator setting 
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for systems C and Bin p ercentage of the count s in A. 
It is seen that the p l ateau is not perfec t, but has a 
fair slope; th e singles r ate in this ca s e was more than 
1 M e/sec . 

T he main d i ffi culty in this case i s th at no absolute 
effi c i e ncy can be obtai ned unless the plateau i s per 
fect. W e hope, however, that w i th improved limiting 
we may overcome this difficulty. 

R eference 

1 . R. M. Sugarman , IRE T rans. on Nuclear Sci. NS--7, 
No. 1 , 23 (Ma r ch 19 60 ); a l so R obert M . S ugarman, 
Non-Saturating Trans i stor Cir cuitry for Nanosecond 
P ulses , B N L -4436, 1959. 
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Discussion 

Penman : We have used less elegant transistor cir
cuits. We find troubl e with 14- s t age phototubes at 
low counting rates. The circuits handled standard 
pulses and 10 times the standard, but with pulses, 
say, l 00 times the standard they do not work, prob
abl y because of breakdown of the base emitter diode . 
Some 14-stage tubes give 20-volt pulses. This of 
course can be eliminated with tunnel diode limiters. 
How does your circuit behave? 

Melissinos: We have used 10-stage tubes so we have 
no trouble. We used protective diodes in the input 
and a l so parallel diodes in many units. We ge t no 
breakdown or feedthrough with 10 to 15 times limiting. 

Sug~: Use of both series and shunt diodes should 
be all right for 100 times standard pulses. 

Penman: Will any microwave diodes do ? 

SugE~: Not many have low enough forward imped
ance. 

Cork: Are the tails on your delay curve real? 

Melissinos : 
of 3 or 4 ft. 

The delay curve goes to zero in a matter 
In this run there were no accidentals . 
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This tunne l diode discriminator is designed to op
erate directly from photomultiplier pulses having a 
30: 1 range in amplitude. The photomultiplier pulses 
are clipped with a short clifping line to give a back 
swing of about one-half the forward swing, and the 
tunnel diode is then fired by the zero eros sing of the 
clipped photomultiplier pulses, as this point of the 
pulse has good time stability over the range of ampli 
tudes being considered. Figure 1 shows the clipped 
and unclipped photomultiplier pulses used. 

Time 

Fig . 1. Photomultiplier pulses as shown on 
T ektronix Type N sampling unit. (a) Un
clipped. (b) Clipped. 

Fig. 2. Dis criminator output as shown on 
Tektronix Type N sampling unit. 

The clipped photomultiplier signal is applied to a 
balanced bridge containing a tunne l diode in one l eg of 
the bridge. Since the bridge is balanced, there is es
sentially no output until the circulating current in the 
bridge is large enough to r egenerate the tunnel diode. 
The output of the tunnel diode is differentiated and fed 
to a grounded-base transistor. As the transistor is 
bias ed "on" with onl y a small current (0.1 rna), it 
passes only the positive portion of the differentiated 
pulse signal. This output pulse of the transistor is 
shown in Fig. 2; the pulse has a peak amplitud e of 

200m~ into a 125-ohm transmission line, and has a 
width of about 7 nsec at the base. There is an ampli
tude variation in this output pulse of about 3 0% over 
the 30:1 amplitude range of the photomultiplier pulses . 

Figure 3 is the s l ewing characteristic for the tunnel 
diode discriminator working with a 7046 photomultipli e r 
in a region of low light intensity. For a light level 
giving 6 photoel e c trons at the first dynode of the photo
multiplier there is 50% firing of t he discriminator, and 
there is 4 nsec of time slewing at this point. The slew
ing is down to 1 nsec for a li ght l evel of about 22 photo
electrons . When the discriminator is fired from a 6-
nsec mercury pulser pulse there is about 6 nsec of time 
slewing; the discriminator begins firing at 40 mv and 
aft er 50 mv there is no further slewing. 

0 
Q) 
en 
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>. 
0 

Q) 

~ 

Q) 

E 
i= 

-A. 50% firing; overage of 6 photoe lectrons 

3 
/B. 14 photoelectrons 

...--c. 22 photoelectrons 

0 
0 1.0 2.0 

Unclipped photomultiplier voltage (v) 

Fig . 3. Slewing characteristi c for tunnel di
ode d is cr iminator . Photomultiplie r dr iv 
en from light pulser, thus delays shown 
are for whole system. Phototube s i gnal 
clipped with 10-in. clipp ing lwe; 3 kv 
used on tube, g iving gain ::::10 ; tunnel di
ode f ire s off back swing of clipped s ignal. 

The circuit shown in Fig. 4 uses a General Electric 
1N2941 diode which has a peak current of 4. 7 rna, 30f.Lf.Lf 
of capacitance, and an average switching time of 3 nsec. 
Out of 125 diodes tested, 16 o/o have switching times 
greater than 5 nsec, and none were slower than 7 nsec. 
An autotransformer is used in the bridge in order to 
hold down the leakage inductance . The bridge resis
tors must be large in relation to the nonlinear positive 
resistance of the diode in order to maintain good bridge 
balance for large amounts of overdrive. On the other 
hand, it is desirable to keep the sum of these two re
sistors less than the negative resistance of the tunnel 
diode in order to insure de s t ability at only one point 
on the character i stics of the tunnel diode. The sensi
tivity of the discriminator naturally increases as the 
bridge resistance is decreased, so it is desirable to 
use as low a value as possible. The discriminator 
has been run satisfactorily at a 1-Mc CW rate; the 
major recovery time constant is that of the tr ans 
former, which is of the order of 50 nsec if one takes 
the shunt L of the transformer divided by the trans 
mission line impedance of 125 Q. 
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discr i minator circuit. 

102 core 

+ supply 12-volt 
zener 
diode 

The tempe rature coefficient of the discriminator is 
- 0 .3 mv/O(. or better . In the tests made the bias was 
set so that the discriminator would fire on a 50 - mv 
signal applied at the 125 - ohm input . The above co 
efficient then r efe rs to the change in this input voltage, 
and is a composite figure for the entire circuit, in 
cluding the zener diode used to stabilize the bias supply. 

Time stability of the discriminato r was checked by 
driving it continuously with a mercury pulser and 
checking the thr e shol d volt ag e over a period of time, 
The threshold was set at 40 mv and over a 1-week 
period dropped about 2 m v. At l east a portion of this 
may be due to slow changes in the mercury pulser, 
plus the fact that the unit was opera t e d at room t e m
perature, which fluctuates . 

The phototube and tunnel d iode may b e physically 
separated if one is wi lling to tend his termi nations . 
The clipping line may be placed at the phototube, in 
which case the input impedanc e to the discriminator 
must be matched. When the tunnel diode r egen e rates 
it sends a pulse back toward the phototuhe, but its 
polarity is reversed by the clipping line so it will not 
refire the discriminat o r on its retur n tr ip. 

If the clipping line is placed at the discriminator 
there is a large refl ect ion sent back toward the photo 
multiplier, consequentl y it is n ecessary to reverse-

u ., .. 
c: 

,_ 
0 ., 
-o ., 
E 
1-

Unclipped photomul ti plier vol t age (v) 

Fig. 5. De l ay c u rves as functions of clip
ping - line l engths: A , 24 in. ; B , 16 in. ; 
C, 9 in. No bias. 
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+ 12 v 

-12v 

IK 
Output 

adjustment 

.OI,t.Lf 

terminate the photomultiplier . 

Figure 5 shows the effect of using different c lipping 
lines on the phototube. As the clippi ng line is short
ened the amount of time slewing dec r eases, but at the 
expense of s ens itivity. The points marked 10% , 50%, 
and 90% indicate the fi r ing percentage of the discrimi
nator . Figur e 6 shows the s l ewing char acter i stics of 
single -ended circuit driven py a 10 - nsec mercury 
pul ser pul se, and an unclipped 68 10 phototube s i gnal , 
The output signal from thi s circuit has a large a1npli 
tude variation due to feedthrough of t he driving signal , 
a nd consequently is not t oo useful when a constant
output signal is required . 

*work done under the auspices of the U.S. Atomic 
Ene rgy Commission. 
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Fig. 6. Tunnel d iode time - del ay character 
is t ic . A, driven by m e rcur y pul s e r; 
B• driven b y 68 10 photomultiplie r . 
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Quentin A. Kerns 
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The coincidence timing of an array of photomul
tiplier detectors has been facilitated by using a light
pulse generation system to simulate a nuclear event . 
The system comprises a pulse generator, pulse-split 
ting transformers, cable delays, and individual lamps 
placed to illuminat~each phototube. A corona dis
charge of about 2 n'Sec duration is the source of light. 
It produces a wide o'ptical spectrum and ampl e light, 
and has negligible time jitter . 

Timing S ystem 

To simulate an event it is desired to produce 
nanosecond light pulses in appropriate time sequence 
at the various phototub es. As an example, cons ider 
the case in which we wish to depict an event wherein 
two of four phototubes receive simultaneous pulses 
and the other two phototubes receive light pulses with 
relative delays of 2 and 18 .5 nsec. Figure l illus 
trates the arrangement. It is clear that the time jit
ter of the pulses rela tive to one another must be min
imi zed. This pulse - generating system secures tim
ing accuracy by generating a singl e high -level pulse 
and distributing it to the lamps via splitting trans
formers and coax lines. In the case just mentioned 
the four lines between the splitting t ransformer and 
the light sources would have delay differences of :0, 
2,and 18.5 nanoseconds. In addition to these lengths 
it is convenient to use enough cable t o go th rough a 
patch panel. This system would calibrate phototube 
delays, counting equipment, and associated cables . 
In addition, th e light sources could be used for 
" check-out" during beam-off i ntervals. 

Electrical Pul se Generator 

Th e electrical pulses supplied by the pulse gen
erator are 2 nsec wide at half height and about 3 kv in 
amplitude . Output impedance is 51 ohms. The gen
erator is shown in Fig . 2. Th e pulses a r e generate.-! 
by switching a c harged coaxial cable into a;., output 

Equal · length 
,-------,cabin 

De lay patch pa nel 

To 
dolo-record ing 
apparatu s 

Fig . 1. Corona-lamp simulation of nuclear 
event. 

transmission line of matched impedance. A mercury 
capsul e in a constant - impedance oil -filled enclosure 
is the switch. The capsule relay contact is not vibrat
ed to produce contact closure . Instead, the voltage 
on the charging cable periodically rises to the break
down potential and a spark occurs. Pulses of the 
shape shown at a in Fig. 3 are produced at about 100 
pps. After several h ours of operation it is desirable 
to redistribute mercury on the contact surfaces; a 
coil is provided to vibrate the relay contacts for this 
purpose. The circuitry for high - voltage supply and 
curr ent regulation is solid-state. 

Splitting Tr ansformers 

The primary high-level pulse is distributed to 
the light sources by the splitting transformers. These 
are made by series-parallel combinations of short 
lengths of miniature 51 -ohm coaxi al cabl e and a fer
rite core. Th e i nput and output impedance is 5 1 
ohms. 

Fig . 2. 3-kv nanosecond pulse generator. 
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Fig. 3. Wave shapes, showing electrical 
pulse degradation in a typical system. 
The sweep speed in all cases is 2 nsec /c rn. 
a. The 3000-v olt pulse output from the 
generator. 
b. One of the four 1500-volt outputs from 
the splitting transformer. 
c. Pulse a after pas sing thl'"ough two 
splitting transformers cascaded plus 55 
ft of RG-55 / U . Amplitude is 540 v; with 
no loss the amplitude would have been 
750 v. 

The splitting transformer provides four equal 
and synchronous outputs at half input voltage. One 
transformer can feed four others to produce 16 iden
tical signals at 1/ 4 the voltage of the primary pulse. 
The rise time of the transformers is adequate for an 
additional cascade, from which there would be 64 out
puts at 1/ 8 the high-level pulse. The loss in rise 
time and amplitude in the transformers is less than 
the loss in cables usually used to delay and distribute 
the pulses. In Fig. 3 the electrical pulse waveshape 
is shown (a) after passing through a single splitting 
transformer and (b) after passing through a system 
that would operate sixteen lamps . RG- 55/U is the 
double-shielded version of RG-58 / U. For less pulse 
degradation larger-diameter 51-ohm coax is used. 

Corona Lamps 

One type of light source, called the "corona 
lamp\' makes use of a corona discharge at the tip of a 
tungsten wire touching glass. The ground electrode 
for the field that starts the corona discharge is out
side the glass. The construction is shown in Fig. 4. 
The glass bulb contains 1/2 atmosphere of hydrogen. 
The lamp at the top in the picture is shown with the 
outer shell removed. The coil is in series with the 
tungsten wire and almost doubles the voltage available 
to the lamp. The coil thus increases the number of 
lamps that may be fired from a given high-level pulse 
amplitude . Its effect on rise time is small; however, 
the pulse can be lengthened by adding still more in
ductance . The 51-ohm terminating resistor can be 
seen shunting the input connector. The light-pulse 
shape is triangular and as narrow as 1 nsec at half 
height. 

Typical lamps using the coil shown, and with a 
2000-v pulse applied, yield approximately 5, 000 pho
toelectrons when placed 6 in. from a 2-in. phototube. 
The lamps operate with pulse amplitudes as low as 
800 volts. Below this voltage, light is not always e
mitted every time a pulse is applied. In general, neg
ative polarity on the wire gives least amplitude flue.-
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tuation. It is believed that the discharge starts as the 
result of field emission near the wire tip. 

Some recent measurements of the quantity of 
c harge involved in the corona indicate that suitable 
lamp currents (excluding displacement current) are 
in the range of 0.01 to 1 amp for 2 nsec. Photons in 
the visible range are produced at the rate of a few 
photons per thousand electr ons in the dischar~e, i.e., 
at l / 2 amp the light output is greater than 10 photons 
per nsec for 21T v i ewing. 

A graph of the optical spectrum shows that the 
relative intensity as a function of wave length has 
various peaks and valleys between 3000 and 6500 Ang
strom units. The light appears blue to the dark-a
dapted eye. 

Another nanosecond light source is being de
veloped which, at this time, shows signs of being an 
improvement over the corona lamps. It m akes use 
of a tungsten wire against a layer of barium titanate . 
The barium titanate unit is viewed from the tungsten 
wire side. The light yield is roughly ten times that 
of the corona glass lamps, and it fires on pulse volt 
ages of less than 400 v without a step-up coil. 

Life tests on one of these units has so far been 
limited to 7 2 hr, but the operation is stable for this 
time. The amplitude jitter is about lOo/o exclusive of 
photostatistics. 

Fig. 4. · Corona lamps. Top: with ,outer 
shell removed . Bottom: with adjustable 
Polaroid attenuators attached. 
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A hydrogen atmosphere is preferable to helium 
because it gives less amplitude j itter. From 0.5 to· 
0 . 7 atmosphere seems best, as greater pressure 
raises the threshold voltage. L ess pressure gives 
more light output and good amplitude stability, but 
l eaves a longer tail on the light-pulse shape (on the 
order of 10 nsec). 

A variable optical attenuator is shown attached 
to the lowest corona lamp in Fig. 4 . It provides an 
adjustment of the li ght amplitude without disturbing 
any of the electrical sett i ngs . It employs polarizing 
films whic h may be rotated w i th respect to one anoth
er. Indexing lines are spaced t o give attenuation, in 
steps of 2, up to a factor of 64. The total range is 
greater than 100 to 1. 

Circuit schematic diagrams, fabrication draw
ings, and accessory drawings are available. They 
are listed on UCRL Drawing No. 4Xl091. 
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Dis cuss ion 

Whetstone: Two years ago I described a silicon p-n 
junction light source. The device has turned out to 
be disappointing because the available light output 
was too low for many applicati ons and be cause no 
commercia l firms would manufacture them. 

Now, however , I h ave persuaded T ransitron to 
prepare silicon carbide junctions, which, by virtue 
of the larger energy gap, give an orders-of-magni
tude increase in light output in the region of S-11 
response. 

These light sources have been viewed with the 
full face of a 58 AVP tube , and the r ise time of the 
source -tube system is 3 nsec. They exhibit a lin 
ear response in output in relation to driving voltage. 
They begin to emit weakly at a pulser charging volt
age of about 20 to 40 volts. At 400 volts the light 
output is roughly 40 times that of Csl37 in plastic 
scintilla tors. 

We have built nineteen of these light sources into a 
rather large counter experiment and hav e used them 
for rapid time alignment , for gain monitoring, and 
to simulate events in order to simplify the adjust
ment of all the electronics. 

I am not able to ascertain whether Transitron will 
continue to supply these sources, but they have been 
assigned a part number, SNC 2 . 
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Introduction 

The problem of multichannel analyzers to be used 
in conjunction with pulsed accelerators becomes more 
challenging and intriguing as time goes by. In addi
tion to the usual requirements of channel stability and 
over -all reliability, low resolving times are also nee
essary . It is the aim of this work to present an analyzer 
free of the drift usually encountered in much slower 
amplitude-to-time converters , coupled with speeds 
usually obtained only with "stacked discriminator" de
signs. 

The basic idea of the fnalyzer appeared in the lit
erature some time ago, and is summarized in Fig . l. 

LINE CODER 

THRESHOLD OF DISCRIMINATOR 

------------~ 

DISCRIMINATOR OUTPUT 

Fig. l. Basic idea of analyzer. 

If a pulse is injected into an open-circuited delay 
line, multiple reflections occur, resulting in a train 
of equally spaced pulses decreasing in amplitude. 
H ence if this pulse train is fed to an integral discrim
inator, th e number of discriminator output pulses ob
tained depends on the amplitude of the original pulse. 
Single - c hannel analyzers employing thi s pri'2ciple 
have alr~ady been built, using vacuum tubes or tran
sistors. A multichannel device based 0'4 the above 
principles has also been built elsewhere. 

The analyzer about to be described employs 20 
channels with an over -all dead time of the order of 3 
J.LSec. Channel width is of course quite stable, since 
it is mainly determined by the attenuation character
istics of the delay line, a passive device. 

Block Diagram of Pulse-Height Analyzer 

The blo c k diagram of the analyzer is shown in Fi.g.2 
and its idealized waveforms in Fig . 3. 

Input pulses are gated and amplified and then 
branch out to a fast trigger and to the line coder where 
the pulse train is formed. Dis criminator output is fed 
to an anticoincidence, both directly and through a de
lay T equal to the spacing between pulses in thepulse 
train. Inspection of Fig . lla. 7-3 shows that this en 
sures the selection of the last pulse in each train. 
This "last pulse" is compared with the pulse gener
ated by th e fast trigger that has been d e layed by sue
cessive steps (all equal to T). Channel selection is 
thus accomplished by coinc idence circuits. Finally 
the paralysis generator prevents input pulses from 
reaching the delay-line coder while an input pulse is 
b e ing analyzed. 

RG-63U 125..0 coaxial cable is used extens ively in 
the "fast" part of the analyzer (i. e., in the delay-line 
coder and in all c ir cuits up to the fast trigger and the 

Fig. 2. Block diagram of pulse-height 
analyzer. 
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Fig. 3 . Wave forms in pulse-height 
analyzer. 

last-pulse trigger c ircuits. In the "slow" part (i. e ., 
in th e time-to - channel selecti on c ir cuit s ). 1-kn de l ay 
line is used, b ecause of its greater delay per unit 
l ength (0 .1 f.l. sec/m). 

Circuit D escr iption 

Lin ear Gate (Fig. 4) 

It consists of a semiconductor diode draw ing heav 
ily through tube V2 and thereby short-circuiting input 
pulses. A pos i t i ve puls e applied to the grid of Vl 
turns V2 and its associated diode off, allowing input 
puls es to reach the output. The pedestal i s a few 
tenths of a volt in amplitude, while nonl inear i ty is 
quite small (~ 25'l'o up to 6 volts ) and is limited by 
d i ode backward characteristics. 

" ,. 

Fig. 4 . Linear gate. 
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Amplifier {Fig . 5 ) 

Th e amplifier is a conventional constant -k distrib 
uted d e sign 5 employing e ight power tubes, ensur ing 
a± 30 - v linear swing on a 125-fl load . Gain is about 
6 ( 16 db ), while rise time is about 3 nsec . Gain sta 
bility is ensured through a large amoun t of de fee d 
back (feedback factor i s about 3) and through us e of 
stab ilized f ilament supply. 

Delay- Line C oder (Fig. 6 ) 

Th e input diode separates the preceding circuit 
( with i ts associated low output impedance ) from the 
coding c able . Pulses in each trai n are cathode-fol
lowed, c lipped by a shorted stub, and again cathode
followed . A semiconductor d iode S570G i s added to 
cl ip undesirable undershoots . 

Discr iminator (Fig . 7) 

As the input - to-output delay of the discriminator 
must be constant to ensure satisfactory operation of 
th e fo llowing c ir cuits, a d i scriminator employ ing a 
distributed a~plifier as the pulse- shaping e l ement 
was chosen . Thi s allows pulses separate d by 0.1 
f.l.Se c to be handl e d w ith rel ative ease {dis cr iminator 
dead tim e is less than 25 nsec). 

Last-Pulse Tr igger (LPT) (Fig. 8 ) 

This c ir cuit i s a conventional anticoinc i dence whose 
inputs ar e su itabl y delayed: the circuit i s derived 
from th e well-known Garwin coincidence c ir c uit 7 with 
obvious modifications . 

Fast Trigger (Fig . 9 ) 

Once again the requirements on input-to-outpu t 
delay were such (i. e. , the delay should not b e a func 
t i on of pulse h e i ghts) as to prohibit the use of regen
erative trigger c ir cuits. 8 Since the speed of the de
v ice was not so important as in the d i scr iminator , 
conventional RC amplifier stages were used. Th e 
device gives constant output for input pulses ranging 
from 0 . 2 to 80 v in amplitude. 

D ec oder (De l ays and Coinc i dence Units) (Fig . 10) 

As m entioned b efore, in the "slow" part of the an
alyzer HFK 5614 del ay lines are used to generate 
suitable delays. 

Th e coinc idence c ir cuits have been designed so as 
to empl oy a minimum number of tubes and minimum 
stand-by current; the po s itive pulse generated by the 
fast trigger travels down the delay lines a nd is re
peatedly cathode - followed. By itself i t can not have 
any effect, because of the limiting act i on of sem i 
conductor diode S570G biased by cathode follower V2. 
A negative pulse from the LPT c ir cuit turns Vl and 
all the d i odes off. It is therefore necessary that two 
pulses be present {e. g . , at th e grid of V3 and at the 
cathode of its associated diode) befo r e an output may 
be produced (at terminal Ul) . 

Vacuum tubes V23+V42 are used to cut off nonco in
cident pulses and to amplify and invert th e puls es so 
as to drive the output scalers. 

Paralys is G enerator (Fig . 11) 

Upon receipt of an exte rnal gating s i gnal this cir
cuit clears the linear gate for a time equal to the 
duration of the signal its elf , th en effectively blocks 
th e linear gate for a time equal to the analyzer dead 
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Fig. 8. La st-puls e trigger (LPT). 

time ( 3 f!S ec ) . This is done with an anticoincidence 
c ir cuit fed by a monostable multivibrator and by the 
gat ing signal. Th e monostable multivibrator is trig
gered by the analyzer's fast trigger and inhibits 
gating signals from reaching the linear gate for the 
duration of its quasi-stable state. This ci r cuit em
ploys a secondary emission tube (V2 ), normally 
biased well below cutoff with a length of delay line 
(Hackethal HH 2500), as the pulse-shaping element. 
This ensures an excellent stability of the puls e du
ration and a very low recovery time (about0 . 2 f!Sec) . 

Th e anticoincidence is a conventional difference 
amplifier (V4). 

1/2 E88CC 
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Performance 

Th e tests and performance figures to be stated are 
onl y preliminary and are therefore not to be taken as 
definite; they may be taken, however, as indicative 
of c i rcuit performance. 

Figure 12 shows the calibrati on cur ve of the an
alyzer, taken w i th 25-nsec pulses generated by a mer
cury relay generator. 

It is quite evident that channel width is not constant 
but var ies logarithmically with c h annel position, This 
may be an advantage in certain cases (e.g., it allows 
detailed examination of a part of a spectrum) but 
renders certain cal culations necessary in go ing from 
channel contents to spectrum . Spec ifically it is nee
essary to divide the number of pulses counted by each 
channel by a number proportional to channel width, 
so that a flat spectrum is reproduced as a flat graph. 
These cal culations could of course be done automat
i cally by suitably processing the data from each chan
nel. 

Figur e 13 shows a spectrum plotted with this tech
nique. By i nse rti on of suitable attenuators th e peak 
of the spectrum was moved to the lower channels, 
thereby showing greater detail. 

Figure 14 shows the same spectrum taken at dif
ferent times. It is apparent that the position of the 
peak of the spectrum changed by only one channel. 

Fina ll y, Fig . 15 shows the dependence of analyzer 
calibration on input pulse w idth. 

r-------------~-----r------------~----~--------------~----------~-----------;r----r------~ +~~~~A 

!>00 
)OW 

~0 ~ ,----------------------------~~----~-------------------
)IJ<I 

Fig.9 . F asttrigger . 
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Th e errors introduced for very short pulses are 
probably due to the excess ive l e ngth of the shorting 
stub in th e delay -line coder, to puls e-deter ioration 
effects in the co d er it self , and to balli stic effect s in 
the dis c riminator. 

JOK 
SW 
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* 

Fig. 12. Calibration of analyzer 25 -nsec 
pulses. 
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(As this paper is to be publishe d in Nuclear Instru
ments and Methods, only the summary is given here) 

Summary 

An integral puls e -height discriminator empl oy 
ing distribut e d amplification is proposed . The dis
criminator accepts 0 . 5 to 12 volts pos itive input 
puls es with a maximum repetition rate in excess of 
20 Me . D ead time is l e ss than 25 f! Sec, and thr esh 
o l d unc e rtainty is 30 mv, The circuit uses 20 vac
uum tubes in an arrangement believed to be new, 
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Summary 

A class of circuits, commonly called fast integral 
discriminators, is examined. A number of defini
tions, pertaining to parameters that determine cir
cuit behavior, is proposed . 

Diagrams and characteristics of circuits appear
ing in the literature or developed by the authors are 
given. 

Finally the application of tunnel diodes in discrim
inators is discussed . 

Introduction and D efinitions 

The aim of this work is to propose a number of 
definitions and of ways of measuring the relevant 
characteristics of a class of circuits that are com 
monly called fast integral discriminators . Ideally 
an integral discriminator is, of course, a circuit 
possessing an input-output relation according to the 
diagram in Fig. 1. That is, there is no output if the 
input voltage lies below a sharply defined threshold 
voltage V s , and a certain output voltage E 1 if the 
input exceeds V s . This relation should be time
independent in the sense that it should hold (with the 
same value of V s ) whatever the duration or the repe
tition frequency of the input signal. Another way of 
saying this is: in an ideal discriminator both the 
threshold and the output voltage should be independ
ent of the shape of the input and of the time separa
tion of successive input pulses. We have thus set 
down two distinct requirements for a discriminator: 
o n e reiate n to the "static accn racy" of discrimina
tion, i.e. , the threshold sho uld be infinitely sharp; 
the second relates to the "speed" of the device. In 
other words, the selection of input pulses whose 
heights exceed V s should occupy no time at all. 
Broadly speaking, these two re •.1uirements are con
flicting in any practical device. 

In th e following we shall make frequent use of cer
tain terms which we shall now define: 

Eout 

Et -- - -- - .------------

Vs 

Fig. l. Input - output relation. 

a. Threshold uncertainty: the variation in input 
pulse amphtude that w1ll bring the output-pulse am
plitude from zero to maximum. This is zero for an 
ideal discriminator and of the order of 0.1 volt for a 
conventional s l ow vacuum-tube discriminator of the 
Schmitt type. In the following we denote the thresh
old uncertainty by the symbol S. 

b. Threshold drift: the long-term variation in dis
crimination level. It usually consists of a systematic 
component (filament-voltage variations for tubes and 
temperature variations for transistors) and of a ran
dom component (flicker effect , cathode-emission var
iations, or generation -re combination noise in semi
conductor). 

In the evaluation of a discriminator both figures 
should be stated. 

c. Dead time: after a pulse has been ampli t ude
analyzed, a certain time must elapse before the thresh
old will recover to within S volts of its static value; 
this interval is defined as the dead time of the dis
criminator. A discriminator is considered "fast" if 
its dead time is not greater than 0.2jJ.sec. 

d. L ambda pulse: in all practical discriminators, 
threshold 1s a function of input-pulse duration . For 
fast discriminators one would like to have equal re
sponse to equal-height pulses varying in width from a 
few nsec to about several jJ.Sec. When the input-pulse 
duration is such that the threshold differs by S volts 
from the val ue it had for a long pulse, one can state 

1 that the discriminator is analyzing its lambda pulse . 
This definition is valid for infinitely fast pulses. The 
order of magnitude of the lambda -pulse duration is 
often between 5 and 20 nsec. 

e. Maximum repe tition rate: Because of duty-cycle 
effects all ac-coupled discnminators show a varia
tion of threshold with input repetition frequency. When 
the repetition rate is such as to change the threshold 
by an additional S volts from the value it had at in
finitely low repetition frequencies, we say that the 
discriminator is running at its maximum repetition 
rate. The above definition of course intentionally ex
cludes limitations set by tube dissipations and the 
like. Maximum repetition rates are often in the range 
0.1 to 10 Me. Note that, according to the definitions 
given above, there is not necessarily a well-defined 
relation between dead time td and maximum repeti
tion rate fr ; i.e. , the relation 

holds only for de-coupled discriminators; a discrim 
inator may have a 0.1-jJ.sec dead time but only a 10-kc 
maximum repetition rate. In conjunction with high 
energy pulsed accelerators it is important that the 
maximum repetition rate be as high as possible. 
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f. Delay variation : when a discriminator has trig
gered it a l ways introduces a certain delay between in
put and output pulses. This delay is often not fixed, 
but depends on how much the input pulse exceeds the 
threshold. The variation should be stated for the max
imum permissiCJle variation in the input-pulse ampli
tude: e . g., setting the discriminator threshold to its 
minimum value and measuring the relative delay as the 
input pulse goes through its maxim Llffiamplitude rang e . 
In certain discriminators this delay variation is of the 
order of 30 or 50 nsec; this means that it is difficult 
to preserve time information after a discriminator. 

The variation of the delay of the output pulse w ith 
respect to the input pulse is due in essence to the var 
iation s of the delay L.l.t with which the trigger circuit 
fires. These delay var ia tions can b e calculated easily 
by analyz ing the trigger circuit as a positive - feedback 
amplifier with a discontinuous characteristic so that 
the l oop gain is zero wh en the input pulse is below the 
threshold and G > 0 for that part of the pulse that is 
above the threshold . 

If T is the circula t h g t1me around the feedback 
loop, e is the part of the input pulse above the thresh
old, v* is the saturation value of the input voltage at 
the end of the rise of the trigger pulse, and the input 
pulse is applied at t =O, then the input vol ta ge is 

VQ = E , at 0, 

v1 Ge + E ' at T, 

v2 G (Ge t E = G
2

e + Ge t E' at t 2 T, 

i.e., after a time n-r the input voltage is 

V = E 
n 

n 

L: 
0 i 

Fig. 2. Moody discriminator . 
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If n -1 circul ations through the loop we r e necessary 
to reach the voltage v*, then one has 

* Gn- l 
v = vn-l = E -c;:-y, 

i.e., 

nlogG log [ v* {G - l)+e)+ l oge, 

so that the de l ay time L>t = n T may be written as 

lit = l:g G [log v''{G -l) + e -loge ) . 

This exprefsion is of th e same form as proposed 
elsewhere. 

g. Overloading: in a fast discriminator it is impor
tant that pulses largely exceeding the threshold do not 
paral yze the circuit for a time lo nger than the dead 
tim e and do not produce multipl e output pulses. U su
ally one requires that the circuit produce no spurious 
response to pulses whose amplitude is 100 times the 
minimum threshold setting. These effects are usu
a lly due to mismatch at the input or to capacitance 
feedthrough in the nonlinear e l ement that determines 
the thresh-o ld, or both. 

Vacuum - Tube D i s criminators 

One of the oldest !ast discriminators is the well
known Moody circuit based on the proper ties of the 
secondary-emission tube EFP60. Diode D 1 consti
tutes the comparator, while positive feedback from d y 
node to g r id e nsur es fast trigger ing ac tion {thr eshold 
uncertainty is less than 10 mv ). The secondary - emis 
sion t ube draws a slight current(normally about 10 rna), 
while diode D is used to open the fee dback l oop, thus 
ensuring stabdity. A l arge amount of de feedback from 
the plate of V 1 to the gr id o f V 1. is used to stabilize 
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the circuit against drift in the static characte ristics of 
V 

1
. T h e circuit has much to recommend it in the way 

of simplicity: a l a rge current (0 . 1 to 0.3 a mp) is 
ava ilable for the duration of the pulse, thus a llowing 
the generation of large and fast output pulses. Un
fortunately the characteristics of the EFP60 differ 
lar ge l y from one tube to another, the tube itself is 
short-lived (3000 hr), and the average current it draws 
must be kept bel ow 25 ma, thus limiting th e maximum 
duty cycle to about lO o/o . Diagram of a typical circuit 
is given in Fig. 2. The relevant characteristics of the 
circuit are: 

threshol d range, l to 20 v; 
threshold definition, 10 mv; 
long-term drift, 0.2 v; 
drift due to l Oo/o var iation in fil ament voltage, 0 . 3 v ; 
A-pulse width, approx 25 nsec; 
out p u t pulse duration, ~ 20 nsec; 
dead time, approx 0.2 f.LSec; 
maximum repetition rate, 0 . 1 Me ; 
reliability, poor. 

Another discriminator in wi.despread use is the 
circuit developed by Farley. 4 It consists again of a 
biased diode comparator, followed by a trigge r cir
cuit. The comparator circuit is of the differential 
amplifier derived type, with a diode inserted to im 
prove the sharpness in breakpoint. The trigger cir
cuit is more conventional. Although the threshol d 
definition fo r long pulses is quite good ( 10 mv for 100 -
nanosec pulses ), the circui t responds qui t e poorly to 
short pul ses (0 . 3 v uncertainty for 20- ns e c pul ses ), 
this is its severest limitation . Circuit diagrams are 
given in Fig. 3 . Relevant characteristics are: 

drift , 30 mv; 
drift due t o a 10"/o variation in filament voltage, 50 mv; 
A- pul se width , 4 0 nsec; 
dead t ime, 60 nsec; 
maximum repetition r ate , 0.2 Me. 

A circuit that is simil ar to the Moody circuit in 
principle but that avoids the use of secondary-emis 
sion tubes has been developed by one of the authors; 

Fig. 3. F arley discrimi nator. 
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it consists of a diode compara to r fo llowed by a plate
to - g r i d - coupl ed monostabl e multivibrato r (Fig. 4 ). 
Tubes V 

3 
and V 

4 
are added to isolate the trigge r 

from the load, power tube V 
4 

being employed to pro
duce a large output pulse. Relevant characteristics 
are: 

threshold range , 1 to l 0 v; 
threshold uncertainty, 20 mv; 
long - term drift , 0 . 1 v; 
filament - induced drift , 50 mv; 
A-pul se w idth, 20 nsec; 
output - pulse duration, 6 0 nsec; 
dead time , 0 . 1 f.LSe c; 
maximum re pe tition rate, 1 Me; 
de lay variation, 40 nsec. 

The fast discriminat o r to be discussed next has 
been developed by one of the authors (see Fig . 5) . 
Discrimination is done by vac uum tube V 

1 
. This 

allows e1ther pos1ttve or negat1ve pulses to be dis 
criminated, minimizing shunt - capacitance effects at 
the cost of increased threshold drift (5 0 mv with 1% 
regul ated fi l ament supply ) . V constitutes an ampl i
fying stage, and V and V 

4 
kake up the trigger 

circuit. Output-purse duratiOn is determined by the 
critically damped resonant circuit, and is about 70 
nsec. D ead time is about 0.1 f.LSec; A-pulse width, 
10 nsec, and maximum repetition rate abo ut 5 Me. 

A circuit that responds excellently to very short 
pul ses has been proposed recently. 5 (Fig. 6 .) 
Input pul ses are inverted, passed through a diode 
comparator, amplified, and finally trigger a second
ary emission tube normally biased below cutoff. Rel 
evant characteristics are: 

thresh o l d uncertainty, 20 mv; 
long - term drift , 25 mv; 
fil ament-induced drift, 60 mv; 
minimum pul se width, 10 nsec (negative polarity); 
dead time, 0.1 f.LSec; 
maximum repe tition rate, 2 Me; 
delay variation, < l nsec. 
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Fig . 5. Fast discriminator. 

An excellent circuit proposed by J. Mey6 is shown filament-induced drift, 25 
in Fig . 7. Once again it consists of a biased diode >-.-pulse width, 2 0 nsec; 

mv; 

comparator and of a fast tri gge r generator. The com - dead time, 0.1 f.LSec; 
para tor is of the differential - amplifier - d erived type maximum repetition rate, 4 Me; 

with pentode V 
2 

added t o cancel shunt-capaci -
tance effects of discriminating diode D . The fast 
trigger employs a diode - quench ed resodant circuit 
(L 1, D

7
, R 

16
) as the pulse -dur ation -de termining ele

ment. Semiconductor diodes are used extensively as 
amplitude limiters and to clip undesirable undershoote; 
and zener diodes D

1 
and D

11
, cathode follower 

V 6 , and v oltage regufator tube V 
3 

fix the voltages of 
certa in critical points, so as to make them independent 
of input duty-cycle variations. A White follower cir 
cuit (V 5 ) ensures low output impedance. The relevant 
characteristics are : 

threshold uncertainty, 10 mv; 
long -term drift, 20 mv; 

delay variation, 30 nsec. 

To achieve higher speeds, a distributed amplifier 
has been used as the puls e - shaping element: 7 s ig nals 
coming from a diode comparator (of the M ey type) are 
amplified with a distributed amplifier, the output of the 
latter being sufficient to turn a vacuum tube off, thus 
producing a signal of constant amplitude (s ·ee Fig. 8). 
Characteristics: 

threshold uncertainty, 30 mv; 
lo ng - term drift, 20 mv; 
drift due to a 1 Oo/o variation in filamen t - voltag e , 2 5mv; 
\-pulse width , 10 nsec; 
dead time < 25 nsec; 
maximum repetition rate > 20 Me. 
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Transistor Discriminators 

The excellent advantages of transistors- -such as 
high reliability, small size and weight, and low power 
consumption- - are often applied with good effect in 
switching circuitry. Transistors with a-cutoff fre 
quencies (nf) of the order of 500 Me are commercially 
available now, and elements with nf of the order of 
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10 to 20 kMc are announced for the near futurE; . It is 
well known that transistors are ideally suited for on-off 
applications, switching times being of the order of 
1/n£ or longer owing to minority-carrier storage. 

-Transistors are also very well suited as the dis
criminating element in pulse -height discriminators 
b e cause the sharp break in the characteristics of a 
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Fig. 6. Swift and Perez-Mendez discriminator. 
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semiconductor are of course much less sensitive to 
age, but much more sensitive to temperature varia 
tions. However, there is a wide variety of circuits 
designed to compensate temperature effects to a high 
degree. For normal ambient temperature ranges, 
threshold stabili ty and definition of a conventional 
transistor discriminator are of the order of 10 mv. 
It should be borne in mind, however, that, owing to 
shunt capacitance effects, a fast - rising pulse may 
pass from base to emitter even under cutoff condi
tions. 

A very simple tngger cucmt, well smted for fixed 8 
threshold d1scriminat10n, has been developed by M1ller, 
and is shown in Fig. 9. 

Normally T 
3 

is in the saturation region and T 2. is 
cut off: a negat1ve puls e applied to the base of T_l 1s 
amplified, inverted, and brought to the base of T 3 . 
Positive feedback is hence obtained through the cou 
pling network between T 

3 
and T 

2
, so that T 

2 
and 

T 
3 

are driven into saturation and cutoff respectively. 
R1se time and duration of the output signal are 20 and 
100 nsec respectively; output amplitude is about 3 v, 
and threshold uncertaint y is of the order of 5 mv; long
term drift depends upon ambient temperature variations 
and is proportional to collector voltage . Delay time is 
30 nsec . The circuit will not overload on pulses up to 
20 ·V in amplitude. 

A fast discriminator develo9ed by Pierre Piroue' 
and described by ValL . Fitch is shown in Fig. 10. 

The circuit is in essence a transistorized version 
of the cathode - coupl ed monostable multivibrator, and 
discriminates pulses between 0.04 and 1.7 volts in am
plitude. Rise time and duration of the output waveform 
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Distributed discriminator. 

are critically dependent upon the values of C and L: 
with the values shown the se are about 10 and 35 nsec 
respectively. Output pulse amplitude is about 3 v ; 
threshold uncertainty is less than 1 mv, long- t erm 
drift (5 days) at constant temperature is less than l o/o 
of full scale, and threshold variations due to tempera
ture effec ts are l ess than l mv / °C between 20 and 
50°C. Dead time is of the order of 60 nsec; the cir
cuit reliably discriminates pulses whose duration is be
tween 20 and 100 nsec. If the inp ut pulses are too nar
row the threshold varies noticeably, as evidenced b y 
Fig. 11, which is drawn for a nominal 0 . 5-v threshold 
setting. Owing to capacitance coupling, if the input 
pulse is too long, the circuit ac ts as an astable multi
vibrator, oscillating for the duration of the input pulse; 
coupling eliminates this at the cost of speed. Delay
time variation is of the order of 10 nsec. 

-1.3V -1.8V -15\' 
Fig . 9. Miller trigger circuit. 
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Fig. 10 . Piroue-Fitch fast discriminator. 

a~~1~0~20~3~0~4~o~s~o~6~0-7~o~e~o~g~o~1o~o 
Pulse Duration (Mill imicroseconds) 

Fig. II. Threshold variation for Piroue-
Fitch fast discriminator . 

A modification to the above-mentioned circuit has 
been made by one of the authors: the diagram is shown 
in Fig . 12. 

Here· de coupling is realized through emitter -fol
lower stage T 3.· The current amplification thus gained 
is use d to speea up charging and discharging the capac
itance seen at the base of T 

4
. T 1 is used to keep the 

input matched at 12:0 also during the circuit's trig
gering action. Discrimination inte rval is between 0.2 
and 1.8 v, and threshold uncertainty is less than 0.5 mv. 
Threshold variation due to temperature effects is about 
10 mv between 20 and 50 °C. Dead time is about 90 
nsec . Threshold setting and output-pulse shape are in
dependent of input-pulse duration if the latter lies be
tween 20 nsec and 10 f1Sec . For shorter input pulses 
threshold uncertainty increases, reaching 0 . 1 v for 5-
nsec pulses . Maximum repetition rate is about 5 Me. 
No spurious output has been noticed for input pulses up 
to 20 v in amplitude. 

M . Gettner and W. Selove 10 have proposed the cir
cuit of Fig. 13, mainly to obtain better resolving times . 

A binary trigger circuit rather than a monostable 
one is used in this case; the reasons for this are the 
following: in monostable operation every triggering 
operation requires two transitions, one from the sta
ble to the unstable state, the other from the unstable 
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Fig . 12. Modified Piroue -Fitch circuit. 

to the stable one . In binary operation, each time the 
circuit triggers , there is only one transition between 
states. Differentiation of the step generated in the 
above-mentioned fashion would thereby produce a stand
ard pulse. 

In the circuit of Fig. 13, input pulses are applied to 
the amplifying and limiting stage T 

1
; an emitter-fol

lower T 
2 

is used to trigger the binary circuit by cor
rectly biasing diodes D 

1 
and D 2 . T 

3 
and T 

4 
are the 

binary transistors coupled by emitter-followers T 
5 

and T 
6

. The binary is a transistorized version of siln
ilar va'i'iu'fitube binaries, which have appeared else
where. ' 

The leading edges of the pulses thus generated are 
applied to T 

7
, T 

8 
and T 10 , T 11 . The biases on T 8 

and T 11 are set so as to equafe pulse amplitudes on 
the collectors of T 

7 
and T 10. The pulses are then 

differentiated and applied to fhe T - T 12 configura
tion so that only the negative "spi~es" are amplified. 

Pulse amplitude on the collectors of T and T 
1 

is about 1 v; at the collector of T 
13 

a sc1led outpu~ 
is available. Discrimination interval is between 0 . 5 
and 1.5v, and dead time is of the order of 18 nsec. 
One should note that the use of a binary introduces a 
certain asymmetry in the threshold. The authors 
state that this is l es s than 3o/o for pulses longer than 
10 nsec. Using the limiting stage T 

1 
and de coupling 

should ensure satisfactory operation for long pulses 
and against overloading . 

Suggested Applications 
Using New Sem1conductor Devices 

Broadly speaking, any fast pulse-height discrim
inator may be thought of as shown in Fig. "14. 

Usually the trigger circuit is the limiting one so · 
far as resolving time and maximum repetition rate a re 
concerned. Recently, to overcome the above-men
tioned limitations, the use of certain semiconductor 
devices having peculiar characteristics has been pro
posed: i.e., those fast switching devices whose char
acteristics show a negative resistance region such as 
the tunnel diode (see Fig. 15). 

From theoretical considerations regarding p-n junc
tions and tunneling effects that explain the above char
acteristic, and taking into account practical manufac
turing limitations, one obtains for the tunnel diode an 
equivalent circuit like the one shown in Fig. !6. Here 
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Fig. 13. Gettner and Selove circuit . 

C is the junction capacity, and G is the differential 
conductance measurabl e from the static c h aracteris
tics; Land R are due to the leads and to the semi
conductor bod~. In the negative resistance region, put
ting G = - g, one finds that the impedance seen between 
A and B has a negative real part provided that 

R < 
s 

g 

l + 4,/f2c 2 ' 

where f is the frequency . A cutoff frequency can there
fore be defined as 

fc =-.frrc-vr}-- l 
s 

above fc no negative "resistance" is possible; fc 
may range from 0.2 to 10 kMC. 

A trigger circuit may be realized according to the 
diagram in Fig. 17. Here V and R are chosen as 
sketched in F ig. 15, so that tRree operating points are 
possible, with a and c stable states and b an un
stable state. 

A positive pulse applied to E travels down the de
lay line LT 

1 
and (if it is large eno ugh ) triggers the 

diode from state a to state c. The same pulse, aft
er having gone through LT 

2
, is reflected with a change 

of sign, and resets the system from state c to state a. 

Output - pul se duration is determined b y th e length 

of LT 
2

; its rise time is usually very short (< l nsec). 
Out put -pulse amplitude is a few tenths of a volt . 

Another tunnel diode discriminator that is extreme 
ly simple and that has stood up satisfactorily under 
tests is represented in Fig. 18. 

The tunnel diode is in this case current-triggered. 
An input pulse that is large enough to inject a current 
;;. I takes the diode into the negative resistance re
gi6'n, thus producing (at B) a pulse whose amplitude is 
at l east V + V 

1 
( see Fig. 19). It is therefore suf

ficient to J'se a cutoff n-p-n transistor T 1 to elimi
nate all the pulses that have not triggered. 

Thus one realizes a fixed-threshold discriminator 
w h ose threshold is surprisingly well defined and free 
from drift, since the "peak point" (defined by V , I 
in F ig . 19 ) is extremely stable with respect to a/e aJ'd 
temperature. 

With these tunnel diode circuits , resolving times of 
the order of 10 nsec should be easily attainable, cou
pled with threshold definitions and stabilities of the 
order of 10 mv or better. 
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Fig. 14. Block diagram of general discrim
inator . 

Fig. 15 . Characteristic curve for a tunnel 
diode. 
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Fig. 16 . Equivalent circuit of tunnel diode . 
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Purpose, Design, and Construction 

The counter was d esigned for the specific pur 
pose of obtaining pure electronically s e lect e d K-meson 
beams in the momentum region 1.5 to 5 Bev/c . It was 
required not alone to give positive identification of the 
K p a rticles , but also simultaneously to record TT mes-
ons, f! mesons, and electrons in anticoincidence. 
Further, it was required to have a rather broad mo
mentum selection, as the type of beams visualized 
had a .ll.pjp about 5 to l Oo/o . In ord~r to ensure suit
ably sized signals, the refractive index of the gas was 
chosen always to give the half angle of the Cerenkov 
cone 

l 
eK = arc cos (nJ3) 6 deg. ( l) 

Table I shows the Cerenkov angle for equimomental 
TT mesons when this condition is m a intained. 

Table I 

Cerenkov angle for equimomental TT mesons 

Momentum J3K eK e 
(Bev/c) 

TT 
(de g) (de g) 

1.5 0.950 6 19. 1 
2 0 .971 6 15. 1 
3 0.987 6 11.3 
4 0 . 99;3 6 9.2 
5 0 .99 5 6 8 . 2 

The counter was constructed to accept light produced 
with e < 6.6 deg in coincidence and to record that 
withe > 7 . 4 deg in anticoincidence. 

Methane gas (n = 1.00044 at NTP) was chosen 
as a radiator, firstly because it can be used at room 
t empe rature to h igh pressures, and secondly because 
it has a high refractivity per gram/cm2. Two identi
cal counters were made, each with a maximum work
ing pressure of 2000 psi, corresponding to n=l.06. 
The radiating length was about 70 em and the number 
of photons produced by a K meson was approx 360. 

Figure l shows a cross-sectional view of one of 
these counters. The outer case was of forged steel 
and e nd windows were a luminum hemisphe r es 0.2 in. 
thick. C e renkov light produced by a particle travel 
ing parallel to the axis of the device is reflected by 
the two 45-deg plane mirrors into the side arms . In 
eithe r arm the light is focused by a spherical lucite 
lens as a ring of angular radius e, the Cerenkov angle 
of emiss ion. The end windows of the a rms are l. S-
in. -thick quartz glass discs, and behind each was an 

annular stop of angular r a dius 6 . 6 to 7.4 deg, which 
in fact formed p a rt of a steel-webbed support for the 
quartz . This stop was in the focal plane of the lens . 
Light falling ins i d e the stop (O < e < 6.6 de g ) travel e d 
down a light pipe to a singl e RCA 6810A photomult i 
plie r (in coincidence), while that falling outs i d e (7 . 4 
< e ~ 13 . 7 de g ) reached a ring of four photomultipliers 
(in anticoincidence ) via four flar e d light ¢pes. The 
upper limit of angular acceptance in the outer zon e can 
b e easily extended to 19 deg b y lining the side arms 
with cylindrical refl ectors . 

In principl e the limit of discrimination of velocities 
is set by the angul ar width of the ring stop, which giv e s 

J3TT - J3K = 2 ;< 
10

-3 
<J3> 

The velocity b a nd accepted for K 

m esons corresponds to li ght emission between 1'1 =0 and 
6 .6 d eg; a t 1.5 B ev/c this corresponds to a useful mo
mentum band of about So/o. 

R esults 

Results on the operation of the counters were ob
tained durin g a single experiment on K- -nucleon cross 
section in the Bev region, 1 and are not as exhaustive 
a s they might be . The r e is the possibility of requiring 
coincidences between the two center photomultipli e rs 
of each arm to decrea se the accidental rate; in fact, 
this method of operation has not yet been investigated, 
as the experiment ~as run with these outputs summed. 
The coincidence and anticoincidence outputs of each 
counter c 1 and c 2 we r e put in coincidence separately 
with other beam scmtilla tion counters and the outputs 
of the two coincidence circuits were then further put in 
coincidence. With the b eam intensity used (approx 2 

6810A pl'lotomultiplier tube -------, 

r Fe magnetic shielding--- --, 

Fig. 1. Cross-sectional view of one of the 
high-pressure methane Cerenkov counters. 
The diameter of the main barrel is 5 in. 
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to 4 ;( 10 5 part icles/pu lse ) this was found to be the most 
efficient way t o reduce t h e accidental s rat e. 

The "K- meson" rate was then plotted as a func-
tion of the pressure in the counters; a typical curve 
(marked Mode I) is shown in Fig . 2 for p = 2 Bev/c. 
At low pressures the 11 mesons count in the K chan 
nel, since () is less t han 6.6 deg, up to a pressure 
of a b out 320 psi, when they begin to regi ster in anti 
coincidence . The pressure threshol d for K particl es 
is crossed at about 700 psi, and the K - particle peak 
is reached at approx 1070 psi. In this example the re
jection factor can be seen to be about 106, and the con
tamination in the K b eam equal to or l ess than lo - 3 
At each momentum the best operating p ressure was 
determined from such a press·1re cur ve, and t he val 
ues obt a ined are shown in Fig. 3 p l ot ted against n- 1, 
where n was determined from the Ce r enkov re l ation . 
These values were found to lie systematically l ower 
than those e xpected from using the Lorentz Law and 
the data of Keyes and Burks2 on the p r operties of 
methane. 

The curve marke d Mod e III of F ig. 2 shows t he "K
meson" rate when t he counters are u sed purely as anti
coincidence devices . The three pl a t eaux correspond 
respectivel y to counting (a ) (n + K + p), (b) (K + p). 
and (c ) (p) . This mode of operation was used below 
1.5 Bevfc, where the pressure requi r ed to count K 
mesons b ecomes excessive and the momentum band 
accept e d i nconvenient l y smal l. 

Figure 4 shows a de l ay curve o btained when the d e 
l ay was varied between the Cerenkov cou nte r ou tput s 
and two t ime - of- flight scintillators a bout 30 feet d own
stream. When the counters are "on time , 11 K mesons 
are counted (central peak) at a rate corr esponding t o 
about 0 . 1 o/o of t he n-meson r a t e. If the timing is off 
b y a l arge amount, say 50 m f.Lsec , then the K o'Il.esons 
selected at the Ce r enkov counters are never counted 
in the d ownstream sc intillators and t he steady back
ground l evel of K - /Mz "' 2>(10-5 is due to off-time 

1\J 

~ ..,...... 
:.:: 

2 Bev/c 1.0 ---.-... 
I \\ 
I II 

10-1 I I 
I I 
I I 
I 

10- 2 I 
I 
I 
I 

10- 3 ~ 
0 

10-4 

10-5 

Methane pressure (psi) 

F ig. 2. Pressure cur ves at p = 2 Bev/c. 
M ode I : Coincid ence - anticoi ncid ence op 
e r ation. 
Mode III: Anticoincid ence o p e r a t ion onl y . 
M is the beam monit or r a t e a nd essen
tia'ily correspond s to t he nu mber o f lT and 
f1 mesons in the S<?condary b eam . 
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F ig. 3. Cal cul a t e d and experimenta l values 
of t he optimum ope r ating p r essures. The 
limits on t he experimental p oi nts cor r e 
s pond to t he 5 0o/o flux points on t h e K - me 
son peaks. 
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-50 -25 0 +25 +50 +75 

Delay ( m ~ sec) 

Fig . 4 . D e l ay c urv e fo r c oin cid ences b e
t ween t he Cerenkov counte rs and time -of
fli ght scintilla tors fo r 3 -Bev/c K - mesons. 
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light-meson accidentals. If, howeve r, the d e lay is 
only about ± 10 to 20 mf!sec, then the anticoincidence 
pulse produced by the off-time particle results in a 
reduction of the accidental rate by some two orders of 
magnitude, at least . Thus in m easuring cross sec
tions, for example, the re are no great demands in the 
way of fast circuitry placed on the transmission count
e r coincidence circuits, as the background acciden
tals rate is negligible for times of ±20 mf!sec about 
the arrival time of a K meson. 

The a uthors wish to acknowledge the invaluable 
help given by Mr. Ken Lou of the Engineering Depart
ment in the design, construction, and testing of the 
c ounters and high-pressure systems. 

Footnotes and Refer enc e s 

*work done under the auspices of the U.S. Atomic 
Energy Commission. 
l. Cook, Cork, Hoang, Ke e fe, Kerth, Wenz e l, and 
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Zip£, K- -p and K- -n Cross Sections in the Momen
tum Range 1 to 4 Bev/c (to be submitted to Phys.Rev.) 
2. F. G . Keyes and H. G. Burks, J . Am. Chem.Soc . 
49, 1403 (1 927 ). 

Discussion 

Sands: Could you tell me what are the permi ssible 
beam areas and angles accepted by the Cerenkov 
counter? 

Keefe: In the experiment described the ar e a of the 
beam pass ing through the counters was a circle about 
3 in. in diameter. The angl e of the divergence of the 
beam that can be accepted depends upon the pressure 
which one is using, and at higher ve locities is l ess 
than at lower velocities. In this experiment it was 
typically l or 2 deg. So long as the particle is rea
sonably parallel to the axis of the device (sinc e it is 
lined with a cylindrical r e flector which pre serves the 
angl e of the Ce renkov light), the response across the 
counter should be uniform. 
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CERN, Geneva 

Presented by Arne Lundby 

During the last year and a hal£ 1 we have used a 
ty pe of Cerenkov counter, DISC, which was designed 
so as to incorporate most of the characteristic fea
tures of Cerenkov light . 2 Figures l and 2 show the 
principles of the DISC. The Cerenkov circular rain
bow emitted at infinity is imaged as a "white" ring on 
a fixed diaphragm. The light pas sing through the dia
phragm is split between four 56AVP photomultiplier 
tubes which are required to count in coincidence . The 
ring of light has to be of the right size and come in 
the right direction in order to give rise to such a co
incidence, making the counter autocollimating. The 

Fig. l Basic design of a DISC . 

~ 
-·-~-·-· .----· 

Fig. 2 . Mass spectrum of secondary parti
cles from 24-Bev protons striking anAl 
target in the CERN proton synchrotron. 

light collection, the photomultiplier tubes, and the fol
lowing transistorized coincidence circuit were chosen 
so as to give the shortest possible time resolution. 

For working with low- energy light particles, the 
radiator cell is subdivided (see Fig . l) and filled with 
liquids of increasing index of refraction along the 
beam direction. The cell is thus optically corrected 
for slowing down; the light from the different radiator 

-----

Fig . 3 . Experimental arrangement . 
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Fig 4. Some experimental results . 
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segments is required to be parallel when it is re
fracted out of the cell. 

The lens system is formed by a toroidal front-sur
face -aluminized mirror and an annular axicon which 
were surfaced and polished by hand in the l aboratory. 
The use of two aspherical surfaces allows for partial 
co r rection of astigmatism and chromatism. Th e 
numb er of optical surfaces is kept at a minimum so 
that the li ght tr ansmis sion is fairly good. The en 
trance-pupil stop is 40 em in diameter and th e mean 
fo cal length is 21.5 em . Not i ce that only 2.5 em liq
uid radiator path length is required for each photo 
tube. 

The focal length of the l ens system can be varied 
remotely b y changing the spacing between the axicon 
and the mirror, keeping the focal p l ane in the same 
position (compare F igs . 1 and 2). We can thus select 
any C erenkov angle withi n two limits and thereby cov
er a corresponding range in f3 by remote control f rom 
the counting room. The radiator cell can furthermore 
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be c h anged in a few minutes, whi ch makes it p ossible 
to cover a different r ange in (3. We have so far work
ed in the interval 0.8 <f3 < 0.96. 

Figure 3 shows an experimental arrangement , and 
Fig. 4 shows some results obtained with the CERN 
P roton - Synchrotron. Th e radi ator used was FC 75 
with 0.85 <f3< 0.9 6 , {',. f3 / f3 = 0.5 o/o ; the angular resolu
tion of the DISC was ± 0.5 deg. 

References 

1 . J. Fi scher, B . L eontic, A . Lundby, R. M eunier, 
and J.P. Stroot, Phys. Rev. Letters~. 349 (1959). 

2. The polarization of the Cerenkov light played no 
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For the selection of masses of high- energy sec
ondary particles from the Synchrophasotron in Dubna, 
gas Cerenkov counters were developed. This report 
gives a short description of the gas Cerenkov counters 
us e d for selection of K+ mesons in particle beams 
with momenta ranging from 3,0 to 4,75 Bev/c. The 
K+ -meson rate was of the order of l % of the intensity 
of thes e beams . More than 50% of the b eam was made 
up of protons, and the remainder was n+ m e sons, with 
an admixture of a few pe r cent of fl.+ mesons, which 
were count e d together with n+ mesons , 

The arrangement contained two s i milar differen
tial counters, which counted the K mesons, and one 
threshold counter, which register e d the 'IT m e sons and 
was connected with the anticoincidence circuit, Figure 
l is a schematic drawing of the differential counter. 

Fig . l. Differential counter. 

The whole "optical system " consists of one con
cave spherical mirro r and a ring slit situated in the fo
cal plane of the spher i cal mirror, which is normal to 
the beam direction. The slit is viewed by a photomul 
tipli e r through a transparent window. 

The spherical mirror focuses the Cerenkov ra
diation of particles moving parallel to the counter axis 
in a ring in the focal plane . This ring is a kind of ' 'irn-
age " of the e mitting particles . The radius of the 
ring is R = f tan 8, whe r e f is the focal l ength of the 
mirror and e the angle of emission of the Cerenkov 
light. The gas pressure in the counter isso adjusted 
that the Cerenkov radiation of the particles to be reg 
istered hits the slit. 

The diamet er of the photocathode of the photo
multiplier used is 75 mm. T he focal length of the 
spherical mirror is 400 mm. The angle e is chosen 
as 4°20 1 • Optical calcul ations and the experiment 
show that the ' 'image 11 broadening caused by optical ab
errations is negligibly ~mall in comparison with the 
broadening of the light ring caused by the finite a per
ture of the particle beam (±0,5%), the dispersion of 
the Cerenkov radiation itself, and the momentum 
spread of the particles. The counter is designed for 

50 atm. The counter walls in the b eam path are 
changeable. 

The spherical mirror is made of glass and a
luminized, The counter is blackened inside, The ef
ficiency of the counter used is 96%. The resol ution of 
the syst e m is indicated in t he curve of Fig. 2, The 
pressur e P of air fill ing the counter is plotted on the 
x axis, and the K+jn+ ratio in the 4 . 1-Bev/c beam on 
the y axis. (The number of K+ mesons in this plot 
is t a ken as the number of the corresponding counters, 
without any corrections ), The curve of Fig. 2 was ob 
taine d with the use both the gas Cer e nkov counters 
of the K+ channel. The pressure in one of the differ 
ential count e rs was varied while that in the other was 
kept constant at the value corresponding to the maxi
mum of the K+ - meson count. The thr e shold counter 
was connected in anticoincidence. 

The half width of the resolution curve obt ained 
corresponds to a K - meson velocity range of 0 •. 9916 c 
to 0.9938 c (a t constant pressure ), The velocity of 
'IT m e sons of the same momentum is 0 . 9994 c. 

The width of the maximum of the efficiency 
pres sure-dependence curve is in agreem~nt with cal
c ulations . But the curve has a tail towards l arger 
pressures , The nature of this tail is not yet fully 
clear to us , The tail from 'IT- meson counting at a pres
sure corresponding to K - meson d etection is 7 to 9% 
of the maximum. At the same pressure protons, with 
their velocity far below the threshold velocity for 

~·\. 

5 

3 

0 
Fig. 2. Curve obtained with all the gas 

Cerenkov counters of the K+ channel. 

p 
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Cerenkov radiation, are counted with a probability of 
-0.25o/o, because of the production of fast secondaries. 
Therefore two differential counters are used simul 
taneously in the K+ -meson channel. Some technical 
improvements of these counters are foreseen (such 
as mirrors of better quality). 

In the threshol d counter an inclined spherical 
mirror is a l so used. This mirror collects the light 
on the photomultiplier tube . The counter walls are 
reflective. T here is a reflecting cone around the 
photocathode for improvement of light collection. The 
counter body is made of duralumin. 

A FEU- 33 photomultiplier with a 38-mm photo
cathode is used. The counter is filled with Freon-12 
to a pressure of 1. 5 atm. The length of the counter 
is 1 m, the diameter 120 mm, and the efficiency to 
3.5 - Bev/c TT mesons 99.7o/o. The background count 
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(inclu ding random coinc;idences ) of the wh o l e system 
of gas Cerenkov counters - -two differential and one 
threshold - -is less than lo/o of the K+-meson count, 

The authors are indebted to I. N. Kakurin for 
help in the design of the counters, 

Discussion 

Wenzel: To what momentum width do the velocity 
hmlt~ you q uote correspond? 

Chuvilo: About 5 or 6o/o. 

von Dar del: What gases did you use? 

Chuvilo: Air in the first counter and Freon-12 in the 
other counter. 
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Abstract 

Of the. information presented at the image surface 
of a focusing Cerenkov counter, only the signal of a 
particle of one chosen velocity is usually used. By 
use of the gl ass or quartz fiber bundle described, it 
is proposed to convey the light efficiently from various 
radii and sectors of the image plane to various corre
sponding photomultipliers. Several modes are there
fore made possible, among which are: (a) response 
to several chosen velocities simultaneously, (b) si
multaneous recording of particles of a different mass, 
as for monitoring purposes , (c) summing of light a t 
radii off the chosen radius to obtain an anticoincidence 
signal for delta rays. 

This note describes a method of utilizing in a more 
complete way the information presented at the image 
surface of focusing Cerenkov counters of the type now 
in use at several laboratories. 1, 2, 3 A bundle of glass 
or quartz fibers can be used to transfer efficiently 
light from various radial zones of the image surface to 
corresponding photomultipliers. The counter would 
then possess a multichannel velocity response. Further
more, light from delta rays at such angles as might 
actuate the chosen velocity channels could be used to 
provide an anticoincidence signal. Also, the problem 
of image size compared to pho.tomultiplier cathode size 
w ould be relieved, because with the coupling system 
described the tube need have only the annular area of 
the ring image. The last consideration is especially 
impor tant with counters using large simple spherical 
mirrors, rather than corrected lenses, because in this 
case avoiding geometri cal aberra tions requires a rela 
tively long focal l ength and therefore a large image . 

To consider a specific de sign, suppose the counter 
is to operate at a Cerenkov angle of 0.1 radian and has 
a mirror of focal length 100 em. The fiber bundle 
w ould be arranged as shown in Fig. 1, which shows a 
section through the image plane. Region B is subdivided 
in radial intervals of 1 rom (0 .001 radia n) and contains 
the radius .10.00 em (0.1 radian) at which the chosen par
ticles are seen by appropriate adjus tment of the index 
of refraction. In this re gion the fib ers havt: a diameter 
of 0.5 mm. On-axis particles of J3 = 1 give light at a 
lar ger radius lying in region C, which is subdivided 
more coarsely, say, in intervals of 2 mm. Region D 
is coarsely subdivided, and receives light from delta 
rays (off-axis particles of J3 =1 ) a t l east in those cases 
in which such light a lso falls near enough to the 10,00-
cm circle to actuate the chosen particle channel. Such 
a case is illustrated b y the circle E, which records 
in B but produces an anticoincidence signal in D. 

In the finely subdivided region B a div ision 
6. e a: 1/8 would correspond to e qual increments in J3. 
However, the increment in momentum at constant 

mass is up :::: (p
3 
/m

2
86.8 and in mass at constant 

momentum 6.m :::: (-p2 /m )8Ll.8 . Therefore, there is 
little gain in simplicit y in using other than a constant 
interval in angle, and a cons tant interval is used here. 

Consider · this system used, for example, to select 
10-Bev/c positive K mesons. Let j3 =1 -J3 and n=n -1, 

where n is the index of refraction. Then [3 = n- e2 /2. 
The relevant numbers for this case are given in Table 
I. It is to be noted that the separation between K roes
ons and pions is maintained even for a momentum in
terval of ± 20o/o (provided this momentum interval is 
obtained in a particle beam collimated to a few milli
radians). The channels in the vicinity of 10.00 em 
radius w ould then provide simultaneous results for K 
mesons of momentum 8 to 12 Bev/c in channels of 
0.4 Bev/c. 

Fig . 1. C ross section at image plane of 
focusing Cerenkov counter. 

Table I 

Typical exampl e of C e r enkov counter parameters 

P = 10 Bev/c, n = 0.00622 

j3 e Radius 6.P 
(radian) (em) --w;-

:Bev/c\ 
>, mrad I 

Protons 0.0044 0.0603 6.03 0.06 
K mesons 0 .00122 0.1000 10.00 0.4 
"TT mesons 0.000098 0 . 1106 11.06 5 . 0 
Electrons 0 . 00000 0.1114 11.14 

The properties of several types of fibers are sum
marized in Table II . The first is a two-component 
glass fiber a4ready used in the MIT scintillation cham
ber system. The indices n

1 
of ·the core and n 2 of 

the thin cladding layer are listed. Its absorption for 
4000-A light is about lO o/o per foot, and it does not 
transmit below 3700 A. The second fiber listed is un-
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Table II 

Properties of several light-piping fibers 

Outer _ nl 
Inner - n

2 

L~~ = 0.912 

L~~ = o . 680 

t : ~s = o .B8 5 

Internal 
light-cap
ture half 

a.ngle 
(de g) 

24.1 

47. 3 

27 .8 

External 
light-cap
ture half 

angle 
(de g) 

40 . 5 

"'90 . 

43 . 2 

Cost 
($/in1 

6 

::::10 

::::12 

Mini 
mum 
wave 
length 
(A) 

3700 

2200 

2200 

cladded quartz . Light transfer to adjacent fibers should 
not be serious, since the region of contact is small, but 
in any cas e cross-talk can be suppressed by a thin 
(0.0003-in.) coating of Teflon, giving the fiber listed 
last . The fiber bundle would be about 18 in . long. The 
time spread of the light pulse output from a fiber of 
length£ is (n

1
£/c)(n

1
/n

2
-l) for an input light pulse of 

zero width. 

The total area of a single high-resolution zone in 
region B and of the corresponding fiber bundle is 
6 cm2, which is less than the area of a 2-in. photo 
multiplier cathode . For zones in region D, however, 
the image area is larger than one 2-in. photocathode. 
Then several tubes can be used or the fibers can be 
tapered. Tapered fibers have been made in glass. 5 
There is no loss of light provided the ratio of output 
fiber radius to input fiber radius is larger than the 
full angle <jJ of the light-ray bundle converging on the 
image plane of the counter. For a counter whose ra
diator length is approximately equal to the focal length 
of the mirror or lens, the angle <jJ is about twice the 
Cerenkov angle. In the case described here the fibers 
could taper by a factor of about l /4 in. radius. 

The angular collimation of the particle beam is a 
critical problem in the use of focusing Cerenkov coun
ters . The image plane can be divided into sectors, 
some of which are shown schematically in Fig. 2 . By 
adding sector signals so that combinations of the type 
shown shaded are recorded, the particle collimation 
can be relaxed by a factor of about three in angle at a 
price of considerable electronic complexity . 
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Resolution Focusing Cer e nkov Detector for High
E nergy Particles, Rev . Sci. Instr. (in press) . 
2. G. von Darde l (CERN), personal communication. 
3. E . Jenkins (Brookhaven), personal communication. 
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Discussion 

Robe_rJ§.: It is not necessary to use fibers; one could 
also use solid glass or lucite light pipes of the required 
shapes. 

Sc~l~,!J~r: Yes. Solid light pipes could be made, but 
the advant age of fibers is that they are flexible. 

Fig. 2. Subdivision of image plane to record 
off-axis particle . 
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One of us (A. R.) has previously proposed a new 
t ype of Cerenkov detector, 1 in which the cone of light 
produced by a fast particle in a radiator is focused by 
a lens and forms a circular image on the photocathode 
of the first of a cascade chain of image-intensifier 
tubes . An analysis of the properties of such a detector 
has been m a de and is now in press2 In this paper we 
present a progress report on an evaluation of the op
tical properties of a complete detector system, which 
has been set up as a joint effort of Argonne and MIT 
groups at the Brookhaven National Laboratory, and 
will shortly be tested with particles from the Cosmo
tron . 

Apparatus 

The system tested is shown in Fig. l . It starts 
with a Cerenkov radiator of variable index of ref rae
tion, the fluorochemical FC -75, which has previously 
been used in several experiments and has been de
scribed elsewhere.3 The cone of light is focused on 
the cathode of the first image-intensifier stage by an 
f / 1.5 lens of diameter 20 em, focal length 30 em, de
signed by Prof. R. E. Hopkins of the Institute of Op
tics of the University of Rochester .4 The lens is pro
vided with a special field flattener to match the back
ward-curving image surface of the 5-in. -diameter 
cathode of the WX - 4047 Westinghouse image-intensi
fier tube . The lens achromatization is optimized 
in the region near 4500 A, where the sensitivity of the 
cathode is a maximum. The lens resolution is every 
where equal to or better than that of the image inten 
sifier, which is between 1.5 and 2 line pairs per mm 
at the edge of the field. 

The WX-4047 is provided with an S-11 (SbCs) cath
ode and a P-15 phosphor, whose output light consists 
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Fig. l. Diagram of the image - intensifier 
system used to amplify images of Cerenkov 
light. In place of the cone of light from 
the Cerenkov radiator C, the point source 
S, lens L 1, and axicon A yield a similar 
cone . The lens L 2 focuses the cone to a 
circle on the cathode of the WX -404 7 im
age intensifier I1 . The light from the out
put phosphor of r1 is optically coupled to 
I 2, a three - stage RCA type C-73491 , which 
in turn is coupled to IO , an RCA type 
C - 734 77 image -intensifier orthicon. The 
output of the orthicon is then display ed on 
the kinescope K and photographed by the 
camera CA. 

principally of a short-period (0.2-f.Lsec) decay. The 
output is coupled optically to the cathode of the next 
stage by a pair of Super-Farron f / 0 .87 lenses in a 1: 1 
b ack-to-back arrangement. The second intensifier 
tube is a three-stage RCA C-7349 1 , with S -20 (multi
alkali) cathodes and P-11 medium-persistence phos
phors (decay time 0.5 to l msec. ) . The particular 
tube used had very high quantum gain--about 50,000. 
Its output was coupled , with magnification of 1.5 , to 
th e c athode of an RCA C-73477 image-intensifier or"thi
con, containing a single stage of image intensification 
and an image orthicon. The electronic output of this 
tube was connected to a high-resolution endixLum
icon closed-circuit TV system, and ultimately dis
played on a kinescope, which was photographed. The 
resolution of the TV scan was much higher than the 
rest of the system, . and made no contribution to image 
size . 

Gain 

The over-all gain of such a system is not easy to 
define, since the light output depends on such acciden
tal factors as the intensity adjustments on the kine
s c ope. At the low light level used, the circular image 
consists of a series of discrete points, each repre
senting the light produced at the output by a single 
primary photoelectron from the first cathode. The 
ideal adjustment of the system is such that for a sin 
gle photoelectron leaving the first photocathode, a 
sharp bright spot, of dimensions determined by the 
over - all resolution of the system, should appear on 
the kinescope . The intensity of the spot should satu
rate with the minimum signal from one electron; no 
tonal gradation from black to grey to white should ap
pear. This ideal was not attained, but it was some
times approached (see, e. g . , Fig. 4). The signal pro
duced by a single photoelectron from the first cathode 
is subject to the same type of statistical fluctuation as 
that inherent in a photomultiplier output from a single 
primary photoelectron . An over-all light gain of the 
order of 1 o5 to l o6 is required to register such a sig
nal photographically; somewhat less is needed if an 
image orthicon is used. 

We had two image-intensifier orthicons available-
one of high gain and one of moderate gain. Only with 
the former was the gain sufficient to allow saturation 
of the video signal. U nfortunately this tube had been 
inadvertently damaged by excessive light, and a con
siderable central area was no longer sensitive, givi~ 
rise to a blank area in the output picture . 

Aberrations 

The inherent distortion of the electron optics is 
considerable . Most of it is due to the three-stage 
tube, in which the magnification at the outside is abrut 
7-lOo/ogreater than at the center. This gives rise to 
pincushion distortion, which is easily observable. It 
converts off- center circles into egg- shaped figures. 
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The other major flaw in the present system is vi 
gnetting. The light transmission of each of the cou 
pling lenses is in most cases about two-thirds as 
great for points near the outside of the field as it is in 
the center . Consequently the over-all light gain is a 
steep function of radius, falling off rapidly as the dis
tance from the center increases. In a system with 
proper video saturation, this is not of great moment, 
except when the vignetting occurs at low light l evels, 
between the first and second stages. At this point it 
has th e effect of increasing the probability that a pri
mary photoelectron will produce no photoelectrons 
from the first photocathode of the second tube, for 
points far from the center. Accordingly, the density 
of points on the image of a homogenous source is less 
at the outside of the picture. 

Vignetting can be 
inter stage coupling, 
graded neutral filt er. 
a properly saturating 
early stages. 

cured by using fiber optics for 
or by using a compensating 

The latter is not very useful in 
system and is undesirable in the 

Pulsing Procedure 

In order to minimize background and simulate con
ditions of operation with an accelerator, the system 
was run under pulsed conditions as well as de. T wo 
pulsers were' used: a fast pulse {1 to 6 f!Se c ) on the 
first stage of the three - stage intensifier, and a slow 
pulse (millis econd) on the third stage. 

In order better to simulate operating conditions a 

Fig. 2. (Frame NO. 4563) Part of the circu
l ar image produced by an axicon through 
the system of Fig. l . The system is un
gated (i.e., operated de), and consider 
able background is showing . The central 
part of the image is missing because of 
damage to the image-intensifier orthicon 
used, and the outer part is weak or even 
missing because of une v en illumination 
and vignetting. 
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pulsed light sourc e was used as well . This generated 
a light pulse lasting a few microsecond, synchroniza:i 
with the fast pulse on the first stage. The fast pulse 
represents the coincidence-resolving time of the sys
tem; its minimum length is determined by the storage 
time of the P-15 phosphor of the first 
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Fig. 3. No. 4582. The same as Fig.2, with 
lower gain. 
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Fig . 4. No. 4723. The same as Fig.2, with 
much higher gain in the intensifiers. 
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The fast storage of the first phosphor and the cor
responding short sensitive period of the system re
sult in a drastic reduction of background; as the illus 
trations show, not more than a few photoelectrons 
appear in the rest of the picture when the gating sys
tern is in operation. This is in accord with calcula
tions from the known rate of electron emission from 
S-11 and S- 20 surfaces at room temperature; cooling 
is entirely unnecessary. 
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Fig. 5. No . 4911. Elimination of back
ground by gating. 
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Fig. 6. No . 4923. Weaker source than in 
Fig. 2, yielding fewer electrons. 

/ 

Test Results 

T he system was tested optically with an artificial 
cone of light produced by an axicon (as in Fig . 1). 
The circular image formed was then photographed 
under several sets of conditions. Some of the pic
tures obtained are shown in Figs. 2 through 8. 
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The purpose of the tests was to evaluate the attain
able precision and to ascertain the number of primary 
photoelectrons needed to obtain useful images. As 
might be expected, categorical answers cannot be giv
en to either of these questions, since they depend upon 
the circumstances, in particular, video gain and back
ground. A compl ete analysis h as not yet been made; 
however, some tentative conclusions can be drawn . 
In general they agree with the predictions of Refer
ence 2. 

Conclusions 

1 . Fifteen to twenty-five electrons should be e
nough to determine a circle with reasonable accuracy. 
No attempt to achieve high accuracy has yet been 
made; but a preliminary estimate of th e accuracy with 
which the diameter of the circles can be obtained (as 
suming the distortions can be removed) verifies the 
prediction2 that velocity errors b. f3"' 0 . 0005 are not 
difficult to attain, and considerably smaller ones 
should eventually be possible . 

2. With sufficient light, even a small arc of the 
circle can give an acceptabl e measurement of the 
diameter and location of the circle . 
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Fig. 8. No. 4947. Weaker source than in 
Fig. 2, yielding fewer electrons. 
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Discussion 

Penman: How does your system compare with Ceren
kov counters for distinguishing velocity differences? 

Roberts: A good figure for gas Cerenkov co~nters is 
a velocity discrimination 6f3/f3 of about 10 - . The 
trouble with pushing the resol ution beyond this is the 
requirement of a very narrow slit. We would hope to 
do better by a factor of about 10. 

Lindenbaum: I would like to comment on the last state
ment by Roberts in regard to the severe angular diver
gence requirements and very small sol id angles avail
able to conventional focusing Cerenkov counters, espe
cially if we desire 6f3/f3 4 10 - 3. Let us consider the 
use of these counters for particle identification in a 
momentum - selected particle beam. The first point I 
would like to make is tha t the relation between 6 8 
and 6 f3 (negl ecting dispersion) is 

68 
I:S Tl sine 

For high-resolution gaseous Cerenkov counters, 
f3 = v/c - 1, 11 =refractive index- 1, 8 = Cerenkov 
cone angle < < 1, hence 68 "'6 (3/8. Therefore, for 
a fixed desired 6f3, the allowable angular beam diver 
gence increases inversely with the Cerenkov cone angle 
for small angles. Of

2
course, the intensity (photons/em) 

is proportional to sin 8. The various gas Cerenkov 
counters used at CERN, Brookhaven, and other insti 
tutions do not necessarily repr esent the ultimate in 
length, are rather conservative with respect to the 
number of photoelectrons required for operation at 
somewhat low efficiency, and are also designed for 
photocathode efficiencies which may well be increased 
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by tube selection and future photocathode improvements. 
Therefore the photons/em requirement may be consid
erably decreased, and it is plausible that similar beam 
angular divergence requirements of a few milliradians 
used with Cerenkov cone angles of about 1.5 deg could 
provide velocity resolutions approaching 6 f3/f3 = lo - 4. 

In this regard one should note that beam optics can 
be designed to collect beam over an area equal to or 
greater than the counter aperture and to make the beam 
approximately paralle l , starting from a point near the 
target. This greatly increases the effective solid angle 
intercepted by such a focusing Cerenkov counter, even 
when an additional stringent beam-divergence require
ment is imposed. The required beam - divergence 
limit for separation of a group of particles of various 
masses and of fixed momentum will of course be re
laxed rapidly with decreasing beam momentum. 

One must also consider the optical disper sian, 
Coulomb scattering, and momentum width of the beam 
as well as beam divergence. 

The effect of dispersion can be illustrated by the 
relationship 

from which one can demonstrate that the disper sian 
se t s a lower limit 6f3 > 6f3dispersion, which varies 
slowly with Cerenkov angle for moderate gas pres
sures and small angl es . In a typical case such as 
C02 , over the visible region this limit is of the order 
6 f3dis er sian < 1 to 3 x 10 - 4. The angula r divergence 
of the ~eam, which woul d then have the same effect on 
the resolutio.p. for () -1.5 deg, woul d be approx 
3to 10 x 10 - J radian, and one can conceive of beam 
optics that woul d meet this requirement with reason
able solid angl es . For the higher momenta, at which 
the resol ution is important, Coul omb scattering can 
be made considerably less than this. Of course, re
duct ion of the dispersion by choice of another gas, by 
correction for it, or by using pass-band-limiti ng t ech 
niques will further reduce these limits. 

One should also note that Ce r enkov counter ve l ocity 
sel ection can be made quite independent of angl e if a 
pair (or severa l pairs) of thresi·10l d counters with thresh 
old velocit ies that differ by a small interval 6f3 are 
placed in coincidence and ant icoincidence. However, 
the 6f3 and rejection ratios obtainabl e are generally 
inferior t o the f o cusing t ype. 

If the focusing Cerenkov counter is not to be used 
in a particle beam but rather to study secondary in
teractions from a target, the beam-divergence re
quirements are much more costly in intensity than with 
a device of the type described by Roberts. 

Roberts: On paper our designs can be pushed to 
6f3/f3 of about Zx l o-5 

Lindenbaum: The fundamental limit for 6f3/f3 is the 
disp-.;,;,;·i;:,,.;: of the light in the radiator. 

Roberts: This is true, but devices used at present 
requir~ very good beam collimation before they can 
approach thi s limit. 

Kerns: What is the dead time of the device? Can you 
ge t several pictures on a frame? 

Roberts: The discrimination time is set by the decay 
t ime of the P-15 phosphor and leads to coincidence 
time of the order of l f.1Sec. The dead time with the 
present system is several milliseconds, but it should 
be possibl e to improve this . 

von Dardel: In using this -- for exampl e , in a scatter
ing experiment -- surely the solid angl e is rathe r smalL 
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Roberts: In the system I have described, the half angl.·e 
oFac.ceptance is about 12 deg. The device should be 
of use , for example, in studying diffraction scatter
ing. 

Hutchinson: I would like to comment that this is only 
one of the ways in which you can focus the Cerenkov 
l ight fr om a particle. You could either focus the annu
lus at infinity, from which the light seems to come, and 
this gives you the position in velocity space, or you 
could focus the particle track, in which case you get 

.. 
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the position in r eal sp a ce. If you decide you want to 
look at the velocity-space picture then you can still 
get some information about the particle position, be 
cause there is the possibility of knowing something 
abrut the position in rea l space from the distribution 
of intensity o f the points around the circle. For this 
you n eed rather good statistics from the points. 

* This w ork was done unde r the auspices of the U. S . 
Atomic Energy Commission . 
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Tracks in bubble chambers appear as a result of 
the growth of bubbles on nuclei produced along the 
paths of ionizing particles in that time during which 
the liquid remains in the unstable superheated state. 
The interval of sensitivity to ionizing particles is u
sually quite short . A representative interval would 
be 20 msec. In principle the same kind of instability 
would result if a liquid were traversed by ultrasonic 
radiation of sufficient amplitude to provide negative 
pressures once every cycle, Should the proper work
ing conditions be found, an ultrasonically excited liq
uid could provide, in principle, a continuously sensi
tive bubble chamber, in contrast with the presently 
highly developed and successful bubble chambers, 
which are intermittent in operation. 

Experiments have been initiated at Washington U
niversity to explore the possibilities of using an ultra
sonically excited liquid as a bubble chamber. Various 
liquids have been studied (water, water saturated with 
C02 , isopentane, isopentane with dissolved ethylene). 
The ultrasonic radiation was provided by quartz and 
barium titanate transducers covering a range from 10 
to 500 kc . Pressure amplitudes up to 2 atm were 
used in the range 30 to 52 kc. The ionizing radiation 
included x rays, beta rays from radioactive isotopes, 
and nuclei knocked on by neutrons of energy 10 to 23 
Mev, 

In practically every case, the ordinary cavitation 
produced in the liquid by ultrasonic radiation masked 
the effect, if any, that could be caused by the ionizing 
radiation. Some indication of a positive effect, how
ever, appeared in an experiment in which the liquid 
was isopentane at atmospheric pressure and at a few 
degrees below its boiling point. The ultrasonic radi
ation was provided by a hollow cylindrical barium ti
tanate transducer (2 in. in diameter, 31 kc) . A cam
era was focused on a plane perpendicular to the axis 
of the cylinder and in the middle of the chamber. The 
procedure was to expose the liquid to a steady source 
of neutrons and then to turn on the ultrasonic radiation 
at a selected level of intensity. After a time delay, 
which could be varied between 1 and 1000 msec, a 
very short flash of light (about 10 f.LSec) illuminated the 
liquid and allowed a photograph to be taken. In almost 
every case, no difference could be detected in experi
ments made with the neutron beam on and with it off. 
In a few cases, there was a strong indication that cav
itation occurred after shorter time delay when the neu
tron beam traversed the liquid than when it did not. In 
Fig. 1 it appears that cavitation appears 10 msec after 
the ultrasonic radiation was turned on in the presence 
of a neutron beam, whereas it took 100 msec for cav
itation to appear in the absence of a neutron beam. It 

is to be emphasized that it was very difficult to re 
peat observations such as these . Evidently some un
known conditions have to be just right for repetition. 

Fig. 1. Cavitation in ultrasonically excited C 5 H 12. 

It will be noticed that there are no tracks at all . A 
knocked-on hydrogen nucleus should give tracks a few 
millimeters long. A possible explanation is that the 
energy deposit of the knocked-on protons is not enough 
to provide bubble nuclei under the conditions 'prevail
ing in the experiment . The knocked-on carbon nuclei, 
although acquiring only about one-quarter as much en
ergy from the neutrons as do the protons, lose this en
ergy so rapidly that the range would be too short to be 
visible as a track. Nevertheless, they may provide 
enough energy to produce nuclei for cavitation. This 
conclusion ij in agreement with that reached by 
Lieberman, whose approach was entirely different.. 

Footnotes and References 
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Discus sian 

Rosenfeld: Can you estimate when you expect to pro
duce tracks? 

Sard: The work is being continued by Hughes. He 
plans to try liquid helium because of the ease of bub
ble formation in helium . Tracklike configurations 
have been seen in work with hydrocarbons, but these 
are quite probably accidental. The results so far are 
quite variable and it is suspected that impurities in 
the liquid affect the reproducibility. 
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In order t o make fu ll use of the 20 beam pulses 
per second from the Princeton-Penn Accelerator, a 
bubble chamber which expands 20 times per second 
would be desirable. It would then be possib le to se
lect rare events of interest by counter control of the 
photography . A small chamber with a useful vo lume 
6 X 6 X 7 in. which can be filled with about 5 liters of 
propane or freon has been constructed to study rapid
cycling operati on. A hydraulic expansion system, in 
which the energy was conse r ved by storage in the 
compressed liq uid, was chosen, as it might prove 
suitable later for a much larger rapid - cycling cham
ber. 

A view of the chamber and associated equipment , 
with the safety cover removed, is shown in Fig. I. 
The chamber is on top, with square windows. Ex
pansion occurs by the downward motion of the bottom 
wall, which allows the liquid to expand uniformly, 
with a minimum of turbulence. The temperature is 
controlled by the circulation of warm water thr ough 
heat-exchanging plates in c onta c t with the chamber 
and expander assembly. 

The expansion system is designed to be a mech
ical simple harmonic oscillator, with the rigid piston 
as the mass, the prop.ane or freon as the spring, and 

Fig. 1. The rapid- cycl ing bubbl e chamber. 

gas behind the piston to set the median p ressure . 
The piston is "latched" hydraulically. During one 
expansion-recompression cycle, the piston is un
latched, and allowed to freely go through one com 
plete cycle of simp le harmonic motion , after which 
it is again latched. 

The system is sketched in Fig. 2. The system 
can be divided into six sections or regions, from top 
to bottom. The top section is the bubble chamber 
proper, whi ch contains the liquid propane or freon at 
a pressure PI, which is normall y about 300 psi, 
and drops, let us say, to a minimum of IOO psi dur
ing expansion. The second section encloses a region 
of constant volume, fi lled with gas to a pressure P 2 . 
P2 might be 75 psi, whi ch is always les s than PI or 
P 3 . This maintains pressure differences across the 
nylon-reinforced rubber diaphragms which are always 
in the same direction, holding the diaphragms taut 
throughout the expansion cycle. This is important in 
order to obtain a tight coupling betwe en the motion of 
the piston and pressure variations in the liquid pro
pane. This Section II can perform another useful role 
if its pressure is set equa l to the lower limit desired 
for PI , I 00 psi in this examp le. Suppose, then, 
that the piston moves too far downward, so that P I 
begins to fall below 100 psi. The p ressure P 2 is 
now transmitted across the upper diaphragm, main
taining PI constant at 100 psi . Thus Section II acts 
as a pressure limiter, a llowing precise control of the 
pressure in the propane during bubble formation. 

The third section contains gas at a pressure, P3, 
which remains essentially constant. This pressure 
sets the median, or equilibrium pressure in the pro
pane (200 psi in our example) in the absence of latch
ing . If the effective piston area in the Section III 
were the same as in the top section, P 3 would be set 
at 200 psi. Since the effective area is less in the 
third section, P 3 is actually slightly different from 
200 psi. 

The piston enters the fourth region, in which the 
area is greatly reduced. Consequentl y the oil that 
fills this region must be at very high pressure (approx 
2000 psi) in order to change the pressure in the pro
pane by IOO psi. Hence, if oil is slowly pumped in 
until P 4 reaches 2000 psi, the pressure P1 in the 
propane is raised from its equilibrium value of 200 
psi to 300 psi, the value desired while compressed . 
A high-speed lar ge -ape rture spool va lve can open the 
fourth re gion into Region V, which is filled with oil 
at a comparat ive ly low pressure, P5 (about 200 psi). 
P5 is maintained constant by t he pressure P6 in the 
gas cushion, and by the pressure regulator, which 
slowly drains off excess oil. 

While the bubble chamber rests in its compressed, 
or latched, state, the pressure in the propane is 300 
psi, of which 200 psi is contributed by the gas cushion , 
P3, and 100 psi by the oi l p r essure, P 4 To expand, 
the hydraulic va lve is opene d by s liding the spool. 
Since the oil is almost incompressible, pressure P 4 
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drops to a low value. The ur.balanced pressure of the 
propane upon the piston acts identically to a com
pressed spring upon an initially stationary mass. 
When the piston moves to the point where the propane 
pressure is 200 psi, the forces are ba lanced, but the 
piston h as acquired a large kinetic energy. Its mo
tio n continues, as i n a s imp le harmonic oscillator, 
un til the propane pressure, P1 , has reache d 100 psi. 
During the downward motion, oil is forced through 
the hydraulic valve into Re gion V, the diaphragm be 
low moving to make room . 

After reaching the downward limit of its motion, 
the piston returns, because of unbalanced force upon it 
of the gas cushion at pressure P 3 . During the return, 
it is important that oil follow the piston. Oil is pushed 
back through the v alve by the gas-cushion pressure, 
P6. When the piston reaches the upward limit of its 
return motion, it is latched by the closing of the hy 
draulic spool valve. 

Because of losses in the system, approximately 
20o/o of the stored energy is dissipated in a cycle. 
Therefore the piston does not swing back to its start 
ing position. To return it to the starting position, the 
hydraulic pump forces oil into Region IV until the 
pressure P 4 reac hes the initial va lue set on the reg
ulator. Also, some of the oil forced down into Region 
V does not return through the spool valve. It is bled 
off through a pressure regulator into the reservoir 
until P5 drops again to the desired level. 

A number of questions are often asked. Does the 
propane really act as a spring? We would expect it 
to do so, as the time involved for the piston to go 
through one cycle is about 8 msec, which is much 
longer than the time to transmit a pressure wave 
throughout the liquid (approx 0.1 msec). Also, we 
would not expect the formation of bubbles to affect 
the characteristics of the liquid, provided the bubbles 
were never allowed to g r ow large. The propane is, 
indeed, observed to act as a spring. In early tests, 
a Mylar diaphragm which could be punctured was 
substituted for the hydraulic spool va lve. The motion 
of the piston and the variation of liquid pressure, P1, 
b oth appeared to be damped sine waves, wi th as many 
as 20 cycles clearly visible. Formation of bubbles 
such that electron tracks are easily observed produced 
no noticeable change in the shape of the pressure or 
piston -motion pulses. 

Where is the 20o/o per cyc le of energy dissipated? 
Various gases were substituted for propane and 
freon in the top section. In each case, the same 
damping force was observed. We believe that very 
little of the loss is in the bubble chamber liquid. 
Direct measurements confirm that there is appre
ciable friction in the sliding bearing through which 
the piston passes between Regions III and IV. 

D oes oil flowing from the pressure regulator into 
Region IV change the operation? The maximum flow 
from the pressure regulator is small compared with 
the flow through the spool valve. Also, the entrance 
holes are so located that they are partially blocked 
by the piston as it moves lower. Similarly, the flow 
through the P 5 regulator is only a small perturba
tion on the dynamic behavior of the system. 

The hydraulic spool valve deserves special men
tion, as we could not find a commercially available 
valve with the required combination of high spe ed 
and large aperture, nor did two different types of 
special va lves made for us by commercial va lve 
manufacturers prove satisfactory. The spool va lv e 
was designed so that it is closed when the spool is 
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Fig . 2. Scheme of the bubble chamber. 

at either end of its travel. It is open only during 
the central portion of its trave l from one end to the 
other. Thus, the valve can be designed so that the 
spool is accelerated to a high ve locity before it be
gins to open. After the 8 -ms ec "open" time, the 
spool is then slowed to a stop, ready to be pushed 
back in the opposite direction for the next expansion 
cycle. The design c hos en is a comp letely balanced 
one, so that the pressure of the oil flowing through 
the va lve does not affect the motion of the spool. 
The spool is hollow, to reduce its mass. In our 
present model, the spool is driven back and forth 
by gas pressure (approx 100 psi. ) controlled by con
ventional solenoid valves. In a future model, we 

Fig. 3. Typica·l oscilloscope traces for op
eration of the bubble chamber with freon. 
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hope to directly dri ve the spool electromagnetically, 
in the same way as one drives the voice coil of a 
dynamic loud speaker. This va lve has been success
fully tested up to 10 cycles per second. 

Typical pressure and position oscilloscope traces 
are shown in Fig. 3 for the operation of this bubble 
chamber with freon. The complete expansion-re
compression cycle takes place in about 8 msec. The 
return to initia l pressure conditions is completed in 
another 12 msec . Delayed-flash pictures of the bub-

Ilb.2 

bles show that they can be made to completely disap 
pear in less than 50 msec when the overpressure is 
of the order of 50 psi. We have operated it at five 
expansions per s econd for as long as 15 minutes, with 
no impairment of track visibility, and with no appar
ent obstacle to running longer. We believe that with 
an improved means of driving the spoo l valve, such 
as the electromagnetic drive already mentioned, and 
with a reduction of spurious boiling from the window 
seals, this chamber will operate successfully and 
reliably at 20 expansions per second. 



llb.3 . DESIGN OF A 30-LITER RAPID-CYCLING HYDROGEN BUBBLE CHAMBER WITH 
COUNTER- CONTROLLED PHOTOGRAPHY 

H. A . Blum enfeld, T. Bowen, R. L. Mcilwain, M . Sche ibner, L . Seidlitz, and C . R. Sun 

Princeton-Penn Ac celerator 
Princeton University, Princeton, ' New Jersey 

Pr esented by Theodore Bowen 

Increas ingly the problems in high-energy nuclear 
physics r e quir e the study of rar e events and the more 
complete determination of all the variables invol ved 
in specifying a given event. W e are designing a rapid
cycling bubble chamber to be surrounded by counters 
of various types, both for counter control of photog
raphy, and to aid in the more complete specification 
of each event by giving auxiliary information. 

Th e possibility of counter control seems e specially 
advantageous at the Prince ton-Pe nn 3-Bev proton syn
chrotron, as it will have a beam pulse repetition rate 
of 20 per second. The requir e ments of a high cycling 
rate and of space for the placem e nt of counters close 
to the interaction volume both favor a bubble chamber 
of modest size. W e hav e chosen inside dimensions of 
15-in. diameter and 10-in . depth, which would contain 
approximately 30 liters of liquid hydrogen or deuterium. 
We believe that the output of useful data from such a 
chamber at the Princeton-Penn Accelerator will com
pare favorably with that of a chamber with ten times 
the volume (size of the order of the 72-inch Berkeley 
.chamber) op e rating at a conventional proton synchro
tron, such as the Be vatron or Cosmotron . As an 
example, we have chosen to comp0re the approximate 
rates and costs of obtaining 100 !I 13-decay events in 
a 900-Mev +beam. Counter control would be achieved 
by using 1T m e sons and deuterium in the chamber, and 
photographing w~eneve r counters detected the stopping 
and decay of a K by delayed coincidence . We believ'l
that we could arrange counters to detect 20% of all K 
mesons. A detailed comparison is shown in Table I. 
It is seen that accelerator running time would be re
duced by a factor of two, and the number of pictures by 
a factor of se ven . We have arbitrarily charged one
fourth of the total cost of the bubble chamber and mag
net to this experiment; again, this item is sharply re
duced in our situation. The total cost of this experi
ment, not including analysis, is reduced by almost a 
factor of four below that of a large chamber at a con
ventional synchrotron. This comparison seems to in
dicate that we can obtain a given amount of data with a 
great saving of not only money, but also time and ef
fort of physicists. The comparison remains fav orable 
down to counter detection efficiencies of the order of 
lO o/o for experiments of this type, where one is studyi~ 
a rare type of event. 

In order to achieve high cycling rates, it is neces
sary to minimize irreversible generation of heat, and 
the expans~on system operate satisfactorily over alife
time of 10 expansions. A piston-type expander has 
been chosen, and we are closely following the designs 
of the Columbia 12-inch-diameter and Brookhaven 14-
inch-diameter hydrogen chambers. The general lay
out is shown in Fig. l. The chamber body is cylindri
cal, with circular windows, which simplifie s window 
clamping and the problem of prov iding a uniform mag
netic field . Since some liquid leaks past a piston-
type expander, the expander is located on top, and the 

windows are ve rtical. Straight-through illumination 
h as been chosen, since we do not wish to risk possible 
spurious bubbling from a retro-dir ective reflec tor 
within the chamber, and since we must in any event 
leave space around the c hamber to allow free access 
for counters. 

The piston will be of 9.5-in.-diameter circular 
~ ross section, which is the largest diameter that will 
fit directly into the top of a lO-in - deep chamber. A 
rectangular chamber with a rectangular piston which 
is one complete w all might be more nearly ide al for 
minimizing turbulence due to nonuniform flow . How
ever, we prefer to first see how well one can do with 
cylindrical shapes , which offer fewer mechanical pro b
lems. The inside walls of the chamber will be made 
with a smooth .contour, to minimize turbulence and 
spurious sources of bubbles. Also, the small holes 
into th e chamber usually needed for filling and pres
sure measurement will be eliminated. Filling and 
eme rgency exhaust will be through holes above the 

Table I 

Economics of !I 13 - de cay experiment 

Repetition rate 
(per second) 
Chamber volume 
(liters) 
Counter control 

No . of 
13-decay ovents 
No . of!l ' s 
produced in chamber 
No. of Accelerator 
pulses 
No . of photographs 

Running time 

Film and scanning 
cost per picture 
Total film and 
scanning cost 
Accelerator 
running cost 
(at$300/hr) 
Charge for bubble 
chamber (1/4 of cost 
of bubble chamber 
and magnet) 

Total cost (not 
including analysis) 

Cosmotron Princeton-Penn 
or Bevatron A ccelerator 

0.2 20 

300 30 

none 20% of K+' s 

100 100 

0.75Xl0
5 

3 .75Xl0
5 

10
6 

5Xl0
7 

10
6 

1.5 Xl0
5 

70 days 35 days 

$ 0.40 $ 0.10 

$ 400,000 $ 15,000 

$ 420,000 $210,000 

$ 250,000 $ 55,000 

$1,070,000 $280,000 
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normal operating stroke of the piston. To fill, the 
piston is w ithdrawn above the filling hole. If, for 
some reason , the pressure should become excessive 
in the chamber, the piston would be forced up against 
a gas c ushion above the expansion cylinder which nor
mally holds it in place, ven ting fluid out of the cham
ber. This system has been successfully used by Adair 
and Leipuner on the 14-inch Brookhaven chamber. We 
propose to monitor the dynamic pressure changes dur
ing expansion by a strain gauge attached to th e chamber 
body . 

At least initially, expans ion and compression will 
be controlled by helium gas pressure on the top end 
of the expans ion piston. W e believe that ultimately a 
hydraulic system w ill prove best for rapid - cycl ing 
operation because of its high effi c i ency. The require
ments are not far beyond what is now commerc iall y 
available. 

Follow ing the system successfully used by Stein 
berger, Prodell , and collaborators on the 12 -inch 
Columbia chamber, t e mp eratur e will b e controlled by 
cooling the top of the chamber by allowi ng liquid hy
drogen at atmospheric pressure to enter a cooling 

lib. 3 

coil around the top at a controlled rate so as to re
move the desired amount of heat. We plan to supply 
this cooling liquid hydrogen continously from an ex - · 
ternal 1000 -Eter Dewar container . W e estimate our 
liquid hydrogen consumption at 20 expan sion s per s ec
ond will be about 30 liter s/hour, on the basis of the 
experience of the Columbia group wi th their 12 -inch 
chamber at two expansion/second. Prov ision will 
a l so be made to cool the inner window seals, if it 
should be nec essary to suppress th e formation of spu
rious bubble s from the seals. 

If the counters a r e to detect events in the bubble 
chamber liquid, then the entrance and exit w indo ws 
must be thin. Also, the thin windows must cover a 
large area, so that the beam may be well spr ead out 
in order to avoid confusion . For this reason, a lar15e 
fraction of the cylindrical wall will be thin: about 3flb-
in. -thick aluminum . 

In order to provide space for counters around the 
chamber, an oversized magnet has been designed, a 
Helmholt z pai r with an iron return path, and having an 
inside coil diam e ter of 26 in. Initially, we will oper
ate with a gap b e t ween co ils of 16 in., so that th e bub-

TO EXPANSION VALVE 

HELIUM NITROGEN (EMERGENCY VENT PRESSURE) 

PLASTIC SCINTILLATORS 

MAGNET IRON MAGNET IRON 

EXPANSION PISTON I MAGNET COIL LEADS IQUID HYDROGEN 

·-:~cA:M~B~ER~~~~~~~---==~~~~~J=-====--~~~~~~M~AtGIN[ET=loiL LEADS I 
NITROGEN SHIELD 

COIL GAP ADJUSTMENT SHIMS ___ ___J 

Fig . 1. Princeton-Pennsylvania accel e rator 15 - inch hydrogen bubble chambe r. 
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ble chamber may be hoisted out of the vacuum tank for 
adjustments or m odifications without disturbing the 
magnet. Under these conditions, we expect (on the 
basis o f rno rlel st•J"""'ci es) a field of at l east 18 kilogauss 
with a power input of 3 megawatts at 600 volt s. L a t er, 
we expect to decrease th e gap, incr easing th e field. 
Thi s co il radius will allow a 1-1/2 -in . space between 
the vacuum c hamber and the coil, which should be 
ample space, fo; exampl e, to place many segments of 
a scintbllator -dead sandw i ch to dete c t and l ocate 'I rays 
from~ and 1T decays. Counters could also b e p l aced 
in the vacuum, in contact w ith the insid e of th e nitro
gen shield. Solid- state counters might be e spe c i ally 
suitable in this application. 

Since most K+ mesons from reactions suitable for 
produc in g hyperons by pions would come to rest and 
decay in the magnet co ils, the coil has been designe d 
to be a sandwi ch of alternate l-in. -thick coil pancakes 
and l /2- i n. -thick plastic scintillator sheets. The 
stopper- scintillator sandwi ch w ill be extended to fill 
i n the gap between co il s, too. If we require a twofold 
coincidence in two adjacent scintillating laye rs of 
puls's d e l ayed by more than 7 miJ.sec from a proV'pt
beam pion pulse, then we can detect 2fY/o of all K 
mesons produced in the bubble chamber liquid with 
very littl e variation of effi c iency as a funct ion of pro
duction angle in the center -of-m ass system. 

Our tentative approach to safety in case of a large 
ch amber l eak or w indow failure is to provide a stain
l e ss ste e l vacuum chamber capabl e of containing the 
highest s tati c p r essure possible (approx 600 psi). It 
would have periscope-type v iewing and illuminating 
ports. A lining with some material (perhaps similar 
to styrofoam) whi ch behaves as a viscous fluid under 
impact would b e installed t o absorb the impact of fly
ing glass particles. 

W e believe that th e novel and unusual combination 
of features as outlined above for a hydrogen bubble 
chamber will represent a big step in taking full advan-
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tage of the unique feat ur es of the Princeton- P enn Ac
cel erator, and might find some applicati on in bubble 
chambers at oth er high-energy accelerators with high 
pulse-repetition rates. 

Discussio n 

Alvar ez: I be lieve that beth rapid c ycling and t h e pr e 
i d entification of e v e !:lts by counter syst e ms ar e ste ps 
fo r war d in b ubble c hamb e r te c hno logy" How ever , I 
be li e v e t hat the particular way Dr" Bowen proposes 
to u s e the si gna 1 from h i s count e r array is a step 
backw ard ; h e sug gests that no phot ograph be taken un
less the count e r s y st e m indicates the presence of an 
inter e sting event. I wou ld conc ur completely w ith his 
proposa l if he took a photog raph on every expansion 
a n d used the counter signal to make an identifying 
mark on the fi lm . One cou ld produce film identical 
to that desc r ibed by Dr . Bowen by an automatic, se 
lective printing process. He would have, in addition, 
lar ge quantities of film w ith unse lected event s, which 
wou ld be of iaterest to physicists a ll over the w or ld . 
These physicis t s would be happy to pay for the cost of 
the film i f they could obtain it without the difficulty of 
schedu li ng time on the acce lerator , setting up beams, 
etc. Perhaps the situation w ill change sometime in 
the future, but at the moment there is a serious short 
age of hydrogen bubb le chamber fi lm- -many laborato 
ries that could be doing effective work w ith such film 
do not have it avai lable to them . 

Rosenfeld : How often will the hydrogen chamber ex
pand? 

Bowen: As it has not yet been completed, we cannot 
say. The Columbia chamber has achie ved a repeti
tion rate of 2 expansions per second, and perhaps 
this indicates we wi ll achieve a rate of 20 expansions 
pe r second. We wi ll be satisfied with an expansion 
r a t e of 5 per second. 
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Abstract 

Th e expansion system of a freon (CF 
3

Br) bubble 
chamber, 10 .5 -in. in diameter by 6.5 in. deep, now 
op e rative at the California Institute of T echnology Syn
chrotron Laboratory, utilizes the natural resonance 
of the system as a whole to achieve rapid expansion 
and recompression with small required energy. The 
s ens itive fluid is contained in a hydrostatically sup
ported thin - walled chambe r with movable windows. 
Spec ial fast valves of very large port area operating 
upon the hydrostatic support fluid allow the chamber 
pressure to oscillate through a single cycle with a 
natural period of about 14 millis econds . The fast 
cycle, along with th e lar ge expansion area furnish ed 
by the movable w indows, r esults in comparatively 
uniform expanded conditions with very small h eating 
of th e chamber fluid from irreve rsible processes. 
Pr e limina ry operating results are presented . 

G e n eral De scription 

A hydrostatically supported freon bubble chamber 
now in use at the California Institut e of Technology'MIS 
designed to operate upon a hydraulic-resonan c e pr in
ciple. Figure lis a cross-sectional drawingillust :rat 
in g the essential features of the chamber. The inner 
vessel is approximately 12 in. in diameter and 6.5 in . 
deep, and contains the active fluid C F 

3
Br. This ves

sel is a bellows chamber , and is c onstructed of Inco 
nel "X". The horizontal windows in the top and bot
torn of the bellows structure are 3/8-in. -thick Vycor, 
and are allowed a travel of about 1/2 in. for the top 
window and 1/ 4 in. for the bottom (see Fig. 2). 

TEREO CAM ERA 

Fig. I, Cross section of chambe r. 

The original intention had been to place the sensi 
tive fluid directly i ns ide the bellows chamber, but 
early tests indicated severe boiling around the bellows 
during expansion, so this ide a was dropped. Inste ad, 
a cylindr i cal rubber sleeve was inserted into the bel
lows chambe r and i ts ends we re sealed to th e movable 
windows (Fig. 2 ). Th e region between the sleeve and 
the bellows chambe r was then fill ed with the support 
fluid. Consequently, the useful diamete r of th e cham
ber was reduced from 12 in. to about 10.5 in. This 
s ys t em has proved entir e ly satisfactory, and produces 
negligible wall boiling. 

Th e b e llows chamber is contained within a stainless 
steel hydrostat i c support vessel, with a single boro 
silicate crown glass high-pressure window on the bot
torn, as shown. This window 1 is approximately 4 i n . 
thick and 15 in. in diameter . 

The illumination system is immersed in the support 
fluid and cons ists of two tubular xenon - filled flash 
tubes 2 and two cylindrical mirrors . The light from 
the tubes i s collimated to the mirrors, from which it 
is reflected and focused through the chamber and be 
tween the camera lenses, 3 affording dark-field illu
mination. Two - view stereo pictures on a single !GOO
foot roll of perforated 65-rnrn film are used. 

The su,rport fluid is fully fluorinated tributylarn ine, 
(C

4
F

9
),N , which has the desirable properties of low 

viscosity, high optic al transmissivity, and inertne ss. 
Th e fluid is kept free of dirt and suspended foreign 
matter by circulating it c ontinuouslythrougha Millipore 
filterS of 0.451'- pore size. 

Th e expans ion system is coupled to the support 
fluid and active liquid thr o u gh four cylindrical ports 
near the top of the support vessel, as shown. The 
ports the ms e lv es are filled with loos e -fitting poly 
ethylene pistons which function as thermal barriers . 
The actual separation of support flui d and external 
system is accomplished with polyurethane rubber dia-

FLUID 

Fig. 2. B e llows chamber. 
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phragms trapped between perforated metal plates 
which serve to limit the excursion of the diaphragms. 
Outside the rubber diaphragms is a third liquid , a 
silicone oil, in which the expansion valves operate . 
The gas cylinders shown provide th e reservoirs into 
which the chamber expands. 

The entire support tank is surrounded by a safety 
shell whose primary purpose is containment of the 
device in case of breakage or leaks of disaster pro
portions. 

The Expansion System 

The most novel feature of this chamber is the ex
pansion technique. The principle of operation can be 
seen as follows. If we consider a small motion of the 
pistons and the surrounding fluid, taking only that mcde 
wherein all pistons move in phase, we find a certain 
effective force constant, K = Force/displacement, 
which is a function of the area of the ports, the com 
pressibilities and v olumes of the support and active 
liquids (primarily the latter), and the flexibility of the 
hydrostatic support vessel. Furthermor e, under the 
approximation that the period of the expansion cycle 
is long compared with the acoustical transit time in 
the support fluid, there is an "effective mass" asso
ciated with a small displacement of the pistons. This 
is a function of the mass of the pistons, the densities 
of the liquids, and the geometry of the hydraulic sys
tem (primarily the area and length of the ports). The 
mass and force constant togeth e r are parameters of 
an oscillator with a definite natural period; in our 
chamber, this p e riod is about 14 milliseconds. Thus, 
ideally (in the "lossless" nonboiling case), unre
stricted inphase motion of the pistons results in an os
cillation of pressure in the chamber about an equilib
rium value determined by the pressure in the exter
nal system (the gas cylinders shown in Fig. 1). This 
oscillation may be started or stopped with the expan
sion valves, which control the flow between expansion 
ports and gas cylinders. 

The chamber is designed to perform one complete 
pres sure oscillation; it is stopped from proceeding 
into the second cycle by the action of the valves. A 
typical operation is as follows: The chamber pressure 
is held initially at 400 psi (at the operating tempera
ture used, the vapor pressure of CF 

3
Br is approxi

mately 265 psi). Upon command, the expansion valves 
are opened and the pressure drops to about 150 psi, 
when the particles are injected. The cycle continues 
and the pressure swings back up to its maximum val
ue, but reaching only about 340 psi because of losses . 
At this point the valves are closed and the fast part 
of the operating cycle is complete. A typical expan
sion is illustrated by Fig. 3, in which the output of a 
pressure transducer is displayed . The envelope size 
is proportional to the pressure in the chamber, and 
the time scale is about 2.3 msec/cm. Between pulses, 
the chamber pressure is raised from 340 psi to the 
starting pressure of 400 psi in about 1 sec by a very 
modest pumping system, which transfers oil from the 
gas cylinder region to the space between the expan 
sion valves and the diaphragms. 

In order to make this system operate, very large 
expansion-port area is required. In our chamber the 
area of each port is about 10 in . 2 , making a total ex
pansion area of 40 in. 2 In order to take full advan
tage of this large port area, the valves are required 
to have a roughly comparable aperture . In addition, 
they are required to open and close in unison in a 
total elapsed time of 14 msec, and provide an essen
tially leakless static seal against a differential pres
sure of a few hundred pounds. Bec ause of the severe 
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and specialized demands upon th e valves, they were 
d es i gned and built in this laboratory, and will be re
ported elsewhere. 

The Importance of Losses 

In order to maintain uniform temperature condi
tions in the chamber, it is important to collapse the 
bubbles as speedily as possible at the end of an ex
pansion cycle . Therefore the final pressure must be 
substantially greater than the vapor pressure of the 
active liquid. Our system depends entirely on energy 
initially stored in the compression of fluids to restore 
the pressure at recompression . It is thus crucial to 
the proper operation of this system to avoid e n e rgy 
loss es during the cycle, i.e ., to keep the damping 
c onstant small. The purely hydraulic losses are to 
some extent unav oidable, although these may be mini
mized by proper design of the expansion ports. One 
might expect, however, that owing to the nature of a 
bubble chamber fluid, large loss e s should result from 
boiling and the irreversible nature of the thermody
namic processes involved . 

Consequently, we have gone to great lengths to a
chieve chamber "cleanliness," and have been largely 
successful. The insertion of the rubber sleeve into 
the chamber reduced wall boiling so that only a few 
scattered bubbles, of a size probably comparable to 
track bubbles, may be seen. We orig inally had a 
"jet" of boiling that entered by way of the filler tube, 
but have eliminated this by use of a valve that closes 
off the fill er tube from the inside of the chamber. 
Th e inte rnal part of this valv e is shown in Fig. 2, 
where it appears in the opened c ondition. The chamber 
proper is now statically clean, as demonstrated by the 
fact that we have been able, on occasion, to lower the 
pressure slowly at the operating temperature to some 
30 psi below the vapor pressure of the fluid, where it 
remained for a s econd or so before erupting. There 
is evidence also that it is as clean (or almost so) under 
the dynamic conditions of operation, although this is 
very difficult to test. 

Fig. 3. Typical pressure cycle. Envelope 
is output of pressure transducer. Single 
trace shows parti c le injection time (first 
transition ) and flash time (small pulse). 
Horizontal scale approximately 2.3 msec 
per division. 



108 

Th e exact amount of energy d epo sited in the act ive 
fluid during an expansion i s not known, and with our 
present apparatus i s ve ry d i ff i cult to determ ine. How 
ever, the evi dence is good that it i s smal l. W e ar e 
able to cal culate th e energy dissipated throughout the 
system by m easuring the initial and final pressures 
and th e c ompr es sibility of the system. We fin d that 
th e total d i ss ipated e n erg y during a typi c al cycle (about 
60 joules ) i s entir e l y c onsisten t w ith purel y hydraulic 
losses as determined by measurements on smallpres 
sure s w i ng s i n whic h we a re assured of no cham b er 
boiling . It i s a l so quite certain that nearly all t h ese 
l osses take plac e i n the expans ion ports and valves, 
where th e fl uid ve l ocity is r e latively h i gh and corrpli
cated. (Th e actual excursion of th e chamber w indow 
i s only about l mm . ) Th e refor e, we conclude that th e 
additional loss d ue to bubble format ion i n normal op
eration i s too small to measure with our existing ap
p a ratus. 

A n e ff ec t d o e s b ec om e noticeable, however, wh en 
the pressure is swung much lower than in n orm a l op 
eration, so that the bubbl es b ecome quite l arge. 

Unde r normal condition s, as nearly as w e are able 
to de t e rmin e , the final p r essure is independeat of the 
beam i ntens ity, a l though a slight e ffect has been n oted 
when the chamber is so flooded with particles that the 
p hotog raphs s how c omplete blanking of the v isibl e re
g ion. Exte nded runs, also, have shown no obvious 
t endency for the c hamber t emperature to ri se as a 
consequence of the cycling, as mea s ured by both bub
b l e c ounting and thermocouples p l aced i n the bellows 
chamber wall s. 

S ensitivity of the Chamber 

O ne of the origin al i n t entions in building a chamber 
along these lines was to a ttempt to produce a device 
whose s ens itiv ity was uniform and reproducible, so 
that bubbl e (or gap ) c ounting could be utiliz e d to meas
ure particl e velocity. It was hoped that the very fast 
cycle would help to reduce ene r gy i nput to the chamber 
liq u i d, and thus aid in maintaining uniform temperature 
conditions. 

Measur ements of bubbl e den sity have been made on 
a number of e lectron tracks from the Cal T ech elec
tron synchr o tron at various operating c onditions . 
Th e se data were obtained by the gap - measur ement 
technique , therefore ar e independent of bubble or image 
s i zes and y i e l d a relatively accurate value of the num
b er of o rig inal bubbles per unit length. The raw data 
ar e not g iven her e , as th ey have not all been ade 
quat e ly corrected for a liberal spr ink ling of back
ground bubble s. However, the results may be s tate d 
a.s follows. At the chos1,n "normal" operating condi
tlons - -te mperature 30.5 C and e xpande d pressur e 145 
ps i --the b ubb l e d ens ity for i3 = l particles is approx
imately 15 per em. At these conditions, furthermore, 
the bubble d ens ity for i3 = 1 parti cles inc reases 0.8 
bubbl e per em f or each additional 1-psi drop in ex
panded pres sure, a nd l bubbl e per e m for e a c h 0 .l °C 
temperature inc r ease. Thus it can be seen that ex
treme precision i n the c on trol of t e mpe r atur e and ex 
panded pressure are necessary in order t o achieve 
un i form and reproduc ibl e s en sitiv ity . 

Performance of the Chamber 

F i gure 4 i s a phot ograph of a typi c al expan s ion, in 
wn i c:1 i t can be s een that the lighting i s quite satis 
factory. A prelim inary run of about 5000 pictur e s 
has been c om p l e t ed, i n which th e chamber was p ulsed 
about once every 12 seconds. Dur ing th e run th e t em
perature and exp anded p re ssure were carefully mon -

lib. 4 

Fig. 4. Chamber tracks. 

itor e d . It was foun d that th e expanded pressur e could 
b e h e l d within ± l psi of th e intend ed value after the 
fi rst f ew hundred pulses . 

Th e temperatur e - control system employe d was 
origigally des i gned to control t emperatures in excess 
of 60 C , and th er efor e d id not func tion well at the 30°C 
op e rating t emp eratur e of CF 

3 
Br. In fact, t h e re were 

tim es during th e r un when tg e room temperatur e clos e 
to th e chamber exceeded 30 C. Th e c hamber tem
p eratur e was maintaine d by c i rculati ng the s upport 
fluid through a r efr i ge rated cooling bath a n d the nce 
through a r e h eatin g bath before it re- e ntered the sup
port vessel. Although th e automatic temperatur e 
control system was not satisfactory, we were able to 
hold the temp e rature to a bout 0. l °C by adj usting the 
h e ater p e riodically. 

Th e active fluid in thi s d e sign is quite isola t ed 
thermally f rom the support fluid, so that anyheating 
of the inte rior of the chamber from boiling proc e sses 
should have shown up quit e strongly as a rise in tem
p e rature of th e a c tive liq uid w ith a consequent i n 
crease of b ubbl e r!ens ity. In par tic ular, one would 
expect the top of th e chamber to bec om e hotter than 
the bottom, and thus ac quire a g r eat er sens itiv ity . 
Thi s effec t ha s n ot, however, b een obs e r ved . If any 
thing , th e data obtained from gap c ounting indic ate 
that the bubbl e dens i ty is a few percent lower a t the 
top of the c h a mber . In the absence of a temperature 
~ r adient , this e ffect would be expec ted from th e dyn am
l C pressure diffe r e n ce that exi sts at the time of 
parti cle i n j ec tion, in whi c h the pressure is about 2 ps i 
high er at th e top of the cham ber than a t th e bottom . 

Since no multiple-scatte ring m easur e ments have 
ye t b een made, n othing can be s a i d q uantitative l y 
about d i stortion or turbul ence. We expec t, how eve r , 
because of th e ve r y s mall motion and appar e nt! y ne g 
lig ible h e ating of the s ens itive fluid durin g expans i on , 
that d i stortion is small. 

F ootnotes a nd R e fer e n ce s 

* This wo rk was s uppo r ted in part b y the U. S. Atomic 
E nergy Commiss ion . 
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tNow of Electro Optical Sys tems, Inc., Pasadena, 
California. 

l. Manufactured by He ywar d Scientific Glass Co., 
Whittier, Calif. 

2. Edgerton, Germeshausen 8 Grier, Inc . FX- l. 

3 . C . P. Goerz, American Optical Co . 3-in. f/6 
Rectagon. 

4 . Minnesota Mining and Mfg . Co., FC-43. 

5. Millipore Corporation, Bedford, Mass. 

Discussion 

Alvarez: Berke ley is de signing a 2S -inch hydroge n 
chamber based on similar princip les . 
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Hernandez: Is t he bellows made of metal? And who 
manUfactures them? 

Mullins: Yes, it is made of metal. They are made 
in the California Instit ute of Technology machine shop. 
and are fabricated from flat sheet. 
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Introduction 

One attractive feature of bubble c h ambers is that 
there is a fairly wide selection of sensitive liquids, 
so that a particular choice can be made for r easons 
of physics rather than of feasibility. The desire to 
have free protons as targets leads to the choice of 
liquid hydrogen or propane bubble chambers. For 
some experim e nts, however, one might have a dif
ferent set of requirements; for example, high stopping 
power, short nuclear mean fre e path, and short radi
ation length. This dictates the choice of a high
density, high-Z liquid . Xenon satisfies these con
ditions. This report describes some of the features 
of a moderate-size xenon chamber which we have 
cons tr uc t ed and used successfully. 

Engineering Features 

The only design limitation in the cons truction of 
our xenon chamber was the cost of the xenon, $10,000 
per liter of liquid. This limited the size of the pres 
ent chamber to 2 1 liters, in the shape of a cylinder 
12 in. in diameter and 10 in. deep. Figure l i ndi cates 
some of the salient features of the chambe r. (Som e 
optical modifications have been made recently which 
are not shown on the drawing.) The list below pre 
sents some component specifications. 

Se nsitive liquid: 99.48% xenon+ 0.52o/o e thylene by 
weight 

3 
D e nsity: 2.30 g/cm 
Vapor pressure at operating point 370 psig 
Oper ating temperature: -21.50C 
Index of refraction: 1.18 

Chamber diameter: 12 in . 
Chamber depth: 10 in . 
Chamber vo lume: 2 1 lit e rs 
Body material: 2024 aluminum forging, machined 

and heat-treated 
Main window s: 15-in. -diameter, 5 - in. -thick boro

silicate crown glass (Schott BK-7) 
Diaphragm material: R aybes t os -Ma nhattan 3-ply 

nylon cord reinforced, low - temperature flexible 
Buna N rubber l /8 in. thi ck 

Expansion fluid: Dow -Corning " 200" silicone oil 
Expansion -piston diameter: 4 in. 
E xpansion-piston maximum trave l: 4 in. 
Expans ion -piston maximum displacement: 0.82 liter 
Average expansion ratio: 2,5 to 3.0o/o 
Heating due to expansion cycle (5 - second repetition 

rate): approx 700 watts 
Flash lamp: FT-230, xenon-filled 
Flash e n e r gy : 45 f.Lf discharged at 1000 to 2000 volts 
Delay between beam time and light flash: 1,0 to 1.5 

m set 
Cam ero. lenses: Schneider Super -Angulon 90 -mm 

focal length, f/ 45 

Considerations of expense also led to the decision 
to isolate the liquid xenon from the external environ 
ment eve rywhere by at least two independent seals. 

Thus the main chamber w indows are isolated by pres
surized shields or "hats, " so that in case of window 
failure the xenon is still contained . These shields 
also serve as protection against fl ying g lass. 

Similarly, the expans ion system has a double 
seal. C ompr essed air, controlled by four 3/4-in. 
Barksdale va lves, drives a 4 - in . piston (s ea l N • . 1) 
which moves a hydraulic fluid, which in turn actuates 
a three-p ly rubber diaphragm (sea l No. 2) in contact 
with the xenon. This system g i ves expansion and 
recompression times of the order of 15 mse c and 
sensitive times of roughly 5 msec. 

The optical system view s the chamber through 
small "peepholes" and mirrors in the main window 
shields. Light from a single flashlamp is focus ed 
into a paralle l beam by a large condensing lens . 
Dark-fie ld photografhs are taken with four cameras 
situated on the corne rs of a square whose cent er is 
on the axis of the c hamber; the lenses are just out 
side the parallel beam of light . The images, demag
nified b y a factor of 7, are r ecorded on two strips of 
70 - mm Linagraph Pan film. The effe ctive stereo 
angle (i .e., the angle between light rays in the liquid 
xenon) is l 7 deg for adjacent pairs of cameras. 

Xenon can be transported from a storage tank t o 
the chamber and back in e ither liquid or gaseous form 
by appropriate use of liquid air and electric heaters 
applied to intermediate storage vessels . The cham
ber is coo led b y a one-to-one mixture o£ ethylene 
g lycol and water flowing over the surface of the cham
b e r body; this liquid is cooled by a commercial re
frigerator with 18 kw of cooling capacity. The t ern-

Water tioht sheetmetor 
houslno for flash tube 
circuit 

top view 

Fig. l. Michigan xenon bubble chamber, 
Summer 1958. Side view, cross se ction . 
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perature is regulated to ±0.1 °C by electronically 
controlled heaters in the coo ling liquid. 

Properties of Liquid Xenon 

In the first inve stigations on xenon as a bubble 
chamber liquid, it was found necessary to add a 
small amount of contaminant to pure xenon in order 
to get satisfactory performance. 1 It was hypothesized 
that this contaminant de - excited the xe non atoms by 
collisions of the second kind, and in effect therrnalized 
in a small vo lume the energy lost by the ionizing 
track. We have found it expedient to add 1/2% of 
ethylene by weight to the xenon. The operating den
sity of this mixture is 2.30 g/crn 3 , as determined 
from range - energy curves. 

Perhaps the single most useful feature of liquid 
xenon is its short radiation length. If one defines 
the radiation length x0 by 

where N =Avogadro's number, 
a = 1/137, 
Z = atomic number, 
A = atomic weight~ 
r = 2.8176 X 10-1.:> ern, 

e 

one calculates a radiatlon length of 3.60 ern . [ An 
alternative formula, 2 whtch includes effects of atomic 
electrons and failure of Born approximation (which . 
has to be allowed for in many applications), gives a 
radiation length of 3.71 ern.) Thus the chamber has 
a radius of approximately 4X0 . Naively one might 
then expect the chance for a y ray to escape from 
the chamber without producing an e le ctron pair would 
be e - 4 , or roughly 1.8%. In actual fact the average 
escape probability for a single y ray is more nearly 
30o/o . There are two main reasons for this difference; 
One is that not all y ra ys are so fortunate as to be 
formed right at the center of the chamber . Sec ond, 
the radiation length is only a rough measure of the 
mean conversion distance A. This la tter quantity is a 
function of y-ray energy; an approximate formula, 
good to 3% or so, is 

A = 4.80 + 
186 
y-

y 

2433 + 
- E;'"2' 

y 

18943 
rr

y 

where A is in ern, 20 M ev -{ Ey ~ 2 00 Mev. 

This formula includes correction to Born's approx
imation, shie !ding effects, and pair production in the 
field of atomic electrons. Another cons equence of 
the short radiation length is that multiple scattering 
is relatively large. If one were to measure particle 
momenta by curvature in a magnetic field, a field of 
approximately 125,000 gauss would be needed to over
come this multiple -scattering "noise. 11 For this 
reason the present chamber does not have a magnetic 
field. · 

In addition to short radiation length, xenon also 
has high stopping power. An approximate range
energy formula for pions, good to about 0 .6o/o, is 

T 15 . 1 (1 +k) R
0

·588 , 

k 

k 

where 

0.0825 (R-4 .35) 

0 

for R > 4.35 , 

for R ~ 4.35, 

T is the kinetic energy in Mev and R is the 
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r a n ge in ern. This can be used for other par tiL tes 
if one remembers that the range divided by the mass 
is a unive rsal function of particle ve locit y. For pur
poses of orientation, 10 ern of xenon will stop a 60-
M ev 1T meson, or a 130 -Mev proton; the range of the 
f.L in TT-f.L-e decay is 1. 34 rnrn, i .e ., barely visible. 

The high density of xenon also gives a short nu
c lear mean free path of 60 ern (twice the chamber 
diameter), assuming a c r oss section of 62 rnb. Be
cause of this short mean free path, the average nurn
ber of beam tracks per picture must be limited to 10 
or less ; more than this leads to scanning difficulty 
due to an excessive number of interactions. Of 
c c urse the comp lexity of the xenon nucleus means 
there is no direct information concerning e le rnentary 
production reactions; both F ermi momentum and 
secondary interactions inside the struck nucleus 
mask the basic event. 

Operating Experience 

One feature of a heavy-liquid chamber, arising 
from its short radiation length and nuclear mean 
free path, is its sensitivity to background radiation 
in the vicinity of accelerators . With our chamber 
locate d about 70 feet from a Bevatron target while 
the machine was operating at toll protons per pulse, 
the following shielding was found necessary (g oing 
from the outside toward the chamber ): 

a. completely enclosed concrete blockhouse with 
4-ft walls, 2-ft roof, plus 2ft of timbers on top of 
roof 

b. 
c . 
d . 

1 ft of paraffin 
cadmium sheet 
3-in. lead 

e . 2 -in. stee 1. 

Data have been taken i n three separate experi
ments to date, one of which has been completed , and 
two of which are in process. Scanning is slightly 
different from that in low- or medium - density liquid 
chambers; one can usually identify e le ctrons and can 
frequently distinguish between protons, K mesons, 
and rr mesons when they are about to stop . 

The effect of multip le scattering is reflected also 
in the measurements . Range measurements on stop
ping tracks are always too short, by a percent or so, 
if they are ca lcula ted from the sum of chords rather 
than true path length. Angular errors are also in
tr oduced b y multiple scattering and are usually of 
the order of a few degrees. In y-ray pairs, the 
e rror in determining the direction is typically 5 deg. 

Since multiple scattering is apparently so severe, 
one might ask whether it could not be turned to good 
advantage to measure pf3. A number of b eam tracks 
(whose pf3 was known a priori to be 790 Mev ) were 
measured, in order to determine the feasibility of the 
method, and to obtain an estimate of the noise. The 
measured va lue of pf3 agreed satisfactorily with the 
known value; the nois e (independent of the ce ll length) 
was about 50f.L in real space. This noise figure sets 
a lower limit of roughly 20% in the measurement of 
pf3 for an individual nonstopping track. The accuracy 
will, of course, be increased if more than one track 
is available for measurement or if the noise figure 
is r e duc ed by engineering improvements. 

Finally, one might ask whether y-ray energies 
can be measured . The answer to this is, practically 
speaking, no . Shower properties fluctuate so vio 
lently that individual y-ray energie's cannot be esti
mated much closer than 50o/o. 
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Conclusions 

From an operating point of v i ew,' the xenon cham
ber is 

(a ) safe, {b) easy to operate, (c) reliable, 
(d) quite sensitive to background radiation. 

From a high- e n ergy physics point of view, the 
main disadvantages of the chamber are 

(a) lack of information concerning basic produc 
tion reactions, 

(b) lack of accurate momentum m easurements on 
nonstopping tracks. 

The main advantages are 
(a) hi gh probability for nuclear interactions, 

IIb. 5 

(b) high stopping power, 
(c ) high probability (approx 70%) for conversion 

of y rays. 

R efe rences 

l . .Brown, Glaser, and Per 1, Phys. Rev. ill, 586 
(1956). 
2. Rossi, High-Energy Particles (Prentice -Hall, 
1952) p . 220, Eq. (5.2 . l . 

* This wo rk was done under the a uspic e s of the U. S. 
Atomic Energy Commission. 
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Summary 

Methods of identification of charged particles us
ing multiple scattering-residual range and multiple 
scattering-ionization are described. A working for
mula, based on the variable-cell-length method, is 
given for the calculation p_f masses. The experi
mental constants, b = t 31 21Ro., are introduced. The 
subtraction of noise is discussed; the mass distri
butions for n+ mesons, K+ mesons, and protons are 
given. The theoretical and experimental distributions 
of the second differences for protons ar e obtained, 
taking noise into consideration. There is a possi
bility for the indication of the particle nature. 

Introduction 

In connection with the operation of the big xenon 
bubble c hamber at JINR, 1 the need has arisen for a 
1nethod of determining charged-particle masses from 
multiple scattering, range, and ionization measure 
ments. This problem is considered in this work. 

The Multiple Scattering - Residual Range Method 

According to Olbert, 2 we have 

112 2 ( ) n = pj3c = Kl t me c I I <I> I ' (1) 

where K 1 is the "scattering constant, 11 a slowly 
varying function of j3, t, and the "cutoff" parameter 
xo (which is a function of nuclear size); t is the cell 
length in glcm2; m c2 is the electron mass in Mev; 
and ( I <1> I\ is the rri'ean angle of scattering. Values 
for Kl = Kl (j3, t, xo) are listed in Table I. 

Table I 

Values o£ constants and parameters {or scatte ring eve nts 

R in the chamber ,.+ mesons K+ mesons protons 

(mm) C(R,x0 ) K1 (~ , t,x0 ) C(R, x 0) K 1 (~, t, x 0) C(R,x0 ) Kz(J~. t, x 0) 

10- 2.0 0.849 7.39 1.704 7,60 2..42.6 7.70 
2.0- 30 0,857 7.42 1.75 1 7 . 62. 2..457 7.71 
30- 40 0,860 7.44 1.761 7.64 2.476 7.7Z 
40- 50 0. 86 4 7.16 1.769 7.66 2.,486 7. 73 
50- 60 0.866 '~"' 1.774 7 . 67 2..494 7.74 
60 - 70 0.867 7.48 1.778 7.68 2..502. 7.75 
70 - 80 0.868 7.49 1.781 7 . 68 2.,506 7.76 
80 - 90 0 . 870 7.50 1.784 7.69 2.510 7.77 
90- 100 0.871 7.50 1. 786 7.69 2..513 7 , 78 

100 - ·uo 0.871 7 . 51 1.788 7.69 2..518 7.79 
110- 120 o.an 7.51 1.790 7 . 70 2.521 7 . 80 
120- 130 0.872 7.52 1.791 7 . 70 2. 525 7 . 81 
130- 140 0.873 7 . 52. 1.792. 7 . 70 2.5Z7 7 . 81 
140- 150 0.873 7. 53 1. 793 7.70 Z.530 7 . 81 
150 ~ 160 0.874 7.53 1.794 7 . 71 Z.533 7.82. 

We used the method of "second differ e nces" in the 
multiple scattering measurements. 
side rati4'n the corrections for space 
gles, 3• we obtain 

IT= ..f2{3K1t
3
1

2 
mec

2
1 (1n1) 

Taking into c on
and plane an-

(2) 

where ( I D I) is the mean value of the second dif
ferences. 

From R efe r ence 5 we have 

(3) 

where R is the r e sidual range in glcm 2, m c 2 is the 
mass of the sca ttered particle, in Mev, Az (for 
x enon) = 0. 266, and o. = 0. 55. 

Using Eqs. (2) and (3), we obtain 

(1n1) = >J2[3 K
1
t

3
1

2
mec

2 
A:IRo.(mc

2
)
1

-o.. (4) 

It is s ee n that the quantity ( I D I) is constant if the 
residu9-l range and the cell size satisfy the condition 
b = t3! 21Ro. = constant. 

The quantity b was chosen from the experime nts 
in which the mean v alue of the scattering angle ex 
ceeded two or thr ee times the noise leve l. (From 
our data we have bn+ = 0. 207, b;\it = 0.406, 
bp = 0. 576. ) Then from Eq. (4) t er e follows 

( 
,\ • r->7? 2 o.; 2 1-o. I D I;= bx "' 2; 3 K 1 me c Az (me ) 

I 2 1-o. 
= C' (R, x0 ) (me ) , (5) 

. r->7? 2 0. 
where C' (R, x0 ) = bx "' '-/ :> K 1 mec Az 

It was experimentally established that there is no 
spurious scattering in the momentum r egion up to 
1 Bev . The following expression is used for sub
traction of noise: 

~. (In 2tl)
2 

nl 
n

2 
-l exp -~ 

(6) 

Here ( I Dex t I) is the mean second differe nce for 
a cell length l ( I Dexp2t I) is the same for cell 
length 2t, and n 2 and n 1 are the numbers of 2t c e lls 
and t cells respectively. If the mean value of the 
second differences has a statistical e rror 
.6 1 = ±0.75/.Jn. using Expr~ssion (6) increase s the 
statistical e rror by about lOo/o (.6 = ±0.8051>/n), 
but it decreases the total error (~e to statistical 
and systematic errors and noise). A comparison of 
the total errors of the two methods of evaluating 
particle mass is given in Table II. The total error 
may be written 

.6tot2 
= ± fl(o.Bos) 

2 
+ (3. 33o 2 )

2
] 

L .Jh >Jn(n-1 
(7) 
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Table II 

Error in dete rmination as a result of noise (o/o ) 

Numbe r t;.mtot 

of cells Nois e Noise not 
n subtracted subtracted 

10 71.0 66 . 7 
20 51.1 43.4 
30 40.8 34.5 
40 35.5 29.5 
50 31.6 26.1 
60 28.8 23.7 

100 22.3 18. 1 

where o
2 

is the subjective error in the mean value of 
the second differences. 

The final formula used for calculation of the par
ticle mass is 

2 log me = - 2.2 2 log B, (8) 

where 

[
n 2 n 2]1// 

B= ~ (ID 2tl) - _!,...(ID tl) C(R,X-l n
2

- < exp n 1 - < exp r:r 

+ + The values C(R, x0 ) for 7T and K mesons and pro-
tons are listed in Table I. 

The t e rms (lb II 2t I and (1 D t 1) were 
formed in the folf~~fng manner: exp 

1100 HOO 

Mev 

Fig. 1. Mass distribution for protons. 
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( ID I) J f 
exp: c l i= l 

n, (9) ' 

where the subscript c r e fers to a measurement in the 
chamber (in mm) and f to the film (in f-Ll and M. is the 
demagnification of the trac k segment under cori"sid 
eration. The working cells on the film are 

t. f = [ t. in the chamber · cos -y. J / M .. (10) 
1 : 1 1 1 

Here "Yi is the angle of the track inclination. 

Expe riment 

The working vo~ume of the bubble chamber
6 

is 
200 X ll0 X l00 mm . Thos e tracks which made 
angles with the optic axi s in the r egion a = 90 ± 60 deg 
and w hich had various ranges within the volume of the 
chamber were chosen for conside ration: 112 proton 
tracks, 84 rr+ -meson tracks, and 32 K+ - meson tracks 
were measured. The 7T+ mesons and K+ mesons were 
recognized by their characteristic decay modes, 
while protons were recognized by their ionization. 
The m easurements were made on a microscope which 
provided an accuracy of ± 1 fl· Second differe nces 
exceeding four times the mean value were discarded. 
From 20 to 60 cells were used if the momentum of 
the protons was about 600 Mev/ c; thus the m ean 
error in the mass dete rmination of h eavy charged 
particles was about 30o/o . The rr+ mesons and K+ 
mesons with p "' 600 Mev/ c had longer ranges than 
protons with the same momentum, so the errors in 
the mass determinations of 7T+ and K+ mesons were 
less than those for protons. For 7T+ mesons stopping 
inside the bubble chamber, the error in the mass 
value w oul'd be about 18o/o for n"' 100. The mean 
accuracy of the mass determination for the 7T+ and 
K+ mesons was better than 24o/o and 26%, respective l y, 
because usually there were only about 80 cells for 
measurements and calculations. The use of third 
diffe rences for the subtraction of optical and other 
second-order distortions decreased the statistical 
accuracy; in the calculations, nand (2/3)n are re -

300 soo 100 

Mev 

Fig. 2. Mass distribution for K+ mesons. 
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placed by (n-1) and (2/3 )(n- 3 ), which has a noticeable 
effect for small n. In addition, the subjective error 
increased considerably. The total e rror, using the 
third-difference method, is 

Ll.tot =±[ ( 0.835 .)2 +(3.3363 )2 ]1/2. (11) 
3 .Jn ..Jn(n-1) 

No e stimates of optical distortions were made. It is 
not clear now whether the use of the third-difference 
method is reasonable or not. 

The mass distributions for protons, K+ mesons, 
and ,.+ mesons are shown in Fig. 1, 2, and 3. The 
half widths of the distributions are equal to 500 Mev, 
150 Mev, and 7 5 Mev, respectively. The distribution 
of 5000 second differences for protons is shown with 
the theoretical curve in Fig. 4 . 

The Multiple Scattering and the Ionization Method 

The formula for the bubble density of tracks par
allel to the photographic plane is given in References 
7 and 8. Including effects of track inclination and 
photographic demagnification, the expression for the 

10 tOO ,so ~00 2SO 
Mev 

Fig, 3, Mass distribution for ,.+ mesons. 

Fig. 4. Distribution of 5000 second dif
ferences for protons, shown with 
theoretical curve. 

number of bubbles per millimeter of track length, 
g, may be written as 

g = ~- 3~ log [L/(f £ . + nA 1)] , (12) 
M D 1\ i exp, 
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where M is the m ean demagnification on the me as
ured part of the track; £!!..>SOP; is the visible length of 
the projected gap, in mill1rrteters on the film; D is 
the average bubble diameter along the measured part 
of the track, in millimeters on the film; A

1
·is a 

function of the track inclination and D ; n is the num
ber of measured gaps; and L is the total length of 
the track projection, in millimeters on the film. We 
take tracks producing parent stars or other b e am 
tracks lying near the event in which we are interested 
as standard relativistic tracks. In this case, we 
have 

g = ~5 -..:_5 log [L!i(f £ - ~ D l (13) 
rel M D 1 I i expi <- ~ 

z2 
We used g = grel 2 as an approximation for the 

ionization function 13 without the additional term 
which depends on the operating conditions of the 
chamber and on the particle velocity. This method 
gives high statistical accuracy. The statistical 
e rror is less than 1:) to lOo/o on the average, and may 
be calculated by using the expression 

"" 5 to 1 Oo/o . (14) 

The subjective error is small and does not exceed 
3 to 5 o/o :. 

(
Ll.g) -
g subj 

2ff 
g 

15.35 [.!._ (log 

fi fi2 f 
l 

L 

J
2 

J. +nA 
expi 

Here n
1 

is the number of bubble diameters meas
ured along the track. The total error of the value, 
g/grel' does not exceed 10 to 15o/o , when both the 
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subjective and the statistical errors are take n into 
account. Further unc e rtainties in ionization meas
urements arise from irregularities in illumination 
and c hambe r operating conditions. Errors due to 
these sources may attain values of the order of 25"7o . 
Thus the total error of g/grel is on the average 
approx 27 .4o/o. 

The value of pf3c was dete rmine d by means 
formula 

3/2 J n2 \ 2 

pf3c = K2t m e c Ln;_--:T\1 D exptl / 

of the 

(16) 

Here K 2 = 126 Mev per 1 00f1 (on the film), t is the 
(co nstant) cell length in units of 100f1, D is 
measured in microns , a nd pf3c is det e rmined in 
Mev/ c. 

The value of particle mass may be obtaine d by the 
formula 

(17) 

The total e rror of mass determination may be 
written as 

(6m)tot = l a/+ 211/2 
a 2 , 

J 
(18) 

where a 1 is the total error in pf3c, and a 2 is the 
total error in g/grel" The possible e rrors of this 
method of mass evaluation are liste d in Table III. 

Ta bl e lli 

Total e rro rs in mass evaluation (o/o ) 

Nwnber Am for method of multiple scattering-ionization 
of cells tot a 2 = 27 .4o/o ) 

a, ~ = 0.3 ~ - 0 . ~ IJ = 0.5 ~ = 0.6 ~ = 0, 7 IJ = 0.8 

10 30.0 40. 6 40.7 40.8 41.0 4 1.7 43.2 
20 19 .5 33 ,6 33.7 33.8 34.2 34 .9 36 .7 
30 15.5 31.5 31.5 31.7 32..0 32. . 8 34.7 
40 13 . 3 30.5 30. 5 30.7 31.1 3 1.9 33. 8 
50 11.8 2.9.9 2.9. 9 30.1 30.5 3 1.3 33.3 
60 10.7 2.9.4 2.9.5 2.9.7 30.0 3 0.8 32..8 

100 B.Z 2.8 .6 28 .7 2.8.8 2.9.2. 30,1 3l.l 

The Experiment 

The tracks of TT+ mesons which have a character
istic TT- j.l- e d ecay were measure d. The ionization 
and s cattering measurements w e r e carried out on 
the first half o£.the trac k. The TT+-meson mass 
distribution is given in Fig . 5; the half width of the 
distribution is about 200 Mev. Some increase in the 
h a lf width may be expl a ined by measurement errors 
and the large change in p a rticle momentum along the 
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trac k, where the use of a constant cell length may be 
of doubtful validity. 

so 100 1~0 200 250 -:>00 ~50 

Mev 

Fig. 5. Mass distribution for TT+ mesons. 
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Introduction 

The BNL 20 -inch hydrogen bubble chamber has 
now b een us e d to obtain a total of about 350,000 ex 
perimental photographs, and has b een expanded about 
500,000 times. Owing largely to th e usual pressures 
of exper imental physics, littl e time has b een spent in
ve stigating the ultimate performance characteristics 
of th e chamber. However , enough is now known from 
regular operation and from one engineering run to 
warrant a discussion. 

Chamber Des ign 

The chamber itself is shown in Fig . 1. It has 
through illumination and its windows are vertical. The 
illuminated volum e is about 19 in. in th e beam direc
tion by 8 in. high by 10 in. deep . The total liquid vol
um e is 60 lite rs. The chamber is a "pur e " aluminum 
casting with passages through its walls for th e flow of 
cooling hydrogen. The w indows are thermally pro
t ec t ed by shields at liquid hydrogen temperature, and 
the whole chamber is surrounded by a liquid nitrogen 
shield. 

The chamber is expanded by m e ans of a "cold" pis-

Fig. 1. The 20-in. bubble chamber. 

ton in contact with the liquic\ , which operate s in the 
cylinder at th e top of th e tapering neck. This c old 
piston uses four g raphite-impr egnated Teflon piston 
rings, and is attached to the bottom of a thin-walled 
stainless steel tube. This tube is 45 in. long, and is 
moved by a "hot" piston attached to its upp er end and 
operating in a cylinder at room temperatur e. The 
whole piston assembly weighs 22 pounds. The c ham
ber is expanded by driv ing th e hot piston upward with 
h e lium at a f ew hundred psi, and r ecompress e d by 
exhausting the space b e low th e piston and allowing it 
to be driven down by the pressur e in the "sealed" space 
above it. During typical operation, the piston assem
bly moves about 0.58 in. (for an e xpansion ratio of 
0 .8o/o ), and the total time for the motion is about 15 
msec. An oscilloscope display of piston motion and of 
var iation of chamber pressure during expansion is 
shown in Fig. 2 . 

Refrig e ration 

The chambe r does not have any refrige rators of 
its own, but takes cryogenic liquids from Dewar con
tainers. 

Liquid nitrogen consumption is fairly constant at 
10 liters p er hour. 

Static liquid hydrogen usage at 25.20K is about 4 . 5 
liters /hour ( 34 watts). 

~- 'Q ~- i' ........ 
~ ~ 

·~ ~ - ~ 
~ g 

n 

l!l.l 
! 

--. ---· 

Fig. 2. Oscilloscope display of expansion 
timing . The time scale is 5 msec per em, 
and time increases from right to left. The 
heavy upper trace is piston motion and the 
expansion ratio is 0 .8'/o. The fine upper 
trace is chamber pressure, the total pres
sure drop being approximately 30 psi. The 
next-to-lowest trace is the output of a fast 
scintillation counter monitoring the beam 
("rapid beam ejection" is being used here). 
The lowest trace shows the flash-tube trig
ger. 
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Fig. 3. Cross section of chamber assembly taken perpendicul ar to b eam d ir ection. From l e ft to right 
some items of inte r est are the flash tube , coppe r nitrate f ilter , vacuum tank window , hydrogen shield 
window , condensing lenses , bubble chamber , hydrogen shield window, vacuum tank window, and cam
e ras . 

Dynamic loss at 25.2° K and an 0.8% expansion 
ratio i s about 1.5 liters/hour ( 11 watts ) for a 5 - second 
cycle , and about 8 liters/hour ( 60 watts) for a 1.2-
second cycle. 

Magnetic Fiel d 

The magnetic fi eld i s 17,000 gauss ±3o/o. Th e var
iation i s 3o/o near th e edge s of the illuminated region, 
and l ess over the rest of it. 

Photography 

Figure 3 is a cross section taken through the cent er 
of the chamb e r, perpendicular to th e b eam direction, 
wh ich s hows th e system for illumination and photog
raphy . 

Illumination is by a 22 -in. Siemens xenon-filled 
flash tube with 50 microfarads at 3000 volts typically, 
or 225 joules p er flash. The flare is reduced to low 
intens ity b y use of low-reflectivity coating on all glass 

surfaces, and a filter of a saturated solution of copper 
n itrate in water. In addition, a l-in. -wide diffuser of 
white tracing paper is placed 1 in. from the flash tube. 
The usabl e light energy actually arriving at th e central 
plan e of the chamber is approximately 50 f.Ljoules/cm2. 

There are four came ras on the corners of a 9 -in. 
square cente red on the chamber . Their lens e s are 
10 1. 7 -m m Go erz A r tars located 41 in. from the cen
tral plane of th e chamb e r and stopped down to f/26; 
35-mm Linagraph Ortho film is used, and the magni
fication is about 1/10 in the central plane . 

Op e ration 

When "rapid beam ejecti on" is used the total b eam 
spill-out tim e from th e Cosmotron is about 10 f.LS ec. 
Under these conditions typical operation inv olves an 
expansion ratio of 0.8%, a light delay of 150 f.LS ec after 
the passage of the beam, and a chamber temperature 
of 25.2° K. Figure 4 is a p i ctur e taken under these 
onditions. 

F i g. 4. Bubbl e chamber photograph taken when "rapid beam ejection" (1 0-f.Lsec beam spill) is being used. 
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If rapid beam ejection cannot be used, the fastest 
possible beam spill-out time is about 1 msec. Typical 
operation in this case consists of an expansion ratio of 
about 0.6% for slower bubble growth, a light delay of 
0.5 msec after the end of the beam pulse, and a tem
perature of about 26.0°K. Figure 5 is a photograph 
taken under these conditions. In both cases the cham
ber overpressure is about 15 psi. The vertical tem
perature gradient across the illuminated region is 
usually of the order of 0.01° K. 

The total time used in piston motion is 15 msec for 
either expansion ratio, and the total sensitive time in 
each case is 4 msec. Track development is quite uni
form during a period of about 2 msec. 

Th e chamber has been tested at a cycle of 1.2 sec. 
The only effects noticed were the increase in liquid 
hydrogen consumption noted pr eviously, and the neces
sity for running with a chamber overpressure of at 
least 10 psi to insure that bubbles from the previous 
expansion have disappeared. 

Track Distortion 

During the engineering run, genuine no-field photo
graphs were taken while the cycling rate and the light 
delay (after rapid beam ejection) were varied. For 
each set of chamber conditions a number of tracks were 
measured and the mean curvature and standard devia 
tion of the distribution obtained. The r esults are shown 
in Tabl e I. Two things are noteworthy: the cycling 
rate seems to have no significant effect; and the stand
ard deviation of the distribution shows a general in
crease with increasing light delay. The values of C 
are no doubt affected by the "jet" from the chamber 
cold valve, which leaked during this run . 

Measur ements have also been made on supposed no
field tracks in photographs taken during the 3-Bev and 
2 -Bev p-p experiments. Th e field current for the gen 
erator supplying the magnet was off during thes e pic 
tures, but the generator was still rotating, and it now 
seems hke ly that there was some current flowing in 
the magnet. Th e results are shown in Tabl e II. It will 
be noted that the values of C are all positive, which is 
what would be expected if ther e were some res i dual 
current in the magnet. The effect of a leaking cold 
valve should be greater near the bottom of the chamber 
than th e top, since it is l ocated at the bottom . C and 
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Table I 

R esults of measurements on no - field tracks obtained 
during engineering run. Light delay is measured to 
beginning of light flash . Flash duration is about 50 
fLS ec. Average track l ength is about 35 em . 

Light delay 
(msec) 

Number of 
tracks 
measur ed 

Mean curva-
tur e, C 
(x 10 - 4 cm-l) 

Standard 
deviation, 
a 

1.18 

0.0 0 . 5 

43 42 

0 .07 0 . 6 

Cycl e ( sec) 

3.8 9 

0.0 0.5 1.0 2 . 3 0 .0 

44 29 41 35 20 

- 0 .03 -0.52 -0.04 -0.63 0 . 21 

c 
(x 10- 4 cm- 1) 0.44 0.45 0.40 0.54 0 . 54 0_75 0.29 

a were determined for the upper half of the chamber 
fo1: each set of pictures, and a vertical asymmetry was 
seen in only one group. 

A least-squares fit of a parabola was made to the 
set of measured points for each track . The square 
root of the sum of the squares of the deviations of the 
measured points from this curve is called a , and an 
upper limit for this is 15 microns. xy 

One can also calculate E, defined as the square root 
of the sum of the squares of the deviations of the meas
ured points from the true particle traj~ctory. 1 The 
calculation yields • "'60 fL (in the chamber). This 
should contain any systematic errors present in either 
the chamber or the measuring machine. 

One other set of measurements was made, on the 
curvature of 2 .85 -Bev proton tracks which produce 
four -prong events. The distribution was determined 
for (C - c

0
)L2 , where c 0 is the curvature for 2.85-

Bev protons ( 1.390 x 10-3 em -l), C is the measured 
~urv';'ture for each track m easur ed . To a first approx-
1mat10n, (C - c0 )L2 "'8(6- 60 ), where 60 is the 

Fig. 5. Bubble chamber photograph taken when slow beam ejection ( 1-msec beam spill) is being used . 
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Table II 

Results of measurements on "no-field" tracks obtained 
during 3 -B ev and 2-Bev p-p exper im ents. Average 
track length is about 35 em. 

Light delay 
(f.Lsec) 

Number, N, 
of tracks 
measured 

Mean curva-
ture, C 
(x lo- 4cm-l) 

Standard 
deviation, cr 

c 
( x l0 - 4 cm- 1) 

Upper half of 
chamber only 

Mean curva-
ture, C 
(x l0- 4 cm- 1) 

Standard 
deviation, cr 
(x 1Q-4cm-l} 

3-Bev 
exper i-
ment 

100 

130 

0.47 

0.42 

NO VER-
TICAL 

ASYM-
METRY 

cycle 2 -Bev cycle = 
5.0 sec exper i- 3.5 sec 

ment 

125 50 150 

160 150 220 

0.89 0 .03 0.25 

0.64 0.44 0.44 

0 . 63 NO VER- NO 

TICAL VER-
ASYM- TICAL 

0.31 METRY ASYM-
METRY 

sagitta for a track of length L and curvature C and 
o is the sagitta for curv ature C. The width of~his dis
tribution therefore gives information about the error 
in the sagitta. Th e standard deviation of the distri 
bution is approximately 30 f.l· The reason that this is 
smaller than the e quoted above for longer tracks may 
be that the leaking cold valve has its greatest effect at 
the downstream end of the chamber. 

All measurements were made on the BNL measuring 
machine, and automatic track following was used. A 
number of photographs of straight wires have been meas
ured recently, and a quantity equivalent to E computed 
for the machine. This gives an error of 3 f.l on the film, 
or 30 f.l in the chamber . 

Footnotes and References 

* Work performed under the auspices of U.S. Atomic 
Energy Commission. 
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l . See William J. Willis, Error Matrix for Bubble· 
Chamber Track Measurements, Brookhaven National 
Laboratory Internal Report D-18, unpublished. 

Discussion 

Wolfe: Would you state why the mean measured cur
vature, c, has such small dependence on cycle rate 
or light decay? 

Louttit: Let me point out that a lthough there are var 
iations in c, even the largest va lue is quite small. 
First of al l , there seems to be no systematic var ia
tion with cycle time, which simply means that turbu
lence from an expansion damps out in some time less 
than a second. Second, there does seem to be som e 
increase in c with increasing light delay, but for the 
short light delays used in the experiments making use 
of the rapid beam ejector the value of c is of the or
der of 0.1 X lo-4 cm- 1 . The chamber cold valve was 
probably leaking in most (or perhaps all) of these pic
tures, which would certainly have the effect of increas
ing both c and ac. Also, there was probably some 
small magnetic field in the pictures contribution to the 
curvature shown in Table II. 

Peyrou: We have measured the spurious curvature 
of tracks in the 30 -cm hydrogen chamber at CERN. 
The duration of the beam pulse was 200 fJ.Sec and the 
light delay was l msec. A systematic sagitta of 36 f.l 
was found which corresponds to a radius of curvature 
of 220 meters. The dispersion in the sagitta m eas
urements was 54 f.l . A set of measurements was made 
of the distortion as a function of light delay, usmg the 
beam of the synchrocyclotron. The distortion became 
measurable with a light delay of 3 msec. We found 
the am aunt of distortion to be a sensitive function of 
the timing of the beam pulse with respect to the pres- · 
sure pu ls e. 

Alvarez: It is interesting that almost all bubble cham
bers seem capable of measurements to about 200 me
ters--a figure which would have been thought impossi
ble five years ago. 

Louttit: I would like to point out that only the worst 
cases in the tables shown gave a radius of cur vature 
as small as 200 meters, and that now that we ha ve 
fixed our leaky cold valve, we hope to do somewhat 
better. 

Alvarez: Well, anything better than 200 meters 
would certainly be fantastic . 
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Introduction 

D espite its well -known virtues as a bubble chamber 
medium in the study of high-energy interactions, liquid 
hydrogen has two properties which couple t~ i.mpair th e 
accuracy of this study: its thermal conductlvtty 1s very 
poor, and its density and therefore its index of refrac
tion are strongly dependent on temperature. Assumtng 
a chamber in which liquid veloci ties are low, uniform
ity of the temperature field ensures radiation sensiti v i
ty throughout the volume, accuracy of range me.asure
ments, and resolution of the momentum to the hm1t 
imposed by multiple Coulomb scattering. 

Gas-expansion bubble chambers are two-phase 
systems with the expansion mechanism at room tem
perature. Thi s arrangement affords great convent ence 
from the standpoint of simplicity and r e liability ; how
ever, the system losses, concentrated at the gas
liquid interfac e , are quite high. 1£ the chamber 1s.~ot 
well decoupled from the room source, these necesst
tate a high expansion ratio and imply, along with heavy 
refrigeration requirement, intolerable thermal gra
dients. The ultimate consequence is, of course, low 
data output resulting from slow rates of liquid mixing 
and bubble growth. 

In principle this problem may be solved in two ways: 
either reduce the loss es occurring at liquid hydrogen 
temperature or transfer them to some higher tempera
ture, a convenient one being that of liquid nitrogen. A 
solution of the latter class is obtained by injecting liq
uid hydrogen onto the expansion interface, as sugges t ed 
by Ch. P eyrou of CERN. l Today we want to describe 
system improvements made by a necessarily crude 
application of this technique dur ing the present Asso
ciated Production run of the 72 -inch B ubble Chamber 
at this Laborato ry. 

Descr iption of the System 
The 72 -inch Chamber has been adequately described 

elsewher e . 2 However, in order t o understand the 
sources of optical distortion, we should consider, in 
some detail, features of its operation which it shares 
in principle w ith other gas -expans ion machines. The 
chamber is r epresented in Fig. l. 

Initia lly the chambe r has a 100-psia overpressure 
and an 85 -psia vapor pressure. At the beginning of 
the cycle the expans ion tank at 20 psia is rapidly o
pened to the expans ion line for a time of 10 to 15 msec. 
About 10 msec after the expansion val ve has closed, a 
somewhat slower val ve connects the recompression 
tank at 100 to 120 psia to the line . This expansion 
recompression action causes a pressure "valley" in 
the chamber, reducing its pressure to 55 to 60 psia, 
thus making it sensitive to ionizing radiation for 7 to 
10 msec. Th e speed of the expans ion val ve, the deg
gradation of the expans ion wave , the rate of bubble 
growth, th e tolerable translational distortion of the 
tracks, and system time jitter combin e to determine 
the required duration of sens itive time. Th e effects 
of optimizing the "valley" around these requirements 
will be reported later. 3 

Following the expansion wave, about 1.5o/o of the 
chambe r liquid rushes through orifices in the side 
plate heat exchangers, raising th e lev el in the ex 
pansion line about 20 em. The liquid remains in this 
superheated state until the recompression wave com 
pletes the cycle, forcing it back into the chamber 
through the orifices, from which it jets upward to u~
set the natural thermal gradient. These Jets decay m 
about 1/2 second. 

This process requires the removal from the sys
tem of 38 g of hydrogen, of which 24 g is necessary 
for the gas expans ion. Th e heat balance is satisfied 
if one imagines that the remaining 14 g is vapo rized, 
brought up to room temperature, and-ultimately
recondensed in the lower expansion line during dwell 
time. The detailed process by which heat is trans
ferred down the line is not understood, but, in terms 
of the times invol ved, it presumably entails th e trans
port of liquid up the line, probably in the form of fog 
droplets. 

Th e salient features of the expans ion process are 
the production of temperature inhomo~e.neity in .the. 
liquid at the bottom of the line, the m t x m g of thts hq
uid with that connecting the line and th e heat exchangers, 
and the final injection of this nonuniform mixture into 
the chamber. 

Som e balance must be established b etween the in
flux of the heat of condensation and the efflux of the 
h eat of vapor ization from the interface; this is pro
vided by the side -plate heat exchangers and a 2.2-kw 
hydrogen liquefier . The energy loss per pulse is 16 
kw sec, 13 kw sec of which results at the interface . 
The consequence of this remote lo ss at high pulse 
rates is serious, inasmuch as the temperature of th e 
exchangers is somewhere intermediate between .th e 
chamber and the refrigerant. Wh en the latter dtf
ference exceeds l.7oK, film boiling occurs, heat
transfer coeffi cients drop severely, and the liquefier 
is no longer well coupl ed to the chamber . 

Interface Cooling 
By injecting liquid hydrogen at approximately 26°K 

into the interface region, the irreversible vaporiza-

Radio lion 
shield 

Chamber 

Refr igerant in 
26· 27•K 

3 · woy 
valv e 

Fig. l. Sch e matic r epresentation of refrig
eration circuit for 72 -inch bubble chamber. 
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tion-recondensation loss e s are reduced. In thi s ex 
periment the reduction is 7 5o/o. 

The injection i s accomplished through an auxil
iary filling circuit connected in such a way as to keep 
the mass of th e system constant. Gas is bled from 
th e recompression tank, through a liquid nitrogen 
precool , into a heat exchanger which co unterflows 
with r efrigerant en ter ing the system, and finally 
through a 5 -f.L stainless steel filt er into the expans i on 
line . Approximately 7 g/pulse enters the line through 
the fill pipe located about 30 ern above the static liq
ilid level. It is important that both valves shown in the 
schematic be well throttled in order to decouple an in
herently unstable l oop. 

The effect of this technique is twofold. Th e counter 
flow heat exchanger and the side plates now share the 
r efr i geration load in about equal proportions; this re 
sults in lowe r gradients in th e chamber and closer 
coupling to the refrigerant . S econdly, the cooling of 
the inte rface suppresses v aporization and ther e for e 
reduc es liquid thermal gradients in the line . Thus the 
total th ermal i nhomogeneity of the system is reduced, 
in turn effecting a reduction of distortion and density 
fluctuations. 

The change in p i cture quality is d ramatic and p er
rnits a thr eefold increase in puls e rate. Previously 
th e chamber bottom was filled with a shimm er ing tur
bulenc e which now appears onl y near the expans i on 
end. T empe ratur e gradi ents in the vis ible liq u i d are 
halved to ~ 0. 15°K. Most i mportant, inte rface cool
i ng incr eases th e available sens i tive volume 25"/o by 
making the bottom 3 inches of the chamber usable. 
The uncertainty in momentum determination is not 
changed, however . Th e pres :ont measur ing error is 
too l arge to permit resolut i on of the microturbulence 
and the scattering limit. 

The total refrigeration load i s increased by about 
60o/o , but the liquid hydrogen temperature load is de 
creased by 10"/o . Much of th e external circuitry is 
poorly insulated, b ut it has not been conveni ent to 
measur e it s loss. How ever, the important refrigera-
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tion effect is the unloading of th e c hamber heat ex
changers. This has allowed an inc rease of 50 "/o in 
the attainabl e pul se rate . 

A clue to the nature of this effect is found in the 
following experiments. If, after a period of stabl e 
op erati on, th e inj ec tion is turned off , ther e is an 
immedi ate 1 to 3o/o reduction in the mass of material 
r emoved dur ing expansion. Within 1 m inute th e mass 
flow r eturns to it s previ ous val ue and, w i thin 10 min 
utes, has reached an average value cor r espondin g to 
the no-injection case, i. e., a ZOo/a increase. It is 
known that th e bulk of the inj ecti on occurs dur ing the 
expansion; this is evi dent from pressure - time re
l ationships and is demons trated by the fact that the 
best operation has b een a tta ined by cycl ing th e cold 
val ve w ith an airrnotor, opening it for 2 sec, whi ch 
brackets the expansion pulse. 

F rom these results we conclude that vaporization 
is suppressed immediately by cooling the inte rfac ial 
zone to a vapor pr essure comparable to that of the 
gas behind th e expans ion wave, thus increas ing the 
heat of vaporization . It is also evident through the 
long - time effect that heat exchange with th e lin e and 
with the dense vapor above the liquid must also take 
place. 
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Di scussion 

Peyrou: Has the heat load on the main part of the 
chamb er been reduced by t his m e thod ? 

Hitchcock: The answer is yes at high cycling r ates 
and no at low cyc ling rates. 

* This wo rk was done under the a uspices of the U. S. 
Atomic Ene rgy Commit 
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Introduc tion 

A simple 4-by -4 hodoscope array has been tested 
recently during a xenon bubble chamber exposure to 
an 80 5 - Mev/ c K+ beam at the Bevatron.. Th~ ori~inal 
motivation was to use the hodoscope to 1dent1fy K 
m e sons in an "impure" beam. However, owing to the 
success of the K+ beam designed by Ticho and Stork 
using spectrometer separators, the contamination was 
found to be negligible at 700 Mev/c (September 1959 
run). and small at 8 05 Mev/c (June 1960 run). There
fore, this use of the hodoscope is primarily a capa
bility test for futur e experiments. 

A hodos cope is an array of elements or counters 
which determines the location of a particle's path 
where it crosses the array. In use with a bubble 
chamber, the set of elements is constructed from 
scintillation counters made to cover the area through 
which the beam ente rs the chamber. The advantage 
of such a device is that tracks of different types of 
particles can be distinguished in an impure beam. 
This is done by creating an identification signal for 
the particle of interes t (i.e ., a "signature") and us 
ing this signal to gate the hodoscope. The hodoscope 
counters mark the passage of the particle during this 
gated p e riod, and the path is spatially resolved and 
recorded. Whe never a beam cannot be c ompletely 
purified--e. g. , in the several-Bev/c region--it is 
possible to select or reject particular tracks in the 
analysis of the bubble chamber pictures . For exam 
ple, ic)' the present experiment, the branching ratio of 
the K into the Z1r0 decay mode 1s to be determmed 
from the visible electron pairs seen in the xenon cham
ber . The KO is produced by charge exchange of the 
K+. However, the 1T+ contamination of the K+ beam 
can also interact to produce Z1TO, simulating the neu
tral KO de cay, and it is desired to reject such events. 

Method 

The 5-3/4 x 5-3/4 - inch beam-entrance port of the 
xenon chamber was divided into four equal regions 
horizontally and four vertically by a total of four scin
tillation counters, Hl, HZ, Vl, and VZ, as shown in 
Fig . l. This divided the beam port into a total of 16 
square elements, each l-7/16 in . on a side, each of 
which has a distin c t set of signals from the counters 
due to a passing particle . Each c ounter is connected 
to one of four scalers through the gate circuit so that 
more than one parti cle count may be recorded. Al
though occasional ambiguities can arise when the ho
doscope counters are scaled directly if more than one 
identified particle arrives per pulse, these amb1gu1-
t1es can usually be resolved by observation of the 
track locations in the photograph. The electronic 
circuitry is then much simpler than when scal ing each 
of 16 coincidences, one for each element of the hodo
scope. The signature in this case came from a fast 
coincidence between two time-of-flight counters. One 
was close to the chamber, and the other was 34 feet 
away at about the mid-point of the beam_, and situated 
just behind the first separator and the flrst sht. 

The hodoscope scalers were capable of resolving 

pulses spaced as closely as 500 nanoseconds, and the 
scaling was done in b inary form, permitting the data 
to be recorded in corresponding binary form on a 
small panel of neon bulbs, which was built d irec tly 
into the camera and could be photographed along w1th 
the bubble chamber. Alternatively, the data could be 
punched into IBM cards, and this was the type of read
out used. The data consisted of the total counts for 
each pulse of the Hl, HZ, Vl, and VZ scalers, the total 
1T+ count, and the total beam count (1r+ + K+,. These 
and other pertinent information, such as frame numbeJ; 
date, time, etc . , were all recorded on an IBM card 
for each expansion. 

Because of the necessity of having small bubbles 
for good track r esolution, the beam of particl~s must 
be extracted in a time that is not a large fract10n of 
the total bubble growth time . Bubbles grow in about 
1.3 msec in xenon, and the b eam is extracted over a 
period of about ZOO f.LSec by the Bevatro:' rapi.d bean: 
ejector. Because of rf structure r e ma1n1ng 1n the ln
terna l proton beam, the K+ beam arrives in b~rsts,_ 
making requirements on the speed of electron1cs st1ll 
mor e severe, by about a factor of 5. This means that 
care must be taken to avoid difficulties due to acci
dentals a nd dead time . 

Results and Discussion 

The effectiveness of this arrangement was investi
gated by comparing the bubble chamber photographs 
with data cards. During a part of the expenment when 
the beam was tuned for 1T+, 95o/o of the tracks seen in 
the chamber were located correctly b y the hodoscope . 
The remaining 5o/o were not incorrectly located, but 
simply missed, an effect which can be directly ~ttrib
uted to the partial jamming expected in the scahng 
circuits because of the high counting rate. With pres
e.ntly available 10-Mc scalers and discriminators, the 
lost counts could be reduced to l o/o . 

(0) 

I{+ bUII'I 

Fig. l. (a) Exploded view of hodoscope 
counter arrangement. 

(b) Counters as seen looking along 
beam direction toward chamber . 
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When the beam was tuned for K+, the internal Beva
tron beam required was roughly 200 times as intense 
as for 1T+ to maintain an average of four to five tracks 
per picture. At this level, there was evidence of 
some jamming by background counts from counter A . 
The background seemed to be due principally if not 
entirely to the large numbers of separated 1T+ and pro
tons being stopped in the lead slit just a short distance 
ahead of the first time-of-flight counter. Although the 
pulses from this counter were clipped to 2 nsec in the 
fast coincidence circuit, clipping was done in the plate 
circuit of the limiter tube so that the grid circuit was 
dead for the remainder of the entire pulse, or about 20 
nsec . The large number of background pulses caused 
the total dead time to be quite appreciable, so that only 
about 80o/o of the 1T+ and fl.+ contamination was properly 
identified. A way to avoid this difficulty would be to 
replace the time -of-flight signal by a Cerenkov signal, 
the Cerenkov counter being placed just before the cham
ber, where the background is small. 

A most desirable feature would be to record the 
hodoscope data in a directly usable form, preferably 
so that tracks could be identified directly from the 
photograph . A possible scheme, suggested by Donald 
A. Glaser, is to optically superpose a panel of bulbs 
on the chamber entry port, each bulb coinciding with 
one hodoscope element and lit by a particle entering 
that element. More simply, perhaps, the boundary 
lines of the elements could be marked on the inside 
wall of the chamber so as to show plainly in each bub-
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ble chamber picture. Then, from the recorded dqta, 
it would be relatively easy to locate the track of in 
terest. Whatever the method used, it is quite impor
tant that the data be clearly and easily interpretable 
by the scanner . 

There seem to be no apparent difficulties that would 
prevent the hodoscope from operating successfully with 
a bubble chamber. The difficulties indica ted here are 
resolvable ones . In particular, recent developments 
of Cerenkov counters indicate that they may be very 
important in identification of particles at the higher 
energies . The need for the hodoscope technique is 
mainly in the higher-energy region, where beam sep 
aration is not complete. At present, this region lies 
above about l Bev/c, although separation techniques 
are improving constantly. In going to higher momen
ta, the separation by a spectrometer separator de
creases about as the third power of momentum, and 
pure beams of particles much a c' OVe 2 Bev/c may be 
unobtainable for some time. It should be pointed out 
that the use of delta-ray measurement, or simply 
counter measurements without the hodoscope, may 
be able to determine statistically the composition of 
the beam, which for some experiments is ade4uate . 
However, the ability to identify individual tracks adds 
considerable information not otherwise available. 

* This work was done under the auspices of the U. S. 
Atomic Energy Commission. 
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ABSTRACT 

At energies of 10 Bev and higher, it is not easy to 
obtain physically separated beams of 1T mesons and 
K mesons . A hodoscope system is under construction 
which will register the identity of each of 20 particles 
entering a bubble chamber over a 100-f!sec time inter
val. Particle s are localized by a scintillator hodo
scope with matrix elements l em square. Particle 
identity is determined with Cerenkov counters. The 
combined information is displayed on an oscilloscope 
and photographed at each bubble chamber expansion. 

Purpose 

For initial studies of very rare events of certain 
types (e. g., baryon pair production) at high energies, 
bubble chambers (or other visual detectors) must be 
used. To identify bubble chamber events, it is nec
essary to know the identity of the incoming particle. 
The equipment d esc ribed here is d e signed to provide 
incoming-particle identification at very high energies, 
at which physical separation of different particle mass
es is not presently feasible . 

Basic Plan of System 

The plan is to identify and labe l each of 10 to 20 
particles entering a bubble chamber over 100 f'Sec or 
so . Initial planning is for a beam momentum of about 
10 Bev/c. Identification will be accomplished with 
Cer e nkov counters. Each particl e will be localized by 
a scintillator hodoscope . For each particle, combined 
information as to position and identity is displayed on 
an oscilloscope; particle position is displayed on an x-y 
grid, and particle identity is shown by characteristic 
spot shape. Each signal is processed in a fraction of 
a microsecond. The oscilloscope is photographed at 
each bubble chamber expansion. 

Location of Hodoscope; Mapping of Hodoscope 
Onto Bubble Chamber Face 

It is most convenient, with a scintillator hodoscope, 
to locate the hodoscope just ahead of the yoke of the bub
ble chamber magnet . This will place the hodoscope a 
few feet ahead of the bubble chamber entrance window. 

We examine the following probl e m: Given an incom
ing track in the bubble chamber, determine the location 
of that particle in the hodoscope . 

For a typical arrangement, calculations show that 
the principal resolution smear in the mapping of the 
hodos cope onto the bubble chamber entrance face aris
es from the angular divergence of the rays (beam par
ticles) passing through each point of the hodoscope . 
This angular divergence has two sources: (a) diver
gence in the rays arriving at each point of the hodo
scope (because the effective source of the beam is not 
a point source), and (b) multiple Coulomb scattering 

in the hodoscope scintillators. The entire effect, for 
a typical beam layout, amounts to an uncertainty in 
lateral position at the hodoscope of 0.05 to 0 . 1 in. , 
rms. 

Display of Data 

Position of each particle pas sing along the beam 
and through the hodoscope is displayed by analog tech
niques on an x-y grid using a Tektronix 536 oscillo
scope. The oscilloscope beam intensity is pulsed on 
for only a short interval while the spot is in the de
flect e d position. A special tube designed for 10-kv 
operation is used , to permit photography of pulses in
tensified for only 0 . 1 f'Sec or so. 

Each signal is displayed as a short line segment, 
with an angle (with respect to the x-y grid) which indi
cates the particle identity. Thus, 1T mesons are dis
played as short vertical lines, protons as horizontal 
lines, K mesons as diagonal lines. This angle coding 
is accomplished by superimposing suitable sawtooth 
pulses on the flat-topped deflection pulses. Information 
for the angle coding is obtained from Cerenkov counters 
located some distance ahead of the hodoscope . 

Hodoscope Elements 

The hodoscope under construction consists of a 
6;<8-in. rectangular array of scintillator strips, each 
strip about 1;(1 em in cross section. Thus there are 
20 vertical strips 6 in. long, and directly behind them 
a layer of 15 horizontal strips 8 in. long. Each strip 
is viewed by a 931 photomultiplier, the output of which 
triggers a univibrator to produce an x or y deflec
tion pulse for the display oscilloscope. 

Over -All Efficiency 

When an interaction is observed in the bubble cham
ber, we wish to identify the appropriate signal on the 
oscilloscope picture . Identification efficiency will be 
less than lOO o/o for several reasons: (a) position ac
cidentals, (b) time accidental s, (c) imperfect Cerenkov 
counter efficiency. 

For purposes of discussion, we ·consider a positive 
10-Bev/c beam, with assumed composition 50o/o 1T, 5o/oK, 
45o/o p. Position accidentals occur only if there are two 
(or more) nonidentical particles within an unresolved 
region in the hodoscope . (It is expected that the display 
system will be able to show and identify up to two tracks 
through each square hodoscope matrix element.) For 
a typical arrangement, with about 0 . 1 track per square 
hodoscope element, about lOo/o of the tracks will have 
ambiguous space accidentals (including the effect of 
fuzziness of hodoscope mapping). Time accidentals 
will also cause an efficiency loss of a few percent . Both 
position accidentals and time accidentals will result 
only in a loss of properly identified particles, and not 
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in any mislabeled particles {except for negligible higher 
order effects). 

We estimate that imperfect efficiency in the Ceren
kov counters will result in a further loss of a few per
cent in the over-all efficiency. By use of multiple 
C erenkov counters {e . g., two K counters in cascade ), 
ambiguous events can be reduced to a negligible level. 

In summary, we estimate that an over-all identifi
cation efficiency of 80 to 85% can be expected. 

Use of Hodoscope to Display Beam Profile 

Since the hodoscope system completely processes 
and displays each particle in a fraction of a micro
second, the system can be us ed as a "beam finder, 11 

to adjust quadrupole magnets, for example; the only 
requirement on the beam is that the instantaneous 
counting rate not be greater than one particle every 
seve ral microseconds . For beam pulses containing 
on the order of 50 or mbre particles per pulse, the 
eye can be used as an integrator, in conjunction with 
the display oscilloscope. For lower instantaneous 
rates or total rates {or both) per beam pulse, the out
put of the position analog- voltage circuits can be con 
nected to a multichannel pulse-height analyzer with, 
for example, an arrangement whereby successive rows 
of the hodoscope are recorded in successive sets of 
channels . Thus, for example, with a 16X: 16 hodoscope 
m atrix, the output voltage can be arranged, simply, 
to equal B{x + 16 y). With the gain B suitably adjust
ed, the 16 successive groups of 16 channels in a 256-
channel analyzer would then r eco rd the total numbers 
of particles in each of the 16 rows of the matrix, 

Discussion 

Von Darde l: This is a hodoscope used with the 30-cm 
hydrogen bubble chamber at CERN. 

The hodoscope shown in Fig. A has been designed 
to be mounted against the entrance window of a bubble 
chamber, so as to provide accurate information on the 
point of entry of identified particles in the bubble cham
b er, even if these particles have a large divergence. 
Since the magnetic field precludes the use of scintilla
tion counters without elaborate light piping, proportional 
counters were used operating at atmospheric pressure . 
The hodoscope consis ts of two layers, each containing 
ten 1 X: 10- cm proportional counters, in a common gas 
envelope . The signals are amplified by transistor pre
amplifiers mounted on the hodoscope itself and are 
gated by a master gate from a counter system, which 
precedes the hodoscope and is capable of identifying 
particles up to 20 Ge v/c {s ee Paper IV.3). 
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Fig . 1. Hodosco pe counter with two layers 
of 10 proportional gas counters, complete 
with preamplifiers . 

ray tube with 24-kv postacceleration. Discharging one 
counter in each of the two layers of the hodoscope gen
e rates two square pulses which are applied to the hori
zontal and vertical deflection plates. The pulse size 
indicates the position of the discharged counter so that 
the display on the oscilloscope g i ves, in analog form, 
the point of entry of the particle in the bubble chamber. 
Auxiliary circuits generate calibration points along the 
axis of the display and inhibit the display of events 
whi ch discharged more than one counter in each l ayer. 
Additional counter information- - for example, concern 
ing the identity of the particle--can be recorded either 
by displac ing the points in the display or by l engthen 
ing them to a line. Since the recording time is about 
10 fiSec, several tracks can be labe l ed during a single 
burst. 

During a test of the hodos cope with the 30 - em hy
drogen bubble chambe r in a 16 - Gev/c 'If - beam, the 
counters and circuits performed as expected. It was 
found, however, that a large fraction of the beam par
ticles caused more than one of the counters in one lay
er to discharge. We attribute this effect to knock - on 
electrons o r other secondary particles from inter
actions in the chamber wall, which curve backwards 
in the magnetic field . For this reason it may be nec
essary to mount the hodoscope some distance away 
from the bubble chamber. 

This work has been done by M . Vivargent, R. 
Milburn, M. Rou sseau, and me . 

The system chosen to displaythe hodoscope infor-
mation on the bubble chamber picture is very similar *work supported by the U. S . Atomic Energy Com-
to that just described, and makes use of a 5-in. cathode- mission. 
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Introduction 

The CERN propane bubble chamber a t pres ent be
ing assembled will have a wo rking v olume of 500 liters 
in a m agnetic field of about 24 kG. Some intere s ting 
phys i cal proble m s have b een encountered in its con 
struction. 

Fig. l. Partially dismantle d model (plan view). 

l. General D es i gn o f the Chamber 

A design 1 h as b een chosen for t he chambe r which 
compromises between exper imental convenience and 
the proble ms of technical d evelopment, const ruction 
time, and available materials, Figur e 1, a view of a 
partially dismantle d mode l, shows the body and verti 
cal window in the c ir cular coils of the r ect angular mag
net y oke . The us eful diamet e r of the sensitive r egion 
is 115 e m, which is 0 .8 5 of the inner diamet e r of the 
magnetic coils. 2 

By means of a specially constructed coaxial valve 
the expansion system has been kept s ymmetrical about 
the axis of the chamber, shown in section in Fig. 2. 

2. Chamber Body and Glass Window 

The chamber body, which has been tested to 100 atm, 
is made of circular stainless steel forgings, mirror 
finished internally as s hown in Fig. 3. 

One of the most important considerations in fixing 
the diamet e r of the cha mber has been the ava ilability 
of glass windo w s . Lar ge piece s of glass a r e extremely 
difficult to obtain with a dequate optical uniformity, but 

Fig. 2. Section of the chamber in the magnet. 
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Fig. 3, The chamber body. 

one maker has supplied a test window of crown glass 
115 em in diameter and 25 em thick, weighing 700 kg. 

This window is supported by rubber gaskets, whose 
dimensions have been adjus ted to within 0.02 mm to 
distribute the supporting stress uniformly a round the 
periphery. During testing the unsupported load of 500 
tons on the window causes the compression modulus of 
the rubber to become about 100 times that in the uncon
fined state, as shown in the experimental results in 
Fig. 4. 

At each stage of the mounting and testing the window 
has been inspected in polarized light, to be sure that 
the inherent circularly symmetrical internal stress 
distribution in the glass was not distorted. The window 
has been tested for 1 hour with a pressure difference 
of 35 atm and for 1 minute with a pressure difference 
of 60 atm. 

When the chamber operates, nitrogen in the safety 
tank will be kept at a pressure equal to the static pro
pane pressure by means of a slow-acting hydromechani
cal servo regulator, so that the window will be subject 
ed to a pressure difference only during the actual ex
pansion cycle. 

In the interests of safety the pressure in the safety 
tank will always be higher than the pressure in the 
bubble chamber. 

It is hoped to achieve a high value of m. d. m, and 
great care has been taken with the temperature control 
of the chamber body. 3 Six thermostated water-circu
l a ting systems can be arranged to control separately 
the temperatures of sections of the body and safety 
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tank. However, when required, such as during stand
by, it will be possible to ensure a uniform temperature 
over the whole chamber by switching a mixing unit into 
the circulating system. The temperature of the nitro 
gen in the expansion system can also be controlled, and 
electric heaters have been installed in the base of the 
chamber, which is also a magnetic pole, A block dia
gram of the temperature-control circuit is shown in 
Fig. 5, 

Fig. 5, Temperature c ontrol of bubble chamber. 
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Fig. 6 . Example of charged- particle trajectory 
entering the chamber. 

3, The Magnet 

The chamber is completely immersed in a horizon
tal axial magnetic field. Particles will enter the cham
ber through a slot in the magnet yoke and a hemispheri
cal window in the body. The circular symmetry is con
venient, since the particular direction of particles en
tering the chamber is not critical, A typical trajectory 
diagram4 is shown in Fig. 6. 

A section through the cast steel yoke of the magnet 
and the water-cooled coils can be seen in Fig. 2. A 
dissipation of 4.5 Mw will produce a field of 24 kG at 
the center of the bottom of the chamber, decr e asing by 
5o/o towards the center of the inner face of the window . 

The coils dissipate up to 2 kw per meter of conduc
tor and the bursting force is equivalent to a pressure 
of 50 atm. To give sufficient mechanical strength it 
has been necessary to wind the coils from half-hard 
copper, work-hardened after brazing in the vicinity of 
the joints. A prototype coil has withstood 1000 heating 
and cooling cycles and an insulation test completely sub
merged in water. 

Fig. 7. Expansion valve, partially dismantled. 

FROM 
COMPRESSOO 

TO 
C<l'IPRESSOO 

Fig. 8. Scheme of the e xpansion circuit . 

4. The Expansion System 
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The chamber will be expanded by means of a rubber 
diaphragm against a hole plate, to give a maximum 
expansion ratio of 3o/o. To minimize the dead volume 
a special coaxial flexible sleeve-type expansion valve 
shown in Fig. 7 has been designed, which is controlled 
by 17 Barksdale valves in two rings. 5 The system will 
work with nitrogen from a compressor of 400 hp. Co
axial expansion reservoirs permit the manifolds to be 
short and give a compact form to the total of reservoirs 
required for the system shown schematically in Fig. 8. 

The expansion has not yet been tested on propane, 
but the time cycle of Fig. 9 has been obtained in a test 
run with a filling of water and nitrogen to simulate the 
compressibility of propane. 
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Fig. 9. Pressure vs time (10 msec/division) 

during expansion tests. 
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5. Optica l System 

Illumination of the bubbles will b e by means of 
eight symmetrically disposed flash lamps located axi
ally near the inne r surface of the chamber , The princi
ple of the illumination system is shown in Fig. 10, 
where it will b e seen that because of the mirror finish 
of the walls, the smooth black chamber diaphragm and 
the window toge ther act as a multiple-reflecting light 
trap. Total internal reflection prevents light from 
escaping directly from the lamp tubes to the cameras. 
Only suitably scattered or reflected r ays can reach the 
cameras. 

Fig. 10 . Principle of illumination system. 

Figure 11 shows the appearance of bubbles on 
stretched wires in a one -third-scale optical model of 
the chamber illuminated by four axial l amps. The 
measured light distribution in the model is shown in 
Fig. 12; it will be noted that the maximum variation 
in intensity of illumination is less than a factor of four . 
With eight lamps this factor should be even less. 

Fig. 11. Picture taken in the optical model . 
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Water -cooled fins surround the lamps. Although 
not essential to the principles of the optical design, 
they will permit the control of the heat balance of the 
chamber and reduce the light flux in the window, which 
would accentuate minor defects in the glass . It is ex
pected that there will be sufficient light, despite the 
fins, to permit the use of narrow- band filters on the 
cameras. 

Three cameras using 70-mm film with a demagnifi
cation of 16 : l will be symmetrically located at the end 
of the safety tank with optical axes on a pitch cylinder 
of 97 em. 6 The layout of the camera system is shown 
in Fig. 13. Auxiliary data relevant to the photograph 
will be placed on the sector - shaped part of the emulsion 
by photographing a separate information box att<lched 
to each camera. 

The practical limitations of the optical system due 
to deviation and dispersion in the glass window and the 
properties of the film and lenses hav e been studied ex
perimentally. lsoresolution surfaces have been plotted, 
and Fig . 14 shows typical results for the resolution in 
object space of a N . B.S. chart for various depths in 
the chamber. In practice the absolute resolving powers 
so obtained are not directly applicable to bubbles, but 
the relative magnitudes are significant. As might be 
expected,the results over an aperture range of f/5 . 6 to 
f/16 are little dependent on the make of the lens; the 
resolution is mainly film-limited. Various films have 
been tried, and for the type of test object used the par
ticular compromise of film speed and stop is not criti 
cal. A final choice will be made experimentally when 
the chamber operates, 
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STEREOSCOPY FACTOR 1:5.45 

Over more than 99o/o of the chamber aperture, and 
for a transmitted ray n ear normal incide nce, the devi
ations due to refractive - index variations in the test 
window are less than 1 min of arc. 
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Dis cussion 

Mullins: H ew much energy is used in the flash tubes? 

Ilb.l l 

Ramm: We have 1000 joules available, but we hope 
to operate with l 00 joules. Experimental data ar e not 
yet available . 

Mullins: D o you anticipate difficulty with boiling 
around the fins on the flash tubes? 

Ramm: No, because the fins are not in the propane. 
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Abstract 

A heavy-liquid bubble chamber 15 in. in diameter 
by 14 in. deep and an associated 20-kG de electro 
magnet have been constructed and operated by the 
Cambridge Bubble Chamber group. (The group has 
members at Brandeis, Brown, and Harvard Univer
sities, and at the Massachusetts Institute of Technol
ogy. ) 

The main new features we wish to report are: 
(a) The successful operation of the system with a 

ternary mixture of methyl iodide, propane, and ethane 
and with an adjustable radiation length. (We are cur
rently operating with 50o/o CH3I, 25o/o C 3HR., and 25o/o 
c 2H 6 by volume and a radiation length of "8 em at oper
atmg temperature), The operating pressure and tem
peratur e are 510 psi and 80°C, and the density of the 
mixture at the operating point is 1. 20 g/ cc. 

(b) The inclusion in the bubble chamber system of 
pressurized safety boxes to support the chamber win 
dows, 

The Cambridge Bubble Chamber Group has con
tinued the development of high-efficiency y - ray-de
tector bubble chambers based on the short radiation 
length of methyl iodide (3.9 em at room temperature). 
We have constructed a chamber 14 in. deep by 15 in. 
in diameter which has been operated successfully at 
Brookhaven National Laboratory in a 1.1 - Bev/c ,. 
beam. The chamber is equipped with a diaphragm ex
pansion system and a simple bright-field illumination 
system for photography. A 20-kG magnet has been 
provided to aid in momentum and charge determination. 

The earlier difficulties encountered with methyl io
dide mixtures seem to have been largely overcome . 
The chief problem with methyl iodide is that it dissoci
ates rather quickly at temperatures greater than 100oc, 
liberating free iodine. The free iodine renders the 
liquid more and more opaque with time and eventually 
makes photography impossible. The dissociation of 
CH3I seems to be sped up or catalyzed by the presenc e 
of water in the fluid and by contact with the stainless 
steel walls of the chamber, We tried a series of ex
periments on this phenomenon, using a small test 
chamber, and found that if the CH3I was kept at or be
low 80°C there was no noticeable free iodine present 
after such periods as a week. At loooc, however, 
there is significant loss of transparency in 2 days . 

In order to overcome the above difficulties we tried 
mixtures of high- vapor - pressure hydrocar bons and 
methyl iodide. The idea is to build up the vapor pres
sure of the system with the hydrocarbon and thus 
achieve track sensitivity at lower temperatures, If 
one sets a lower limit on the acceptable radiation 
length of about 10 em, as dictated by efficiency con
siderations involving the geometry of the chamber 
and the signal-to-noise problem due to stray y - ray 
conversions in the chambers, the volume fraction of 
CH3I cannot be decreased below about oAo. The radi
ation length of the mixture is largely independent of 
the nature of the admixed hydrocarbons, so that these 

are a matter of free choice determined by the operat
ing properties of the resultant bubble chamber fluid. 
Binary mixtures of propane and CH3I have been tried 
by us and by others, These mixtures have to be run 
at 110 to 120°C for a 10-cm radiation length, and ex 
hibit the unpleasant property (discussed above) of lib
erating iodine. We tried using other hydrocarbons 
than propane, such as ethylene and ethane. Neither 
of these was satisfactory in a binary mixture with 
CH3I. Neither ethane nor ethylene was found very 
miscible with CH3I when used in binary mixtures . In 
addition, ethylene is an unsaturated hydrocarbon and 
seemed to attack the fluorocarbon 0 rings (Viton - A) 
used at the seals. It should be mentioned that ethane, 
too, seems to slowly soften the 0 rings, but this has 
not been a serious problem, The next step was to try 
ternary mixtures , It was quickly found that if some 
propane was added to CH3I, the resultant mixture be 
came miscible with ethane. Such mixtures of methyl 
iodide, propane, and ethane operat e very nicely as 
bubble chamber fluids. They have a high vapor pres
sure at a low operating temperature and so far we have 
had no problem with regard to liberation of free iodine. 
We are currently using a mixture composed of 0.5 
CH3I, 0,25 c 3H 8 , and 0.25 c 2H6 by volume. The op
erating pressure is 5 10 psi and the density of the mix
ture is 1.2 g/cc at the operating temperature of aooc . 
The radiation length of this mixture is 8 em, and can 
easily be adjusted up or down by 20 o/o with no signifi
cant change in operating characteristics . The mean 
free path for conversion of 100 - Mev y rays in this mix
ture is about 13 em. The only drawback so far encoun
tered with the ternary mixture is the occurrence of a 
certain amount of spontaneous boiling within the fluid 
upon expansion and in the absence of any radiation. 
The phenomenon is not reproducible and is not yet un 
derstood by us. The spontaneous bubbles start grow
ing immediately upon expansion and are usually larger 
than the track bubbles at the time of photography, with 
a maximum of about 50 bubbles visible on a 3 ;( 3-in. 
a r ea; however, they do not seem to cause any difficul
ty in scanning or measurement and hence the problem 
is more an aesthetic one than a practical one. 

The efficiency of our chamber is about 35o/o for de 
tecting both y rays from the ,.o in AP - N + ,.0 and a b out 
80o/o for detecting two or more y rays from the two nO 
in eO - nO + ,.0. These efficiencies have been calcu
lateJ by a Monte Carlo calculation on the processes 
cited for A. 0 - eO production on hydrogen by an incident 
,. - of 1.1 Bev / c and for decay in the fiducial volume of 
the chamber. 

Another nice feature of the mixture is the presence 
of hydrogen with a partial density comparable to that 
of liquid hydrogen, so we may investigate neutral ,.0 
from direct interactions with protons and from the de
cay of strange particles produced in direct interactions. 
The magnetic field permits momentum measurements 
with a dispersion of about 25o/o for fast heavy particles . 
It is invaluable for the determinat ion of the sign of 
charge, for example, the selection of charged-mode 
decays of A.0 and e0 from two - prong neutron-induced 
stars. (See Fig. 1) 



134 

• 

Fig. l. Production of f:oO and e0 
and de

cays,AO-p+7T-, e -z7T0-4y . 

We have found it necessary to equip our chamber 
with 1000-lb-test pressurized safety boxes, enabling 
us to hydrostatically support the two 2-3/4-in. -thick 
tempered glass windows of the chamber. The vessels 
are filled with helium to approximately the vapor pres
sure of the working fluid in the chamber . The chamber 
is viewed b y illumination flashlamps , cameras, and 
personnel through tempered glass ports, 1-1/4 in . in 
diamet e r by 1-1 /4 in . thick,in the end plates of the 
safety boxes. 

The inclusion of the safety boxes in the system was 
inspir ed b y an experimental study by our group of the 
dynamics of glass window failur e. The experiment in
volved a mockup of a hydrocarbon bubble chamber and 
safety boxes . The salient r esults of the experiment 
were: 

(a) In the absence of any hydrostatic support, the 
glass ejected by a propane-filled chamber attains ve-
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locities of 100 to 200m/sec after moving through dis
tances of the order of 1 m . 

(b) The glass comes out in a "package" with linear 
dimensions 5 to 10 times the thickness of the glass. 

(c) The smaller the fragments th e higher the ter 
minal ve locity. 

That the glass comes out in a package and with 
such high velocities makes it impractical to try to con
tain the explosion and impact . The momentum trans 
fers to the end plate b ecome too large for steel bolts . 
When the helium-filled safety box is provided and the 
glass broken at a given vapor pr essure of mixture the 
pressures on both sides e qualiz e within a few milli
seconds and the glass never acquires any appreciable 
velocity. In fact, there is nothing to prevent one 
from providing an over p ressur e in the safety box and 
having an implosion, damped by the liquid, in the event 
of failure. 

Footnotes and References 

* This work "-s supported in part through AEC Contract 
AT(30-l)-2098, b y funds provided by the U.S. Atomic 
Energy Commission, the Office of Naval Research, 
and the Air Force Office of Scientific Research. 
1. J. C. Street in Proc eedings of the International 
Confe rence on High En e rgy Acc e lerators and Instru
mentation, CERN 1959 . 
2. Guerri e ro, Pless, and Hyman, E xpe rimental 
Dynamics of Bubble Chamber Window Failure, sub
mitted to Rev. Sci. Instr . 

Discussion 

Alvarez: Why do you not continuously purify the 
methyl iodide in order to remove the free iodine? 

Rosenson: There we r e various attempts to do that, 
but all had bad side effects and re sulted in the intro
duction of substances that etched the windows or 
attacked the diaphragm. 
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Joint Institute for Nuclear Res earch 
Dubna, USSR 

Presented by V. P. Dzhelepov 

The instrument is intended for conducting research 
with high-energy particles at the 10-Bev synchrophaso
tron at the Joint Institute for Nuclear Research. 

The main element is a l arge bubble chamber, placed 
within the central field of an electromagnet (Fig. 1) . 
The magnet (175 tons) produces a constant magnetic 
field of 15,000 oersteds in the central r egion with a 
coil current of 1300 amp. The cent r al region of the 

Constant regime 

~ = 15500 oersted; 
T = 13 300 A; 

decrease of voltage in coil, 
t::.V=l60V; 

J 

Section olonQ A, B, C, and D 

2,5 1 2,:! I 
T=l2 sec 

i 

<t 

& II I~ I ! A I~ 

magnet has dimensions of 1.4XO. 7i'(0 . 6 m . The magnet 
requir e s about 2 M w. The coils of the magnet are 
supplied from two constant-current generators wired 
in parallel, and provision has been made for pulsed 
operation. Its yoke consists of 5-mm steel sheets . The 
generators are supplied with 40-ton flywheels which 
develop a large momentum. In the pulsed mode, one 
generator produces the same intensity field for 1 second 
with a current of 1800 amp. The diagrams of various 

Volume of the working 
chamber, V = 200 liters 
volume of the outer body,4D 

V = 900 liters; 
calculated pressure, 

P = 40 atm. 
Material: antimagnetic 

stainless steel, 

drop in water pressure, 
t::.p = 5 atm; 

overheatin& of water, 
t::.t = 50 c. i t(sec) IX 18 H9T. 

lsf pulse mode: H0 =15000 oersted Possible fillings 

T=l2 sec 

t(sec) 
2nd pulse mode: H0 = 18500 oersted 

T= 24 sec c 3H8 ; C
3

HB + CH 3 T; Freon.10 

Total we1ght of chamber, 
P = 4000 Kg; 

weight of magnet, 

t(sec) 
3rd pulse mode: H

0
= 20000 oersted 

-175 ton s . 

Fig. 1. Bubble chambe r in the magnetic field 

10 20 .JO "0 
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Preliminary results of 
calculation of time for flow of gas 

from val ve (I) and water from 
expansion pipe (II). 

Diameter of exhaust opening 
of valve, cj>lOO mm; 

diameter of pipe, 
cj>200mm. 
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pulsing modes are shown in Fig. l. 

I. The Chamber 

The outer vessel is a flanged tank 1.4 m high, 1.6 m 
long, and 0.8 m wide . The tank is fabricated of two 
cylindrical vessels, each cut parallel to its axis and 
welded together with flanges (Fig. Z), The chamber is 
welded of sheets of ZO -mm nonmagnetic stainless steel 
(1 ;<18 N9T type); it is designed for working pressures 
up to 40 atm. The chamber is made from corrosion
resistant steel and, if necessary, can be filled with 
various liquids, including chemically active ones , such 
as mixtures of methyl iodide and propane. 

Fig. Z. General view of the chamber and 
control panels for filling and purifying . 

Careful tests of the body of the chamber , using up 
to 40 strain gauges installed at various points, have 
shown that the chosen material and high-quality welding 
has produced a vessel of the necessary strength to per
mit pulsing the chamber pressure from 40 to a few atm. 

There are openings in the body of the chamber for 
illumination, photography, visual observation (with the 
help of a telescope-periscope), and television observa
tion. There are also openings for an expansion system 
and other instrumentation. The inner chamber is made 
in the form of a thin- walled box with dimensions l , 050 
mm. ;(500 mm A 380 mm (the volume is approx ZOO liters). 
The top and bottom of the box are thin plane glasses , 
the lower of which is fastened to the box with a flexible 
support. Particles are a dmitt ed to the chamber on the 
logitudinal axis through a 6-mm-thick steel window, 
80;(600 mrn, in the end wall of the body of the chamber. 

The chamber is automatically controlled and its 
timing is synchronized with the accelerator from a re
mote-control panel. In normal operation, the inner 
chamber is filled with the working liquid and the outer 
chamber is filled with distilled water , through which 
the expansion system acts. In this type of operation 
the chamber equipment is working under the most fav
orable conditions and it is possible to obtain the highest 
accuracy in measurements, However, all the a uxiliary 
equipment is designed to take into account the possibility 
of using the chamber when it is completely filled with 
the working liquid, or an upper magnet pole may be 
added in place of the upper part of the outer vessel and 
then only the lo wer part of the exterior chamber is 
filled . 

Tracks of particles in the chamber will be photo
g-rar-hed with specially designed objective lenses pos
sessing the following characteristics: f = 95.6 mm; 
viewing angle in air, Zfl = 87 deg (in water, lOOo/o); 
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resolution at the center, 40 lines/mm; at the edge, 
ZO or ZS lines/mm. 

The objectives are corrected for spherical and chro
matic aberrations and distortions introduced by water, 
glass, and propane, The lenses are separated 335 mm 
longitudinally and 400 mm transversely. Because dis
tortions are corrected for viewing angles up to 50 deg, 
six l enses are used for photography. The center pair 
of l enses looks over all the working volume of the 
chamber, the side ones only the ri ght and left parts of 
it (Fig. 1). The photography is done on 80-mm film. 
The magnification is 1:7 . 7. The chamber is illuminated 
with two IFP-4000 flash lamps . The lamps are placed 
in front of the windows in the bottom of the chamber. 
The l enses are designed in such a way that when only 
the inner chamber is used, a more effective method of 
reprojection may be used. In addition to that, the 
momenta of particles ,:S ZOO Mev/c will be determined 
with an accuracy of 10 to lSo/o. If the distortions intro
duced by the glass, wat er, and propane are taken into 
account, accuracy may be increased several times. 

In schemes "without the inner chamber" it is pos si
ble to use the same lenses, r emoving most of the dis
tortions by introducing additional glass plates between 
the lenses and the active volume (for partial restoration 
of the true length of the optical path). Further corrections 
can b e taken into account on a computer program. 

The chamber will be preheated up to working temper
ature and the t emperature will be controlled with electric 
h eaters, regulated by an automatic potentiometer (EPP-09 
and EPB-01); lZ thermocouple gauges will be used to 
control the temperature. Thermoinsulation will be styro
foam and "mypora. " The chamber i s of the volume
limited type (in the expansion system the movement of 
the rubber diaphragm is limited by two plates) . However, 
the use of a damper in the expansion system will permit 
using it for work in a pressure-limited mode . 

II . The Expansion System 

The general design of the expansion system is clear 
from Fig. 1. A gas valve is its most important ele
ment. Design and manufacture of a fast-acting valve 
for bubble chambers of small dimensions is not difficult, 
but the design of a compact, good, and reliable valve 
for a large chamber is a unique and rather difficult 
problem. It is not surprising therefore that most op
erating chambers use either two three-stage valves 
separately performing the expansion and recompression, l 
or several valves (up to 10), operating in parallel, of 
relatively small dimensions but double-acting. Z 

The valve we developed is a two-stage one. It pos
sesses sufficiently high speed, combines the expansion 
and recompression operations, and has relatively small 
dimensions . A general view is shown in Fig. 3. Tests 
have shown that the valves allow 15 liters of gas to ex
pand from 40 atm to nearly l atm in Z5 msec through an 
80-cmZ orifice; it takes 55 or 60 msec to fill a 15-liter 
volume to 40 atm through a 34- cmZ orifice . 

Owing to certain hydrodynamic effects, the charac
teristics of the valves change to some extent under the 
actual working conditions of the chamber filled with a 
working liquid. But, as shown by calculations3 (see 
the graph in Fig. l), the expansion-and-contraction 
time increases about 10 msec, which is still fully satis
factory . 

The valve operates in the following way. Coil I, the 
controlling electromagnet ( l ). is normally e nergiz ed ; in 
this position, shown in the diagram (Fig. 3), the plung-
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Fig. 3, F ast t wo- s tage d ouble-action gas 
valve . 
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passed through the coil winding III in the same dir ection 
as winding I. The plunge r comes down rapidly, the 
"mushroom 11 covers the exhaust opening, and the D 
valve opens, allowing the gas at pressure P 1 into 
volume V2. Pressure P1 also forc es the cylinder 
then to r eturn to its initial position. 

An oscillogram of pressure c hanfe in volume V 1 
obtained with a capacity transduc er is given in Fig. 4a. 
The pressure-time d e lay in the first stage from the 
moment of actuation of coil II is 7 ms ec; the time 
stability is better than 1 msec. Sharp oscillations in 
pressure, noti ceable on the oscillogram, are caused 
by strong compression of the gas in the first stage 
when the cylinder is moving upward. This is favorable 
in tha t it prevents the cylinder from dir ectly hitting the 
upper surface of the valve. The pressure in volume 
V2 changes as shown in Fig. 4b. The pressure time 
delay in this case is 24 ± 1 msec, and it takes 22 ± 1 
msec for the pressure to decrease to 3 atm. Several 
t housand operations of the valve did not cause essential 
changes in the quality of the rubber gaskets or the state 
of the sliding surfaces. Simultaneous and r e li able seal
ing of the two gaskets did not present serious difficulties. 

a) 

er (2) is down and the "mushroom" (3) covers the ex
haust opening of the first stage (4) . The D valve (5), 
rigidly connected with the mushroom, is open and gas 
under pressure P 1 is allowed into volume v 1 of the 
first stage. A rubber diaphragm (6 ), dividing the stages 
of the valve, under pressure P 1 rests on the upper end 
of the sliding cylinder (7), which is in the lower position, 
Gaskets ( 1r1 a nd 1r2} isolate the volume V 2 from the 
atmosphere and c onne ct it with two headers K 1 and 
K2. Gas under pressure P 2 passes into the chamber, rfj 
as shown in Fig. 3 by the dott ed line, from the collec-
tors along the distributing pipes into the surrounding 
circular channel (8) in the valve body (9). The gas 
moving between the int e r n al and external walls (10) 
of the cylinder passes through the openings (11) which 
surround the seat (12) into volume v2• For a pressur e 
decrease in volume V2 a current puls e is passed 
through coil II of the m agnet , compensating for the 
e ffect of coil I; the plunger (2) and ''mushroom" (3) 
are forced upward by pressure P 1 , thereby connecting 
volume V 1 with the atmosphere. At the same time 
the D valve (5) clos es, stopping the flow of gas into 
the first stage. Following this the cylinder starts to 
rise and gas from volume v2 e nters the cylinder after 
the gasket tooth rises above the lateral edge (13) of the 
seat; at the same time the outer wall of the cylinder 
covers openings in the fittings (14), cutting off the gas 
from entering volume V 2 at the time of expansion. 
The gas from V2 goes into the constantly increasing 
angular gap between the saddle edge and the gasket 
tooth, through the window,s in the wall of the cylinder 
and in the body, and out into the atmosphere . 

During subseque nt movement of the cylinder it rises 
so much that the gas in volume V 2 has the added pos si
bility of going into the atmosphere through apertures 
in the outer skirt of the cylinder and through windows 
in the body. In this way, the openings, approx 34 cm2 
in area, are used both for expansion and (in the position 
shown in Fig. 3) for compression. Because the cylinder 
ris-es quite quickly, expansion occurs in both channels 
practically simultaneously. In order to obtain pressure 
1'1 once more in volume V 1, a pulse of current is 

40 
-., 
! 
~ 
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r-:: 

0 

t (.psec) 

Fig. 4 . Oscillograms of pressure changes, 
Above: in volume I. <j> 18 mm, 

p . ::::2 atm. 
Below: in~6'!ume II, <j> 100 mm, 

p . ::::3 atm. 
mln 

Finally, it should be noted that the proposed design 
of the valve is especially advantageous in a pplication to 
bubble chambers of large dimensions where the diamete rs 
of the exhaust openings must be of the order of 100 mm 
or more . This is illustrated by the graph in Fig. 5, 
showing the dependence of pressure P 1 of the pilot 
valve on the diameter of the exhaust opening D 2 (of the 
second stage) for conventional and n ew designs (Fig . 6). 

We expect that with the described valve and expansion 
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Fig. 6. Schemes of valves of (left ) conven
tional and (r ight) new d esigns . 

system, the chambe r will b e abl e to operate with a per
iod of about 10 to 12 sec and thus to record particles 
from each cycle of acceleration of the synchrophasotron. 

III. Principal Nuclear Characteristics of the Chamber 

The length of the working chamber, 105 em, coincides 
with the mean free path for the nuclear interaction of 
n mesons and nucleons of energies of the order of 1 to 
2 Bev, and the refore the probability is high of observing 
events of primar y and especially of secondary particles. 
The dimensions of the chamber significantly exceed the 
de cay length of heavy unstable particles (hyperons and 
antihyperons), even with momenta 7 to 8 Bev/c, under 
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conditions of formation in the interval 0 to 35 emS; in 
addition, the paths of decay products a r e 25 to 30 em, 
which is fully adequate for estimates of signs and mo
menta of decay products, and consequentl y for the reli
able identification of the decaye d particles . The prob
ability of y - ray convers ion with e nergies of several 
hundred Mev, under our conditions, reaches 35o/o. This 
creates satisfactory conditions for the study of neutral 
unstable particles, decaying with the emission of nO 
mesons . 

A large content of hydrogen in propane (0.1 g/cm3 ) 
with a chamber of this size provides cons ide r able effici
ency for the observation of high- ene rgy particles inter
acting with hydrogen. 

At a magnetic field intensity of 15,000 oersted and 
with the mean free path of the particle with momentum 
p = 5 Bev/c (E = 4 Bev, En= 5 Bev) equal to 70 em, 
h = 300 W 2j8 pc is 5.5 mm, which gives sufficiently 
high accu racy of m easurement of momentum up to the 
indicated energies. The errors in the determination 
of the momentum, caused by multiple scattering (fals e 
curvature ) of n mesons and protons in propane,are 
given by 

5 ; -
pp = ~ 

E s 

where E = 21 M ev, x
0 

= radiatlon length. In a mean 
free pathsof 70 em and for momentum approx 300 Mev/c, 
these are 6 . 3 and 8 . 7 o/o ; fo r momentum of 2 Bev/c they 
are 5 and 6o/o respectively. On a track 70 em long it is 
possible to measure the ionization quite exactly, and to 
differentiate n mesons from protons with momentum 
up to 1300 Mev/c and n mesons from K mesons up 
to 800 Mev/c (according to the data obtained by the Van 
Gan-Chan group) . 

All the foregoing gives us confidence that, by means 
of the described system, we could, under favorable con
ditions, study a whole type of uninvestigated processes 
such as 

(a) production and decay of hyperons and their anti
particles with the emission of neutral unstable particles, 
e. g. ' 

0 
n ' ~+- p + n° ' etc.; 

(b) the interaction of hyperons and antihyperons with 
nucleons and nuclei; 

(c) l eptonic decays of high-ene rgy hyperons, for ex
ample 

0-- 0 ±± + 
A - f1 (e ) + p + v, A - f1 (e ) + e + n; 

and others . 

There is no doubt that the system will not only make 
possible the study of rare and n ew phenomena, but also 
yield rich statistical material, necessary for the estab
lishment of precise quantitative conformities in an 
ar ea of relatively investigated processes, occurring 
at particle energies to 10 Bev. 

Footnotes and R eferences 

1. A . I. Alikhanyan, N. M. Veremeev, A . M. Galper, 
V. G. Kirillov-Ugryumov, L. P. Kotenko, L . A. Kyzin, 
E. P. Kuznetsov, and Yu C. Popov; in Proceedings of 
the Conferenc e on Accelerators and Instrumentation, 
Geneva , 1959. 
2. W. M . Powell, W. B . Fowler, and L. 0 . Oswald, 
Rev. Sci . lnstr . f..'l., 879 (1958) . 
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was solved. The pressur e change p(t) in the chamber 
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was studied as the result of the superposition of two 
simultaneous processes: (a) outlet of gas from the 
exhaust opening of the expansion system and (b) elastic 
expansion of liquid at initial pressure p(t) with its suc
ceeding outflow through the pipe of the expansion system. 
In order to describe process (b) an equation of the 
form 

(p-pl )/ Pwater 
c 

was used, where C is a coefficient, taking into account 
the change of the liquid volume in the chamber with the 
pressure change; p and p. are pressure in liquid and 
in gas; 1, d, and f are the1 length, diameter, and area 
of the pipe of the expansion system, respectively; )1. 
is the coefficient of friction of the liquid, Process (a) 
was considered as ideal liquid movement with adiabatic 
change of pressure . Under these conditions the equation 
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describing Process (b) is of the form 

y [ ..e p l 
V 1 + (P- P w) C 

t.!_ 
2y 

where V 
1 

is the total volume of the cavities of the ex
pansion system conta1n1ng gas; .8 is a numerical co
efficient, determined by the valve diameter, maximum 
pressure, and gas density; y = Cp/Cs = 1.36 for air, 
and Pw is the operating pr e ssure, The nume rical 
solution of the equation together with the equation for 
gas outflow allowed us to determine the dependence of 
values p and p 1 on time and parameters of the pipe 
1 and d, as well as on the valve diameter dvalve' 

4. A capacity manometer was used, similar in design 
to that referred to by E . B . Kyznetsov, PTE l, 58 
(1956). 0 -
5. The mean free path for decay of the A particle 
with momentum 7 Bev / c is about 45 em. 



II b . 14. A 300- LITER HEAVY - LIQUID BUBBLE CHAMBER 

A. Rousset 

Ecole Polytechnique, Paris 

A 300 - liter bubble chamber has been built at the 
Physics Laboratory of the Ecole Polytechnique . (T he 
chamber was built by physicists M. Bloch, A. L a 
garrigue, P. Rancon, and A . Rousset, with the tech 
nical assistance of L. Bronicki, L. Carlino, R. Du
ranton, M. Grand, P. Que'ru, and M. Reposeur.) 
This chamber o perates in a magnetic fie l d of 20, 000 
gauss with propane and mixtures of freon and propane. 
With a mixture of 50% propane, 50% freon (by volum e), 
momentum measurements can be performe d with an 
accuracy of the order of lO o/o . At the same time, we 
can obtain informa tion ar isi ng from the use of a dense 
high-Z medium, making use of stopping power and 
y-ray detection . 

Descr iption of the Chamber 

The v isible vo l ume of the c hamber is 100 X 52 
X 4 8 . See Figs . 1 and 2. 

The chamber body h as been machined out of a 
forged stainless stee l b l ock . The massive steel parts 

Fig. l. 300 -liter propane and Fr eon bubble 
chamber . 

Fig. 2. General view of the E cole Poly 
technique h eavy - liquid bubble chamber. 

necessary to withstand the pressure stresses of the 
chamber are also used as the magnetic return path. 
In front, a mild stee l frame holds the 16 - cm - thick 
nontempered glass window. 

In th e back, a mild stee l plate holds a reinforced 
rubber membrane . Twelve pneumatic val ves for ex 
pansions and r ecompressions are embedded in this 
p l ate. These valves are controlled by electromagnet 
va l ves p l a ced outside the magnet. 

The top and the bottom of the chamber are support
ed by thick stainless steel beams which hold the tem
pered glass side windows and four 1 -meter -long flash 
tubes providi n g side illumination of the chamber . E ach 
flash tube uses 50 joules per pulse. 

The magnet has a hollow pole piece at the location 
of the main window . In order to get as uniform a 
magnetic field as possibl e the coil on that side h as 
l. 7 times as many ampere -turns as the coi l on the 
membrane side. With a power of 2.25 megawatt s the 
magnetic field h as been measured as 20, 000 gauss and 
is uniform to within l ess than ±5o/o in the visible vol 
ume of the chamber. Moreover, it can be operated 
with a power of 4.5 megawatts,. which should provide a 
field of 25,000 gauss . 

During the operation of the chamber a nitrogen 
counterpressure is applied on the window to reduce 
the stresses on it. This nitrogen is contained in a 
safety tank designed to withstand the effec ts of a break
age of the window. Three cameras view the chamber 
through safety glass portholes and through s h ielded 
prisms which protect the portholes against direct im 
pacts. 

The tota l weight of the chamber and i t s accessories 
is 8 0 tons. Its position can be adjusted by rotation 
around a pivot and translation on rails . 

Operation of the Chamber 

One hundred seventy - five thousand pictures have 
been taken in a 1.15 - Gev/c TT-b eam availabre at the 
3 - Gev proton synchrotron "Saturne" at SaClay; 55,000 
of those pictures were obtained by using pure propane, 
the others in a 50o/o mixture (b y volum e ) of Freon 
(CF 

3
Br ) and propane . In the same mixture we have 

taken 27,000 pictures at CERN : 15,000 in a 25-Gev 
proton beam and 12,000 in a 17-Gev/c TT-beam . Fig 
ures 3 and 4 are repr e s e ntative pictures . 

Operating conditi ons were as shown in Table I. 

We have observed intense boiling over the mem
brane when it hits the rear plate. The boiling has 
been avoided by stopping the m e mbrane before it 
touches the p late. 

Because of the very large heat capacity of the cham
ber and the fairly poor heat conduction properties of 
the stainless steel we have occasionally encountered 
some diffi culties in regulating the chamber t empe r a
ture. 
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Fig . 3. Interaction of proton at 25 Gev a t 
CERN. 

Table I 

Operating conditions for heavy-liquid bubble chamber 

Propane Freon-
propane 

Temperature 
2 55 38 

Vapor pressure (kg/em ) 20 19.5 
Recompression 2 

pressure (kg/em ) 22 22 
Expansion 2 

pressure (kg/em ) 12 ll 
Expansion time (m sec) 20 20 
Recompression 

time (mse c) 10 10 
Flash delay (after 

arrival of the 
beam) (msec) about 2 about 2 

Side illumination has proved quite uniform, and 
measurements are possible in the entire visible vol
ume of the chamber. 

Fig. 4. Pair production in 'IT beam at 1.15 
Gev/c . 

The Chamber's Performance 
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The well -known properties of propane and Freon
propane mixture are summarized in Table II. 

Table II 

Properties of chamber liquids 

Liquid Density Radia- Inter- Momen- (¥l sc tion action tum of a 
length l ength 'IT of 50-
(em ) (em) em range (%) 

(Mev/c ) 

Propane 0.43 110 115 225 3. 7 
Propane-

Freon 
50% 0 .93 19 80 260 8 . 1 

Freon 1.49 ll 59 320 11.7 

The (L-'p/p) is the relative error, due to multi-
ple scattering~C;,n the momentum measurement of a 
relativistic particle for a 50-em -long track in a 
20, 000-gauss magnetic field. 
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Presented by B. Hahn 

Bubble density measurements alony tracks in a 
sensitivity-stabilized bubble chamber can yield reli
able information on the parti cle velocity B. For 
0.2 < J3< 0.8, the bubble density is known2 • 3 to be 
roughly proportional to l/J3 2 . For highly relativistic 
electrons some evidence has been found for a "rela
tivistic increase" of the bubble density in propane and 
carbon dioxide -propane by Blinov et al. 2 and by Argan 
et al. 4 respectively. We present here some results 
on bubble density measurements of high-energy pion 
and proton tracks as observed in a 2-liter sensitivity
stabilized bubble chamber filled with CBr F 

3
. 

The chamber was exposed to a 16-Gev/c "- beam, 
and to a 23.9-Gev/c proton beam of the CERN proton 
synchrotron. The b~bble density of the primary pion 
tracks{-y = {l-J32)- 1/ = 115) has been compared with 
the bubble density of V -particle tracks. The particles 
produced in ~he two-body decay modes of the KO mes
ons (KO-" +1r-)andofthe AO hyperons(AO-p+1r-) 
were identified and their bubble density and their en
ergy were determined. The bubble densities have been 
measured both by the gap-length distribution method 
and by simpl e bubble counting corrected for counting 
losses. In order to identify the particles, and to cal
culate the ir energies, the true space coordinates were 
r econs tructed by a method described by Borelli et al. 5 

It was first verified that the V particle was coplanar 
with the origin of the strange-particle production. From 
angle considerations alone the particles in a V can be 
interpreted as {1r, 1r), {p, 1r), or {1r, p). In all events 
considered here one of the two latter cases a lways 
could be e x cluded by range considerations of the pro
ton. The two remaining possibilities could be distin
guished in approximately 90o/o of all cases by multiple
scattering measurements. 

The results obtained from the evaluation of four
teen K 0 decays and four AO decays are shown in Fig. 
1. The bubble density p is plotted versus the quan-
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Fig. l. Bubble densities in relation to 
velocity. 

tity y-1. The errors indicated for the bub ble densities 
are statistical errors. The errors for the quantities 
y-1 have been computed under the assumption that the 
accuracy in angular determinations by the mentioned 
projection method is ± 1 de g . Points from pions with 
overlapping errors in energy have been averaged in 
the graph . The points at y-1 = 71, 114, 121, and 25 
correspond to primary pions of known momenta of 10, 
16, and 17 Gev/c, and to primary protons of 23.9 
Gev /c. The bubble density at the minimum arbitrarily 
has been normalized to unity. The results show a rela
tivistic increase in bubble density of approxima t e ly 
(30 ±5)o/o from minimum bubble density to the bubble 
density a t y = 100. 

The experimental results tentatively have been 
compared to a theoretical curve of the form 

p = 0.~56 [ log(/ - 1) + 15 - J32j 

as shown in Fig. 1. It may be noted that the number 
of li rays of energy comparable to the mean ionization 
potential of the atoms produced by

6 
a primary par ticle 

of energy y is also of this form. Still, little is 
known on the mechanism of bubble formation, and no 
conclusion can be drawn from this result alone. How
ever, if only li rays with energy much larger than the 
mean ionization potential were responsible for bubble 
formation, no relativistic increase would be expected. 

Additional information confirming the relativistic 
increase of bubble density in CBr F 3 has been obtained 
by bubble density and multiple scattering measure
ments on star shower particles. Figure 2 shows the 
bubble density distribution found for :J.bout 150 shower 
particles from stars produced by 16-Gev/c negative 
pions, as well as that for 16-Gev/c (y = 114) negative
pion reference tracks. The average y for the show
er particles has been determined from multiple-scat
tering measurements to bey = 12.5±1.0. All shower 
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particles have b een assumed to b e pions. The maxima 
of the two peaks in Fig . 2 a r e sepa rated by 23 .4 o/o ; this 
result is i n good agreement wi th the obse r ve d increase 
in bubble density for the corr esponding y' s by the V
particle method (Fig . 1). The dashed cu r ves in Fig. 2 
are normal curves fitted t o the number of obs e r ved 
b ubbles on one tr ack. 

The shower -par ti c l e m e thod h as been used to in
v e stigate the depend e nce of the relativis ti c rise of 
bubble densit y on the tempe r ature of the chamber liq 
uid, or at a given t empe ratur e on the chambe r sensi 
tivit y (i. e., the pressure change , Ll.p} . In Fig. 3 

Pre/Pshr i s plo tted versus pr eJ f or operating tem
peratures of 33.2, 39 .1, and 42 C (p r f is the av
erage bubbl e density of the pr imary 1 ~ -Gev/c pions; 
p shr is the average bubble density of shower parti 
cles). No clear evi dence for a t emperature depend
ence or a sensitivity dependence of the magnitude of 
the re l ativis t ic rise has been found within the inves 
tiga ted temperature and pres sure range. 

The authors w i sh to thank the members of the 
machine group and the H ydrogen Bubble Chamber 
g roup of CERN for kind c ollaboration. 
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III.2. EXPERIENCE WITH A LARGE HYDROGEN BUBBLE CHAMBER* 

Luis W. Alvarez 

Law rence Radiation Laboratory 
Berke le y , California 

This talk is intended to acquaint y ou wit h the oper
ational experience we have had i:n the first year and a 
half with our 72-inch chamber. As you have probably 
observed in the past few days, the chamber is now 
running in a TT- b eam, 24 hours a day, taking about 
15 % of the c irculating protons on every B evatron 
putse ; the 15-inch h ydrogen chamber takes the other 
85 "'a of the beam, and is traversed b y a highly sep
ar ate d K- beam . This very productive s tate of 
affairs has b een brought about by the concerted efforts, 
for several years, of a large team of e ngine ers , 
bubble chamber operators, and physicists, for whom 
I have the honor of being spokesman this afternoon. 
Although I would like to introduce all these men to you 
this afternoon, and tell you what ingenious devices or 
innovations each is responsible for, I am constrained 
b y lack of tim e from such a course of action. I am 
sorry that I c an do no more than give the nam es of 
those who had the responsibilities for the larges t areas 
of the prog ram. Those of you who are engage d in 
designing o r building hydrogen chambers already know 
the names of most of the men who have playe d a part 
in the prog ram, because you have re a d the "Bubble 
Chamber Engineering Notes" they have written in their 
special fields of competence . 

Don Gow (Jame s D. Gow) has carried the h eavie st 
load of responsibility, e mbracing all fields from in
itial design through operational testing , and including 
such important sidelines as budget control and per
sonnel management. The engineering phas es of the 
work have b een most ably dir ect ed by Paul Hernandez. 
He has had avai lable the hig hly skilled m echanica l 
and e lectrical engineer ing talent for which the Lab
oratory has long been noted. In addition, the whole 
program has benefitted tremendously from the almost 
continuous help we have had from the National Bureau 
of Standards Cr yogeni c Eng ineering L aborator y in 
Boulde r, Colorado . The members of the NBS staff 
first educated us in cryogenic t echniques, and after 
contributing g r eat ly to the design of the over - all sys
tern, came bac k to Berkele y to take part in the "turn
ing-on operation." The chambe r has for more than 
a year been under the p e rsonal supervision of Robert 
Watt, upon whose resourcefu lnes s and skill the smooth 
operations depend so muc h. It is with considerable 
r eg r e t that I arbitrarily stop the credit lines at this 
point, and proceed with a short history of the cham
h er operations. 

The chamber has been described in detail in a 
number of articles; the CERN conference r e port of 
1959 contains an excellent summary by J . D. Gowof 
the chamber d esig n plus some early operational de
tails. It is assumed that the r ead e r will consult the 
CERN report for more detailed information. The 
main featur e s of the des ign can be summarized as 
follows. 

Type of chamber 

Size of c hamber 
(visible re gion) 

Volume of hydrogen 

stainless stee 1 
casting, sing le window 

72X2 0 X l5 in. 

200 liters 

Mag n e t characteristics 

E xpansion 
Refrige rator 
Orientation of 

C.hamber 
Puls e rate 

18 kilogauss, 2 .5 mega
watts; 

200 tons of steel, 
20 tons of copper; 

s ing le p o le piece 
Vapor system 
2200-watt Jou le -Thomson 
vertical magpetic field. 
11 per minute 

The desig n paramete rs listed above are somewhat 
different from w hat one might call the "consensus 
design" of the several large chamber s now in the 
planning or building stage. For that r eason it is worth 
inquiring briefly into what was gained or lost by the 
choice that was made. Vapor· expansion was chosen, 
rather than the more mode rn piston-opera t e d liquid 
expansion, simply be cause no piston- exp a nded sys
t e rn was in operation at the time the decision had to 
b e made; it was felt that the initial operation of the 
chamber would have b een delayed b y about a year if 
we had waited long e nough to accumulate the necessary 
practical experience with large pistons operating at 
liquid hydrogen t e mperatur e . The obvious inefficiency 
of the vapor s ystem rela tive to the liquid system is 
mor e than compe nsated f o r by the g r eat e r magnet 
e fficiency of our one-window bubble c hamber (com
pared with the "straight-through" d es i g n adopted by 
the "consensus") . If the vapor expansion system 
gained the million pictures fr om an extra year of op
eration, but placed some limit on the quality of the 
physics information available in the n ext five years, 
its ·true worth would have to be evaluated as the sum 
of positive and ne gative terms . The "optical turbu
lence" present in the early pic tures has been largely 
eliminated by the "rain technique" to be described in 
this report, so w e feel that the re will be a lar ge net 
gain in physics output as a result of the decision re
garding the mode of expansion. 

The vertical magnetic field orientation was adopted 
to provide several useful featur e s, among which we re 
(a) e ase of servicing, without dismantling the magn et, 
(b) provision for bombarding external targets and e x
amining secondary beams at an y desired lab uratory
s ystem angle of production. While the chambe r was 
being fabricat e d, a more compelling reason for the 
orientation d eve lo pe d; paralle l-plate separators give 
ris e to beams w h ic h are narrow ribbons i n the hori
zontal plane. Although the problems of using ve rtical
g lass chambers with such beams are not insolv able , 
the difficulties that arise in their solution appear to 
outweigh the possible gains to be had from suc h an 
orientation. 

The c ham ber was first filled with liquid hydrogen 
one evening in March, 195 9, and was warmed up to its 
operating temperature by pulsing of the expansion sys
tern. It had long been hpped that when the measured 
temperature and pressure were correctly adjusted, 
the first picture taken would show tracks. This sit
uation did obtain; in fact, trac ks were observed on 
what might be called the "minus -fifth picture"- -this 
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was one of the series of Polaroid pictures taken as the 
chamber warmed up to what we had agreed to call the 
first pulse, at 27°K. 

The chamber was tested for two months, with a 
3 - Bev/c TT- beam travers ing it, in what was a sort 
of "engineering shakedown run." Operating conditions 
were varied over wide ranges, and the bubble cham
ber crews learned all the idiosyncrasies of the device. 
At the end of the test run, the chamber was dis
m:J.ntled, and hundreds of changes were made as a 
result of the experiences gained. During the shut
down, a group under the direction of M. Lynn Steven
son set up a separated beam of antiprotons. The first 
.e_hysics run was done with this beam; it yielded 22,000 
p-p interactions at 1.65 Bev/c and 5000 interactions at 
2.0 Bev/c. This run ended in October of 1959. Be
cause of scheduling problems, the next run, which is 
still in progress, did not start for six months; it be
gan on May 1, 1960, and is scheduled to continue for 
the rest of this year. 

The operation of the 72-inch chamber is much like 
that of the 15 - inch chamber, which was in fact built 
as an engineering test model of the large chamber, 
rather than as a physics tool. Since the CERN report 
was written, the pulse rate at which the chamber op
erates has been increased from 4 per minute to match 
the Bevatron rate of 11 per minute. The increase has 
come from several impr ovements, which will be taken 
up in turn. The most serious limitation last year was 
from the cooling and cracking of the "rubber boot" in 
the fast - acting expansion valve. Cold hydrogen gas 
froze the rubber , so that it had to be replaced too 
often . This problem was cured by increasing the speed 
of the valves, through the use of more solenoid valves 
in the activation circuits, by attention to many details, 
and by warming the exposed end of the expansion pipe 
with hot water. 

After the problem of boot-valve cracking had been 
solve d, the pulse rate was still limited by the avail
able refrigeration capacity . The installation of a 
second high - pressure compressor raised the refrig
eration capacity from 1500 to about 2200 watts. (The 
capacity was not doubled, as one might first expect, 
because of limitations of heat exchangers, pressure 
drop in lines, etc.) 

Several changes were made in the expansion line 
at low temperature, but all such changes were un
successful. A few months ago, Watt and Hitchcock 
tried a change in the refrigeration system suggested 
some time ago by Peyrou. It did not decrease the 
amount of refrigeration required for the pulse rates 
then employed, as Peyrou had hoped it would do, but 
it proved remarkably successful in reducing track 
distortion caused by "index-of-refracti.on turbulence." 
We call this technique "rain," because liquid hydro
gen is caused to rain down on the vapor-liquid inter
face in the expansion line. It was a remarkably for
tunate circumstance that when Peyrou' s suggestion 
was brought to the attention of the bubble chamber 
crew,. all the necessary low-temperature circuits, 
valves, and heat exchangers had recently been in
stalled on the chamber for other reasons. It proved 
possible to try the rain technique without warming 
the chamber to room temperature for alterations! 

Before the advent of the rain, the main heat ex
changer in the chamber was the pair of expansion 
plates, which define the two long sides of the visible 
hydrogen volume. These plates had to be considerably 
colder than the main volume of the hydrogen, to ex
tract the heat put into the expanded hydrogen as it 
went up and down the line . As a result of this tern-
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perature difference, the hydrogen injected into the 
chamber through the hundreds of holes in the ex 
pansion plates was co lder than the normal liquid . 
The holes in one plate are tilted upward, to give the 
hydroge n volume a slow rotation about an axis paralle l 
to the beam direction. The net result of all these 
factors was that small jets of cold hydrogen were in
terposed between the tracks and the camera, and the 
variations in refractive index of the "turbs " gave rise 
to " refractive turbulence." It had l ong been thought 
that the turbs contained warm hydrogen, but Don Gow 
pointed out that if they were enough warmer than the 
chamber hydrogen to have their measured difference 
in refractive index, they would spontaneously fizz 
when the chamber was expanded. All these obser
vations tied together when the rain was found to stop 
the refractive turbulence. The expansion plates no 
lon ge r carried the lar ge st load as a heat exchanger-
most of the heat was taken out directly where it was 
put in, at the liquid interface. Thus the rain allowed 
the expansion plates to approach the temperature of 
the visib le hydr oge n more closely, so they functioned 
more as the "holey p lates " of a c loud chamber, and 
less as generator s of jets of co ld hydrogen. A fur
ther indication that this is the correct interpretat ion 
of the observation is that at higher pulse rates, a t 
which the heat - exchanging capacity of the expansion 
plates is beginning to limit the operation of the sys
tern, the rain t echnique does have the effect Peyrou 
anticipated; it does permit a higher pulse rate for a 
given refrigeration. At lower pulse rates, however, 
as indicated earlier, it has no ~uch measurable ef
fect. The rain fal l s continuously in the present mode 
of operation; it has been injected in pulses, t c matc h 
the expansion cycles, but this procedure has no ob
vious advantage over the simpler method. 

The advent of the rain, and the higher pulse rate 
now emp loyed in the chamber ope ration, has increased 
the liquid nitrogen consumption to 4400 liters per day. 
If it were not for the low cost of liquid nitrogen in the 
Bay Area, we would install a nitrogen refrigerator; 
last year we equipped the 15 - inch chamber with. a hy
drogen refrigerator which paid for itself in 3 or 4 
months of operation. Operational costs at present 
for a full day of 11-pulse -per -minute operation are 
as follows. 

Liquid nitrogen-
5500 liters at$0.065/1 

Magnet power (2 .3 Mw) ll x 10
11 

Refrigerator power watt-hr 
(17 5 kw) per day 

All other power to the at $0.01 
building pe r kwh 

Salaries of 15 crew members -
5 per shift ($7. 5 0 /hr includes 
ove rhe ad) 

Film-20 r ol ls at $65 
Maintenance services (averaged 

f or last 3 months) 
(14 people at $8/hr-electronics 
engineering, mechanical engin 
eering, machine shop, etc . ) 

Total 

24-hour operaticn 
daily cost 

(dollars) 

350 

1100 

900 

1300 
650 

The following data have been supplied by the 
bubble chamber crews, after an examination of their 
log books for the past three months. The Bevatron 
ope rates with an "on" time of about 80"/o. The bubble 
chamber is .available for operation with the Bevatron 
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about 90% of the time. The chamber outage is made 
up as follows: 

Expansion-line valve repair and devel -
opment 2o/o 

Film change (at ll pulses per minute) 4o/o 
Other troubles 3o/o 

5 5 
Boot val ·r" s run from 10 to 2Xl0 pulses in the 

expansion line, and indefinitely in the recompression 
line . Barksdale va lves fail somewhere in the cir
cuit about once every 2 weeks, and take 3 hours to 
replace. C ompressor ring s wear out after 1 or 2 
months, and need replacement. Now that we have 
two compressors, we merely slow down the pulse 
rate for 6 to 8 hours, and do not charge outage to 
th1s trouble. (It would add a sma ll fraction of a per
cent. ) The pulsed lights last for about 10 5 pictures. 

Some of the tr oubles that have occurred in the 
past year and a h a lf are worth rec ounting . The main 
chamber casting has an intermittent leak from the 
liquid to the high-vacuum system . It is believe d to 
be in the weld where a refrigeration line enters the 
chamb er. The vacuum varies from 2Xlo-6 mm of 
Hg to as high as 0 .2 micron when the leak is bad. 
Bob Watt's note to me about this trouble ends with 
this remark: "We consider this leak to be a bother, 
and we worry about it a great deal, but whi le we worry, 
we take 11 pictures per minute, and we hope to con
tinue to do so for quite a while." 

Early in the operations, there was an accident in 
the compressor room, due to inexperience, which 
introduced large amounts of nitrogen (4 or 5 liquid 
liters) into the refrigerator circuit. The nitrogen 
froze in the refrigerator lines surrounding the cham
ber, and plugged them. This cost a week of operation 
whi le the chamber was warmed to room t emperature 
and recooled. The comp lete temperature cycling of 
the chamber has been done three times without chang 
ing the main gasket on the g lass. In the antiproton 
run, we were afraid to cycle the chamber this w ay, 
for f ear of losing the gasket, and we therefore put up 
with patches of solid nitrogen on the g lass, and coat 
hangers (retrodirective optical elements ) whi ch were 
clouded with frozen nitrogen and other contaminants. 
The situation is much better now, for two reasons : 
the more experienced operators turn the wrong valve 
much less often, and on the few occasions when they 
do, the chamber is quickly warmed up and then put 
back into operation. 

The only potentially dangerous situation arose in 
the early days of the engineering test run. A gasket 
in the main expansion line started to leak. Such trou
bles can normally be iso lated by manually closing a 
6-inch gate valve--the one which is closed when boot 
valves are changed . Unfortunately, the leak was in 
the only gasket ahead of the va lve, and as the co ld hy
drogen leaked past the lead gasket, the hole opened 
further as the lead sh't"ank away. The vapor pressure 
in the chamber was 70 psi, and at one time, there was 
a 30 -ft high plume of water vapor and hydrogen gas 
escaping from the leak. In a few minutes, the evap
oration of the chamber hydrogen had reduced the va
por p r e ssure of the hydrogen to the point where the 
leak could be contro lle d by the application of greased 
string. The hydrogen was then evaporat ed into the 
safe ty sphere. About 150 liters of liquid was lost 
through the leaking gasket. 

After this experience, more care was used in 
torquing the bolts securing such gasket joints, and a 
hydrogen detector was connected to the "pumpout" 
region between all such double gaskets. This proce
dure provides a warning whenever an inner gasket has 
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opened , and allows corrective action to b e taken be
fore real tr ouble de v elops. 

The chamber can b e operated by a co·ew chief, who 
normally has a bachelor's degr ee in engineering or 
physics, plus two crew m embers. When crew mem
bers have bee n sick, the chamber has been operated 
by two men, but this makes it difficult during routine 
periods, and perhaps dangerous during emergency 
periods. (At present, when the 15-inch chamber is 
being operated b y tw o men a hundred feet away, some 
help is available f.rom that quarter in emergencies .) 

The compressor room is operated by a group of 
m e n from the Laboratory's maintenance department. 
Their qualifications are somewhat different from those 
of the bubble chamber c r ew; a typical background for 
a comp r essor-room operator is serv.i c e in the navy 
as a petty officer machinist . The comp;.- essor room 
is is elated by both distance and a set of barriers from 
the rest of the bubble chamber building, so it is nec
essary to have two operators on duty at all tim e s. 

Film from the chamb er is developed in the Lab
oratory's general processing facilit y. The de ve loped 
film is sent first to the bubble chamber control room, 
where it is examined by the crew. They check if for 
track quality, turbulence, lighting, intensit y and un i 
formity, comple teness of informati·on on the data 
board, and other features reque sted by the physics 
group . The chamber crew then sends the film to the 
scanning room , where it undergoes the various stages 
in the proce ss known as data reduction. 

The b eams used in conjunction with the 72-inch 
chamber have been rather comp licated, so it has been 
found advisable until recently to have a "beam watcher" 
on hand at all times. At present, the potentiometer 
readings of the various magnet circuits have been re 
moved from the Bevatron experimental area to the 
bubble chamber control room, where the chamber crew 
can m -onitor them on a moving chart. 

A fter each of the C ERN talks on large bubble cham
bers last year, Dr . Hildebrand asked the speake r why 
he had chosen to build the approximately 2 -meter -long 
chamber he had just described . Since I was not there 
to answer that question about the Berkeley chamber 
last year, I will use my closing remarks today to tell 
why it appears to have been a good idea to have built 
the 72 -inch chamber. The r easons why we chose the 
dimensions of our chamber are given in some detail 
in the memorandum I prepared for the U.S . Atomic 
Energy Commission in April of 1955, entitled "The 
Berkeley Bubble Chamber Program . " The most co
gent reasons involved the production and decay kine
matics of the important associated-production reac
tions involving pions on protons. The importance of 
secondary and tertiary reactions was also stressed, 
and this has turned out in practice to be a more im
portant justification of the large size. As examples 
of the usefulness of such multiple reactions, one can 
cite the r ecent demonstration of polarization in proton
antiproton scattering (B . Maglic et al., in Proceed
ings of the R ochester Conference on High- Energ y 
Physics, 1960) and the measurement now in progress 
to determine the sign of the polarization of the A , 
by the left-right scattering of the decay neutron from 
the neutral decay of the A. (The neutron gives a 
measurable proton recoil in lOo/o of the neutral decays 
of the A. ) The K2 had not been predicted in 1955, 
so the usefulness of the large chamber in stud ying its 
decay modes is an unexpected bonus. Similarly, the 
antiproton was not yet known, so one could not guess 
that the chambe r ~d been designed to have a length 
equal to one total p-p mean free path. But this for-
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tunate fact (t ogether with the remarkable present 
state of the particle- se parator art) has made the 72-
inch chamber an ideal instrument for studying anti
protons, antineutrons, and antihyperons. 

When the chamber was first designed, there was 
no way to predict the effects of turbulence on mo
mentum measurement, because the longest tracks 
the n observed in a h ydrogen bubble chamber were 
only 4 in. long, and the scaling laws were unknown . 
Probably no one was optimistic enough to hope that 
lar ge bubble chambers wou ld have fewer problems 
with turbulence than the most p r ec ise cloud chambers 
ever built. This situation has, however, been realized, 
and in the process, the criteria of exce llenc e for free
darn f rom spurious curvature have risen accordingly . 
Because of the difficulty of introducing straight -line 
tracks into the 72 - inch chamber (the fringing field of 
the big magnet is used to direct the particles through 
the thin window), we have no recent measurements of 
spurious curvature. The year-old measurements 
quoted at CE R N must therefore still suffice; the spu
rious radius of curvature of long s traight tracks is 
unmeasurab le, but greater than 200 meters . This cor
responds, in the language of the cosmic -r ay c loud
chambe r ~hysicist, to a maximum detectable momen
tum of 10 B ev/c. The fortunate freedom of "reason
ab ly designed" bubb le chambers from the turbulence 
that has for yea rs bothered cloud chambers is a di-
rect result of the much shorter "light delay" that can 
be used because bubbles grow faster than cloud drop
lets. 

The problem of optica l turbulence has been dis
cussed ear lier in connection with the rain technique . 
A measure of this t ype of track distortion is given b y 
the quantity 1:. xy . This quantity is a measure of the 
scatter of the bubbles from the best smooth curve that 
can be drawn through the bubble centers. We ex 
changed data on E xy with a number of hydrogen bub
ble chamber groups in this country and abroad, for the 
past year. Each group has measured fi lrn from other 
groups on its own measuring projectors, and the rel
ative values of E xy are fairly well agreed on . For 
the first year of operation of the 72 - inch chamber , it 
had va lues of E xy which v aried from slightly more 
than to twice the mean value of a series of chambe rs 
in the 20 - to - 50-crn c lass. It was known that the fit
ting procedure used in PANG (our track - reconstruction 
program) gave a systematically higher va lue of Exy, 
because 1t htted a fourth-order polynomial to the 
track, while the magnetic -field variation demanded a 
sixth-order polynomial. There was no motivation to 
change this so long as the optical turbulence in the 
chamber set similar limits on 1:. xy. But now that 
the rain has great ly decreased the ob vious scatter of 
the bubble images, the computed value of E xy has 
scarcely dropped, because it is now controlled by the 
systematic inability of the best ca lculated curve to 
fit the true curve , It will soon be possible to fit the 
tracks to sixth - order polynomials, at which time we 
will have values of E xy which may be fairly corn 
pared to those from the more modern, and smaller, 
piston-expanded chambers. There is every reason 
to believe that the comparison will be favorable. The 
72-inch chambe r wi ll never give such beautiful pic 
tures as those recently obtained by Peyrou, Shutt, 
and others who have built piston-expanded chambers 
with straight-through illumination . Fortunately, the 
picture quality, as set in the case of the 72 - inch cham 
ber by the single-window design and the coat hangers, 
does not impair the measurements, and the resulting 
physics. 

The vertical temperature gradient in the chamber 
decreases with time, as operational experience is 
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ga ined, and increases as the pu l se rate increases. 
At present, shortly after the attainment of the full 
rate of ll pulses per minute, the t empe ratur e g ra
dient is better than it was originally at 4 ppm, but 
worse than it was when the chamber operation was 
we ll under stood at 4 ppm. If past expe rience can be 
used as a guide, we have every r eason to believe Bob 
Watt and his operating crews when they predict that 
they wi ll have the temperature gradi ent largely e lim
inated in a few months of operation at ll ppm, as they 
succeeded in doing when the pul se rate was 4 per min 
ute. 

As a result of experience with his 1-Bev/c pion 
beam, Frank Crawford has proposed some changes in 
the chamber geometry; these are now in engineering 
design, and they will be incorporated in the chamber 
as soon as they are ready. Crawford's run is unusual 
in the required momentum reso l ution of the incident 
beam. One of the purposes of the run is to explore 
the behavior of A production and decay n ear the 
threshold for E production. As reported at the re
cent Rocheste r Conferenc e , there appears to be a 
"cusp" in the angular distribution of A ' s at produc 
tion, as well as one in the decay asymmetry . The 
pres ent reso lution of about 3 M ev/c is about equally 
distributed between the incident b eam resolution and 
the Landau -effect straggling intr oduced as the beam 
passes through the two entrance windows and through 
the liquid hydrogen . The Landau effect in the windows 
can be reduced by making them thinner, and it can be 
effective ly eliminated in the hydrogen by making the 
full length of hydrogen track visib le to the camera . 
The energy of the 0 rays on an interacting track can 
then be subtracted from the ca lculated energy of that 
track, as determined from the incident energy and the 
position of the interaction in the chamber (l em of 
hydrogen corresponds to 0.23 Mev energy loss) . Paul 
H ernandez and his group are designing a re-entrant 
window for the chamber, which will allow the full 
length of an interacting track to be seen . Frank 
Crawford will then redesign his beam so that the full 
inherent energy resolution of the lar ge hydrogen cham
ber can be realized. 

The cusp experim ent points up another virtue of 
large hydrogen chambers, which was not realized 
when we embarked on the 72-inch project. It is 
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possible to use the energy loss of interacting particles 
to investigate in fine detail the behavior of interaction 
cross sections. In the present experiment, the in
corning n- beam loses energy as it traverses the 
chamber. The incident energy was chosen so that the 
threshold for the reaction 1:- + K+ occurs at the 
center of the chamber . Figure 1 shows a plot of the 
yield of 1:- + K+ reactions as a function of position 
in the chamber . The solid curve is the best fit to the 
theoretical cross section near threshold 
(a"' ~Ethl , folded together with a Gaussian 
beam spread with an rrns value of 3 Mev. It is this 
spread which should be greatly reduced by the re
entrant thin window plus 0 -ray measurement. 

This reference to 0 rays suggests a final comment 
on the usefulness of a large chamber. The only prac
tical way of identifying a particle with absolute cer
taint y when its va lue of ~ is very close to unity seems 
to be via a measurement of high-energy 0 rays. The 
accurac y of this method increases with y, and it is 
very powerful throughout the present and contemplated 
"high-energy machine range." The longer the hydrogen 
bubble c hamber one has to work with, the greater will be 
tre available sample of positively identified high-energy 
particles that interact with positive 1 y identified nu
cleons (protons in hydrogen, or neutrons in deuterium). 

D iscuss ion 

Hildebrand: Thank you very much, Luis, for a very 
nice summary of your accomplishments in your cham
ber. I know I have some questions about 6 rays ; I 
suspect others do, but I would suggest that we leave 
that discussion for the Round Table, and I'll ask now 
for other questions on the chamber. 

Peyrou: I would like to say briefly which kind of 
speculation led us to the suggestion that turned out to 
be useful about that va lve . In CERN we planned for a 
long time to have a chamber with gas expansion, and 
since we were at the beginning, we still had time to 
think. We, that is, Dr. Schrneissne r, Dr. Vilain, 
and I, thought that in gas expansion there is a d ynarnic 
load which is large-that means heat is brought to the 
chamber at each expansion, and obviously this heat 
is brought to the interface. So where you have to 
bring cold is also to the interface . What you would 
like to have is a big heat exchanger to reliquefy hy
drogen. A n other way to do it, which to me looked 
simpler, was just to inject hydrogen to replace it. 
So the main purpose of this valve is not to reduce the 
total dynamic load but to bring the cold where you 
need it. Therefore, at this time you have to bring 
less cold inside of the main heat exchanger of the 
chamber; therefore this one is less cold and will 
cause less inhomogeneity of temperature, which is 
essentially what you observed. I also believe that 
the valve is good, it might slightly reduce the dynam
ic load, but this is not sure . 

Hildebrand: I'd like to ask a question. How long is 
it from the time you expose the film until the bubble 
chamber crew gets back the developed film? 

Alvarez: About 2 to 3 hours--2 hours, ideally. 

Hildebrand: If you had it faster, wou ld there be a 
worth-while feedback? 

149 

Alvarez: The only thing that this might do is occa
sionally pick up a time when the data board isn't work
ing, or something like that. 

Thorndike: You mentioned the figure of $4,000 to 
$5,000 a day as the operating cost for the chamber. 
Could you,; for comparison, estimate what cost is 
invo lved in analyzing the pictures produced from a 
day's operation? 

Alvarez: Probably Art Rosenfeld's talk t omorrow 
(Paper VIa.9) will g i ve the detail you want. 

Stevenson: My recollection is that one calculation 
was about $50 an event. Now it depends very much 
on what kind of e vent you' re looking at, but- -if Ire
call correctly--this type was an associated produc
tion in which there were two V 1s, and this also is a 
figure that comes from a system that is not fully 
developed . Certainly improvements can be made on 
this. 

Hildebrand: Don Gow wants to comment on the acci
dent you r e ferred to in describing the early opera 
tions. 

Gow: Yes, I would just like to make one comment- 
t wo comments, actually--on this leak. The first was 
that it was the result of a very unlikely combination 
of things . We had a design error - -simply an error 
in calculation of stress in the flange. We had a ma
chining error in the shop, and we had an assembly 
error. Unfortunately a ll three added in the same 
direction, and this removed the normal safety fac
tor of about 10. However, it took all three of these 
to do that. The second comment (perhaps more irn
portant) is that we used a trick at that time which 
might be useful for someone else . We controlled the 
chamber pressure.by using the Horton sphere . We 
have this large evacuated sphere. Now we didn't 
just dump rapidly into that because we didn't want 
the chamber t o go to vacuum and suck air in through 
this leak. So what we did was to control the rate of 
flow into the Horton sphere so as to maintain about 
2 lb positive pressure on the chamber, which mini
mized the loss of hydrogen into the room. Although 
there was a very spectacular plume of cold vapor 
going up to the ceiling , there really wasn't so very 
much hydrogen in it. At the end of this process, of 
course, we had all the hydrogen in the sphere, and 
we immediately did a spectographic analysis and 
found that we still had pure hydrogen in the sphere; 
there was no oxygen or air contamination. So you 
see it is impor tant in these de signs to have a con
trollable valve--one with which you can adjust the 
flow to the sphere for emergencies of this class . 

* This work was done under the auspices of the U. S. 
Atomic Energy Commission. 
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Nearly e ight years have passed since the first 
track was photographed in an all - glass bubble chamber 
containing about 2 cm3 of superheated diethyl ethe r. 
Since that time there has been an extremely rapid de
velopment of the bubble chamber technique in labora
tories in many countries. 

Today I would like to summarize the r esults of 
these eight years of development by comparing the 
characteristics of some types of bubble chambers 
used in e lementary-parti cle physics. Although I will 
not attempt a compr ehensive review of the technology, 
I hope to include some of the new things dis cussed by 
the experts at this conference. 

To illustrat e the great variety of liquids used in 
bubble chambers, I have chos en four liquids impor
tant in current experiments and which represent some 
extremes i n properties of useful liquids (Tabl e I) . 
These liquids are hydrogen, which is similar in many 
technical features to deuterium and helium; propane, 
which is the most popular of the simple hydrocarbons; 
Fr eon-l 3B l (CF3 Br ), which is among t he most con 
venient of the m oderately heavy liquids; and xenon, 
which is the ext r eme in safe , heavy liquids, Hydrogen 
and xenon are opposite extrem es in density, radiation 
length, stopping power, and geometri c mean free path. 

Table I 

Characteristics of four bubble chamber liquids 

Hz C3H8 CF
3

Br Xe 

D ensity (g/ em 
3

) 0 . 06 0 . 44 1.5 2.2 

Radiation 
length (em) 1145.00 ll o. 00 11.0 3.9 

Geometric 
mean free 
path (em) 445 . 00 115.00 59.0 56.0 

Kinetic energy 
of particles Tr 26.60 59.50 100.0 115.0 
stopped in 
25 em (Mev ) K 47 . 00 100 .00 165.0 178.0 

p 62.00 132.00 210.0 227.0 

Magnetic 
momentum error 1.4o/o 4.5o/o 14.0o/o 24.0 o/o 
due to Coul omb 
scattering 
(J3 :::: 1 , B = 20,000 
gauss, track length 25 em) 

Another important feature in the comparison among 
liquids is the error introduced into magnetic measure
ments of particle momenta by multiple Coul omb scat 
tering. For relativistic particles with J3:::: 1, the frac-

tional momentum error is independent of momentum, 
and amounts to 1.4o/o for a 25-cm track in hydrogen 
with a magnetic field of 20 ki l ogauss . As you see in 
the table, this error gets progressively worse as you 
go from hydrogen to propane, freon, and xenon • .fi'reon
p ropane and methyl iodide - propane mixtures are u·sed 
commonly and have intermediate properties. Even in 
the heavie r liquids a 20-kilogauss field i s useful for 
telling the sign of electric charge of a particle . 

Each type of liquid has its own engineering problems, 
which I will not discuss in d etail. Hydrogen chamb ers 
r equire the most e l aborate enginee ring and auxi liary 
equipment because of the severe safety and cryogenic 
probl ems. Propane chambers are probably just as 
dangerous but operate in the convenient temperature 
range from 55°C to 6ooc . Fr eon chambers a re prob 
a bly the easi e st to engineer because they operate just 
above room temperature and involve no explosion or 
toxicity danger. Xenon operates at -21°C, which is 
easily attained with a commercial deep-fre eze -type 
r efrigeration compressor. Since the gas is so expen
sive, however, great care must be taken to avoid los
ing it, although there i.s no danger involved in xenon 
leakage . 

From the point of view of nuclear physics, hydro
gen chambers hav e been the most important becaus e 
interpretation of events involving a single proton tar
get is almost childishly simple and comparison with 
theory is most direct . I distinguish between inter
pretation of events and the computation of spatial and 
kinematic quantities . On the other hand, interpreta
tion of events in xenon competes in complication with 
the interpretation of events in emulsion, for which 
enormous ingenuity has been most fruitful in the last 
ten or fifteen years . 

In addition to these four liquids, a number of pro
ductive experiments hav e b een done in a he lium cham
ber . Currently freon - propane and methyl iodide
propane - ethane mixtures are b eing used in magnetic 
bubbl e chambers for experiments similar to those 
done in xenon. These mixtures have the advantage of 
being cheap, so that large chambers are practical. 
Furthermore, their longer r adiat ion lengths allow 
some use to be made of 15- to 20-kilogauss magnetic 
fields, although detection of y rays is l e ss efficient 
than in xenon. A 15-inch methyl iodide-propane 
ethane chamber has been used at Brookhaven b y the 
Cambridge g roup, while a group at the Ecole Poly
technique has constr ucted a beautiful 1-meter (300-
liter ) Fr eon or Fr eon - propane chambe r that has been 
used a t Saclay and at CERN. These liquids have some 
hydrogen in them, so that they combine the virtues of 
hydrogen and heavy - liquid chambers for events in 
which the kinematics is sufficiently overdetermined 
that events occurring on free protons can be identified. 

At this Conference we l earned of the successful 
operation of the 300-liter Ecole Polytechnique Freon
propane chambe r and the near completion of the 
CERN 500-liter Freon-propane chamber. At Berkeley 
the 72 - inch (approx 500-liter ) hydrogen chamber has 
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been operating for some time, and chambers of com
parable size are being constructed at several other 
places. Numerous smaller chambers employing a 
wide variety of sensitive liquids are now in use. 

Let us now discuss experiments that have been 
done in different kinds of chambers. Probabl y the 
l argest number of pictures taken with hydrogen bub
ble chambers have been of the process 'TT + n ~ Y + K 
in the neighborhood of 1 Bev bombarding energy . 
From these exposures the differential c ross sections 
were measured; good values of strange -particle life
times were obtained; parity violation in A decay was 
detected; and spins of A and L were measured. 
Many of the early data bearing on these points were 
obtained in propane chambers, since hydrogen events 
can be separated r e liably from carbon events in ex
periments of this type. Coulomb scattering in propane 
is not serious for these experiments, since the kin e 
matics is determined more accurately from measure
ment of space angles than from curvatures for most 
types of events. Further, prop~ne has about 1.5 
times as much hydrogen per em as pure liquid hydro
gen does . Scanning and interpret a tion are much eas 
ier in hydrogen, however, and it would certainly be 
the method of choice now. A by-product of these ex
periments has been a measurement of TI-p differential 
scattering cross section, done in both hydrogen and 
propane chambers. 

Another very fruitful set of experiments don e in 
hydrogen-deuterium chambers has b een R + N ~ Y +;r. 
Production of 7i 1 s and one possible "!:0 was seen by 
exposing the Berkeley 7 2 -inch hydrogen chamber to 
1.65-Bev/c and 2.0- Bev/c antiprotons. Information 
on annihilation and charge exchange of antiprotons 
h as been collected by using both hydrogen and propane 
chambers. 

Although some of these experiments done in hydro
gen can be and have been done in propane a lso--
though with more difficulty in interpretation- -there is 
a lar ge class of experiments that can b e done only in 
hydrogen or deuterium, in particular when it is nec
essary to observe the details of production and inter
action of particles with protons, especially if the final 
state involves more than two outgoing particles. Hydro
gen is also needed when the impurity or momentum 
spr ead of the incident beam is large enough to inter
fere with clean identification of hydrogen and carbon 
events in propane. Other experiments done in _fydro
gen include measurement of the p value for fJ. , 
strange-particle production in p-p collisions, the dis
covery of fJ. catalysis of nuclear fusion r eactions, and 
the direct determination of the 1'0 parity. Most of 
these experiments could have been done only in hydro 
gen. 

At high energies, at which the multiplicity of final 
particles becomes large, it will be important to study 
correlations among vector momenta of outgoing parti
c l e s to discover isobars, interaction resonances, and 
final-state interactions of various kinds. For this 
work hydrogen chambers a r e essential. On the other 
hand, hydrogen chambers may not provide the best 
way of identifying particles and measuring their char 
acteristics. 

Helium is a charming bubble chamber liquid be
cause it is safe and operates a t a pressure of one-half 
atmosphere, so that mechanical design problems are 
easy, although the cryogenic difficulties are similar 
to those for hydrogen. The helium chamber built at 
Duke has been used successfully by a collaboration of 
universities, including Duke. Its main inte rest follows 
from the fact that the spin and isospin of the helium 
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nucl eus are zero. From this fact a rguments can b e 
made concerning parity, isospin, and spin relation
ships among particles in simple reactions . One ex
periment done in helium is interpreted as evidence 
that the K-A relative parity is odd. The general study 
of light hyperfragments has a l so been a useful result 
of h e lium-chamber exposures. Since there is a res
onance in proton-helium nuclear scattering at about 14 
Mev whic h has a lar ge polarizing strength, it is hoped 
that a transverse polarization of 14-Mev protons can 
be determined from the asymmetr y of nuclear scatter
ings in the helium chamber . Such a measurement of 
polarization would be very useful in determining uJ 
the parity-mixing parameter iri hyperon decay . This 
quantity is very important theoretically and is difficult 
to measure we ll. It is the special nuclear character 
istics of helium that make it a useful bubble chamber 
liquid, rather than its gross properties such as stop
ping power and r adiation l ength. 

The list of expe riments that have already be en done 
in propane is almost as impr ess ive in variety as the 
list of experiments that have b een done in hydrogen. 
Propane c hambers are eas i er and less expensive to 
build and operate than hydrogen chambers, and have 
the advantage of higher stopping power and higher hy 
drogen density as well as total density. In addition, 
the Fermi momentum in the carbon nucleus is some
times an advant age in the production of rare particles 
near threshold. For example, about 20 negative cas
cades were made in a run in a 1-Bev K - beam at the 
Bevatron, on the basis of which Q values and life
times for the cascade were measured, and some in
formation concerning u, the parity-mixing parameter 
for the cascade, will b e available. A hydrogen cham
b er exposed to the same beam of K- mesons made a 
very small number of cascades . 

A number of experiments of this kind have been done 
in propane, but it is in general not the method of choice 
when beams of sufficient energy are available . The 
process of strangeness regeneration and the particle 
mixture char acteristic of KO mesons has been ob 
served elaborately for the first time in a propane cham
ber at Berkeley. The first experiment, which was done 
some time ago, consisted in observing negative - strange
ness hyperons appearing in a b e am which consisted es 
sentially of pure K~ mesons. This experiment con
stituted one of the first verifications of the particle
mixture description of the KO meson. More recently, 
Picc ioni , in collaboration with the propane bubble 
chamber group at Berkeley, has observed the mass 
difference of the K 1 and K2 mesons as well as some 
d etails of the regenerative diffraction scattering. An
other set of pictures taken with the propane chamber 
exposed to a K+ beam r eveal ed a large number of 
charge - exchange events, from which another value of 
the K 1-K2 mass difference is being deduced. For 
thi s experiment, the high d ensity of the propane was a 
distinct advantage because it contributes to a high rate 
of interaction of KO mesons produced by charge ex
changes of incoming K+ 1 s. Those KO interactions 
that produce hy p e rons are used 8o d etect the negative
strangeness component of the K beam. 

For that class of experiments for which the details 
of the production of strange particles are not the main 
objective, but rather the properties of the particles 
produced is the principal interest, propane has a con
siderable advantage over hydrogen. For instance, in a 
given amount of running time the K- beam can generate 
many more A 1 s in a denser medium than in a less dense 
medium. For studying the l eptonic decay modes of hy
perons, for example , their production in large numbers 
in heavy or moderately heavy liquids seems an efficient 
and good me.thod. In a xenon chamber this argument 
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does not seem to work if one wants to study the prop
erties of L hyperons, because they seem to be ab 
sorbed in the same xenon nucleus in which they a r e 
produced through nuclear interactions in which they 
are converted into A 1 s . The fraction of A 1 s which 
gets stuck in the nucleus in making hyperfragments 
seems to b e only a few percent, so that the xe non cham
ber is us eful for making large numbers of the free A 1 s, 
but not for large numbe rs of free ~ · s . 

The 1:0 
h yperon was first discovered in a propane 

bubbl e chamber at Columbia, where the moderat e radi
ation length gave a small but finite chance of seeing the 
y ray producing a pair in the same pictu r e in which the 
decay of the daught e r A was seen. Specia l applications 
of propane chambers are possible, which capitalize on 
pa rticular properties of the carbon nucleus. One of 
these has b een a measurement of the value of a., the 
parity- mixing parameter for A hyperons, in which 
the l arge and well-measured asymmetry in the scatter
ing of protons against carbon was used. Since the pro
tons produced in A d ecay are polarized and their lon
gitudinal polarization in the r es t system of the A is 
equ a l to the val ue of a. , ?n asymmetry in the scattering 
of these d ecay protons against carbon can be interpreted 
as a m easur ement of a. . Another ingenious exp e riment 
was done in a propane chambet- at Carnegie Tech which 
capitalized on the fact that c 12 has zero spin. The pur
pose of the experim ent was to measure the helicity of 
the p.- meson b y a bsorbing longitudinally polarized fl.
on cl2 to make Bl2, whose s ubs equ ent J3 de cay is ex 
pected t o display an asymmetry with respe ct t o the ini 
tial polarization dir ection ofthe f! meson. The sign of 
this asymmetry should indicate the direction of spin of 
the incident f! - . For this experiment a small propane 
chamber without a m agn e tic field was used. A photo
graph was taken of the incoming f!- coming to rest in 
p ropane. The film in the camera was kept moving 
during the time of the photograph so that a second 
flash of the light on the same film a few milliseconds 
later t akes another picture of the f! track slightly 
displaced from the first one, The bubbl es in the sec
ond displaced image are large r than those in the first 
photograph. If the f! - d ecays directly at r est, then 
evidence ofits decay electron will be seen in both photo
graphs, while if the e l ectron that is seen to emerge 
from the apparent stopping point of the f! - is in fact 
a J3 ray from Bl2, the track of the electron will ap 
pear only on the s econd photograph and will consist of 
fine bubbles, sinc e the lifetime of the Bl2 exci t ed state 
is something like 20 msec. This is one of the few cases 
in which the rapid rate of bubble growth in a bubbl e 
chamber is used to give some time discrimination for 
identifying events . 

Freon and xenon bubble chambers have come into 
operation fairly rec ently and have not yet produced 
many published results . In our xenon chamber we 
have measured the br anching ratios into neutral and 
charged decay modes of the hyperons and K mesons 
and a r e in the process of analyzing photographs which 
will give information about the various d ecay modes of 
the K+ . Experiments done in a xenon chamber at 
Dubna concerning the production and properties of 
strange particles we re reported at the r ecent Ro c hester 
Conference. So far the m a in features of the xenon 
chamber that have contribute d to the success of thes e 
experiments have b een its high efficiency for det ecting 
y rays and the high stopping powe r which makes range 
m easurements frequently possible. 

Expe riments with Freon chambers, Freon- propane 
mixture s, and methyl iodide-ethane - propane mix
tures have had objectives similar to those of the xenon 
experiment s. Many exposures have already b een made 
and the pictures are in the proc ess of a n a lysis . Al-
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though we have before us the main outlines of what can 
be done with the bubble chamber technique and some 
idea of the classes of experiments that have a lready 
been successful, the future uses of bubble chambers 
d epend very much on how ideas in physics go in the 
next few years. In the l ast few months, for example , 
there has b een a g r eat increase in interest in interac 
tions of fast n e utrinos . This inter e st has put a sudde n 
premium on getting the l arges t possible number of 
tons of sensitive detector in line with the most intense 
availa ble beam of neutrinos . A combination favored 
by many expe rimentalists at this moment is to put the 
l arges t liquid Fr eon bubble chamber available in line 
with the most intense neutrino b eam that can be pro
duc e d, which is probably the one at CERN - or 
Brookhaven. Even without a magnetic field, or at 
l eas t with a moderate fi e ld, it should be possible to 
identify the results of the int e raction of a fast neu
trino with a neutron to make a proton and a fast elec
tron . 

Hahn has built a small chamber tha t works with 
Freon l3B l at a temperatu r e very slightly above 
room t e mperature, and which is a very simple and 
saf e d evice . This chamber h as proved very useful 
a round the CERN m achin e for measuring background, 
because within an hour one can have photographs at 
various points around the accel erato r , especially be
hind shielding walls, to examine the amount and type 
of background radiation at crucial points. This is a 
special and probably very convenient use of bubble 
cham bers .. Hahn's remarks on the r e lativi stic ris e 
in Fr eon may turn out · to be very fruitful for experi
ments at high energy in which one abandons hope of 
studying the primary interaction in detail and fix es 
his attention instead on the character of the second
ar i es. 

According to the theory of e n e rgy loss, one does 
not expect a relativ isti c rise in the number of fast 
delta rays produc e d by a primary particle, but only 
in that part of the ioniz a tion loss which involves energy 
transfe rs to the atom of the order of and smalle r than 
the ionization energy. The pertinent ionization energy 
here is tha t average ionization potential which appears 
in the Bethe - Bloch formula. E x p e riments in various 
kinds of bubble chambers which measure the bubbl e 
d ens ity versus J3 have shown that the e nergy required 
to make a bubble is a few hundred vol ts and is probably 
associat ed with the energy of a stopping de l ta ray, 
which curls up as it comes to rest and deposits its en
e rgy in a small volume of the liquid. If this energy of 
a few hundred volts is of the order of or below the av
erage ioni zation potential of the liquid, the number of 
these d e lta rays would be expected to show a relativ 
istic rise, which would b e presumably greater the high
er the average ionization potential. With Hahn's pr e s 
ent results in Freon, for example, a 10-Bev/c beam 
containing both K' s and n' s would allow one to sep
arate the bubble d en sity of a K from the bubble den
sity of a TT b y a bout 3 standard d eviations, if one 
could measure a 50-cm track containing something 
like 20 bubbles p e r em. Hence an unknown track can 
be identified with b etting odds of about l to 20 to be a 
K or a TT meson at 10 Bev/c. When used with other 
information such as, for example, the observation of 
high- e n e rgy delta rays produced by the primary parti
cl e , this is an additional statistical tool which may well 
b e useful in identifying secondary particles from inter
esting events . 

As a r es'l!l.lt of these eight years of d evelopment of 
bubble chambers, it is now possible to have a chamber 
of almost any size and shape operating with almost any 
liquid of volume up to about 500 lit er s. Much lar ger 
chambers are ce rtainly possible. and the only immedi -
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ate limitation is one of cost. For the neutrino experi
ments a chamber containing 10 tons of Freon, for ex
ample, seems complet ely feasible. Chambers can be 
designed eithe r to take advantage of short radiation 
lengths, sacrificing thereby momentum measurement, 
or to g e t precis e momentum measurements without 
much chance of observing gamma rays producing pairs 
within the liquid. In addition to the simpl e choice of 
chamber size and of working liquids, there is consid
erabl e room for ingenuity and flexibility in using com
binations of detectors. In a Freon chamber that works 
at room temperature, one can readily imagine putting 
a bank of scintillators or possibly a whole scintillation 
chamber inside the liquid. A group at Harvard has 
succeeded in dissolving scintillating material in pro
pane, so that one can observe the scintillations and at 
the same time the tracks . Near l y everyone who is de
signing and building a chamber now tries to plan the 
hydrodynamics of the expansion so that solid plates 
of metal or other materials can be installed inside 
the chamber . One of the recent experiments done in 
the propane chamber used a 6 - inch iron plate within 
the working fluid. I think that it 1 s practical to put a 
6- or 7 -inch hydrogen bubble chamber in the center 
of a 1-meter Freon chamber, for exampl e, in order 
to observe the annihilation of antiprotons in pure hy
drogen and at the same time be abl e to see a ll the prod
ucts coming out, including 1T0 1 s, y rays, and neu
tral K m e sons which d e ca y neutrally. Several groups 
have used counter hodoscopes to identify particles en
tering a bubble chamber and to give approximate co
ordinates of each incoming particle. 

As the experimental questions get more and more 
subtle and the experiments harder and harder to do, 
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it is clear that combinations of various types of bub
ble chambers with other det e ctors will b e us e d. 

Dis cussion 

Block: Helium is a liquid which a ls o scintillates as 
well as bubbles without any additional materi a l s i n it, 
and we have shown, for example, that the study of 
K - interacting with two nucleons i s very promising 
when done in helium. The yield of multinucleon inter
actions of the K- is very small in deuterium, but in 
helium the yield is of the order of 20o/o. One final 
comment : I think that the ~O was seen in the diffusion 
cloud chamber first, and evidence for it supported by 
Shutt 1 s work in associated production. 

Palvini : Speaking of the propane chamber, I would say 
that a good use of th e carbon in the propane would be 
in studying the polarization of protons by obs e rving 
their right-left asymmetry in collisions with carbon. 
This has been done at Frascati by the group from the 
Pisa university when studying the polarization of the 
proton in the photoproduction of the n eutral pions. 

Glaser: Incidentally, this propane chamber works at 
five pulses per second. I should remark that I omit 
ted to say that fast - cycling chambers were reported. 
There is a chamber working with Freons that was 
described by the Princ eton Group, who are a l so wo rk
ing on designs for a hydrogen chamber . 

*This work was done unde r the a uspices of the U. S. 
Atomic Energy Commission. 
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Roger Hildebrand, Chairman 

Argonne National Laboratory, Argonne, Illinois 

Hildebrand: We are going to discuss mainly perform
ance and capabilities of chambers . We won't limit it 
specifically to that; there are a few new concepts and 
new ideas regarding chamber operations, and we will 
have a brief presentation of these new concepts. We 
welcome questions from the audience. 

I think that we will start off with some more o r 
l ess prepared things and it will get more spontaneous 
as we go along. I would like to call first on Dr.Nikitin 
to tell us about the new ideas in the refrigeration cycle 
which they are developing for the Soviet hydrogen 
chamber. 

I II. 4. APPLICATION OF THE HELIUM THERMO-CYCLE FOR A LIQUID HYDROGEN BUBBLE CHAMBER 

V. M. Dobrov 

Institute o f Theoretical and E xperimental Physics 
Moscow, USSR 

Presented by S . Ya . Nikitin 

In modern hydrogen bubble chambers all heat 
losses are compensated by the boiling off of hydrogen 
itself. Certain difficulties are encountered in the use 
of these chambers, principally caused by the fact that 
a mixture of hydrogen and air is explosive over a 
wide range of concentrations. It is the practice to 
liquefy the hydrogen in the immediate vicinity of the 
chamber. Thus near the chamber, which is itself a 
hydrogen reservoir, is mounted the liquefier, another 
hydrogen reservoir. There are also high - pressure 
supply lines (at pressures of 15 0 to 180 atmospheres ) , 
low-pressure emergency exhaust lines, and so on. 
Thus near hydrogen bubble chambers, we have large 
quantities of liquid and gaseous hydrogen. We will 
suggest in the following an alternative cryogenic sys
tem which employs a minimum quantity of hydrogen. 

Our suggestion is to utilize the refrigeration devel
oped by an expansion engine in a gaseous helium cycle. 
A flow diagram of the helium cycle and its represen 
tation on a T - S diagram is shown in Fig. l. 

The helium is compressed to about 25 atmospheres 
in compressor 1 (point a ) and enters the cooling unit 
which consists of a primary heat exchanger 2, nitro
gen heat exchanger 3, and the main heat exchanger 4. 
Upon leaving the heat exchangers the helium has been 
cooled to a temperature of 240 K (point b) and enters 
the expander 5. After expansion the helium has a 
pressure of 1.2 atmospheres and a temperature of 
about 10.5 degrees K (point c). In this state the helium 
enters the hydrogen chamber 6, where it removes 
heat-about ll cal/ kg of helium-while warming to a 
temperature of 19° K(point d). After leaving the hy
drogen chamber (6) the helium returns to the cooling 
unit and then to the intake of the compressor 1 (point 
e). About 1 .3 liters of hydrogen at atmospheric pres
sure is condensed. Liquid hydrogen bubble chambers 
that are refrigerated with gaseous helium expansion 
cycles have the following advantages: 

1. The amount of hydrogen used in the system is 
considerably smaller. High-pressure hydrogen lines 
and a considerable amount of hydrogen plumbing are 
eliminated. Thus the danger of explosion is diminished. 

2 . There is no need to purify large qu antities of hy
drogen, which is essential to long-term continuous 
operation of the chamber using a liquid h ydrogen re 
frigeration cycle. 

3. Calculations show that the gaseous helium cooling 
cycle is more economical than the liquid hydrogen cool
ing cycle. 
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Fig. l. Helium refrigeration cycle. 
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Hildebrand: I think that is an interesting notion . Dr. 
Post's d1scussion encouraged many of us to think of 
putting a hydrogen chamber inside of cold coils. Dr. 
P eyrou, I believe you have some comments to make 
about a refrigeration cycle. 

Peyrou: Well, I just want to remark, because I see 
some people are interested, that for the CERN 2 -
meter hydrogen bubble chamber we are going to use a 
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rathe r unconventional type of refrigeration for hydro
gen; the reason is strictl y economic. We are going to 
use a pure hydrogen cycle with adiabatic expansion , 
without nitrogen precooling. It turns out that this kind 
of thing is cheaper in CERN when you consider the 
cost of nitrogen you buy, and is cheaper to build than 
a nitrogen plant with a conventional hydrogen plant. 
It has the advantage that you can use a low-pressure 
oil-free compressor, so you have no purification in 
the cycle. 

Hildebr and: I am personally quite interested in elimi 
nation of the purification cycle because I am doing ex
periments that require very nure h ydrogen. Schiff 
has shown that one part in 1 o6 of nitrogen disolved in 
hydrogen will throw a f.L- capture experiment off by 
several hundred percent. So there are special cases 
in which one needs very pure hydrogen in the chamber. 

I might remark that Len Roellig has been measur
ing the solubility of helium in hydrogen as a function 
of pressure. H e will soon publish results showing the 
solubility at various pressures . He says he is a lready 
willing to be quoted that 20 mole percent of helium 
will dissolve in hydrogen at a vapor pressure less 
th an 3 atmospheres. 

It is not trivial to know what the effective vapor 
pressure is, because it makes small bubbles through
out the liquid and you have to be sure you don't have 
the thi?g supersaturated . This is such a high percent
age as to give some cause for thought, wh en people 
want to let helium come in direct contact with hydrogen. 
I think we would like to hear the status of the Brook
h aven bubble chambe r . D r. Shutt, could you tell us 
about that? 

Fig. A. Model of Brookhaven bubble chamber. 
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Shutt.: Yes , I would like to show three viev1s of o u r 
80 -inch chamber . We h ave made our decisions and 
have built a wooden model. Figure A shows the SO
inch chamber, as we call it; actually it is tapered 
from front t o back . There is only one glass window; 
we w ill have retrodirective illumination. It has a 
large 2 )0-foot beam window . We expand through a 
neck that is fair ly wide (but is narrow in the other 
direction) by means of a resonant piston at the top 
which is similar to those discussed yesterday in 
Session IIb. Figure B shows the chamber mounted in 
one half of the magnet. The chamber is ve rtically 
oriented; I will say a little more regarding this in 
just a moment. The clamps (black) that will hold the 
t wo halves of the magnet t~gether are easil y seen, 
also the coils. The assembled magnet is shown in 
Fig. C. Of course we are not showing the carriage 
system, which will consist of wavs that are made of a 

Fig. B. Position of chamber in magnet . 

Fig . C. Assembled magnet . 
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material called lubrite, which has a very low friction 
coefficient. It rests on rails. Then we have a formi
dable jack in the middle to jack our chamber up to 2 
feet. We are going, indeed, to a fair amount of effort 
to have the chamber in this orienta tion. We will go to 
more effort to h ave the b eam brought into the chamber, 
but it is our feeling that it will have been worth while 
for chamber performance. But we do agree lOO o/o 
that for some beams the horizontal orientation would 
be better. Everything has been discussed with ven
dors. It is about ready to go out on contract. 

Hildebrand: I heard that e arlier you had some diffi
cul ty with raising and lowering the present chamber. 
Am I correct in saying that that was something triv
ial which you have now overc orne? 

Shutt: I don ' t quite know what these difficulties were . 
We have had something that looks hor rible but really 
isn't. That is, the beam setup that has been used on 
the run on rr+ mesons just lately. In order to bring 
the beam to the chamber, one of the steering magnets 
has been tilted by 15 degrees, to give the horizontal 
field component necessary to bring the beam up to the 
chamber. 

Hildebrand: I would like to follow this up with a couple 
more status reports-- or, at least, planning reports. 
I wonder, Luis, if you can tell us a little about the 
idea for a medium- sized chamber? 

Alvarez: Most of you know that the 15-inch chamber 
which we have used for physics for the last two or 
three years was built largely as a model for the 72-
inch chamber. It has retrodirective illumination, 
which doesn't make any sense at all on the 15-inch 
size, but we had to learn of the problems so we used 
it in the chamber. Now that we have the 7 2-inch 
chamber running, we want to build a chamber that is 
properly designe d for this general size; so with the 
help of a large number of people and lots of ideas from 
all over., we have put preliminary designs down for a 
25-inch chamber that has a viewing glass on the bot 
tom, and a lens on the top which is part of the opti-
cal system . A bellows is inserted in the cylindrical 
body of the chamber . The light shines in from the top, 
and the camera looks through the bottom glass. The 
lens has three nice features for a chamber of this 
size . It has the optical properties necessary for 
straight-through illumination without coat hangers . 
The curvature of the lens a llows the bubbles to roll 
away to the edges. The lens also has a favorable 
cross-sectional shape, for strength. The expansion 
system will be resonant . We have heard a good deal 
in the last couple of days about resonant piston-type 
expansion systems. I think it should work well on this 
size. These are the essential features; the rest of it 
is pretty standard. 

Glaser: I think this design is nice because most of the 
thermodynamic inhomogeneity is presumably confined 
to the top of the chamber so that one does not have to 
photograph through optical inhomogeneities, which are 
more severe at the top. I wonder if there is any ex
perience on how dirt collects on the chamber bottom 
and how much is likely to settle on the window. 

Alvarez: We have a tremendous amount of experience 
w1th junk c ollecting on the bottom . It collects on coat 
hangers, and it collected on the bottom of the l 0-mch 
chamber. It is a very simple matter to get 1t off b y 
warming, but it is a simpler matter to keep it from 
getting there in the first place, particularly with a 
completely enclosed system like this. If you can d_o 
it with a recirculating hydrogen system, as we do 1n 
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the 15- and 72-inch chambers, then it is an absolute 
cinch to do it in a chamber in which the hydrogen 
stays inside and doesn't recirculate through a purifier. 

Glaser: That depends on what the junk is. How do you 
get rid of it? What is it? 

Alvarez: Well, you get rid of it in the filtering; we 
run the hydrogen through a 5-f.l filter a nd take out 
things like solid nitrogen, water, and oil--the things 
that could get into it. We fill the chamber with hy
drogen which has evaporated at liquid hydrogen temp
erature and then it is filtered. 

Nikitin: I suppose that one of the ways to get a very 
clean chamber of that size is to fill it by condensation 
of very pure hydrogen. 

Alvarez: Yes, I think that is the only way one should 
do it. 

Hildebrand: When you say that a second small cham
ber is being built at Berkeley, we realize that small 
chambers are quite useful and we are forced to take 
a very hard look at the value of large chambers. We 
have been examining the value and feasibility of large 
chambers at Argonne. I would like to ask Bob Thomp
son to comment about the status of this study. 

Thompson: We are not the first group to look at the 
question of size of chambers, and I believe that every
one else who has started to build a chamber of. sub
stantial size has considered the feasibility, practical
ity, and utility of a chamber a size larger than the 
largest chambers that now exist or are being built . 
The motive, of course, for considering such a possi
bility is very simple-minded , and was indicated in the 
table of data that Glaser presented a moment ago-
namely the mean free ~ath. The density of the liquid 
hydrogen is 0 .06 g/cm , and this corresponds to a 
geometric total mean free path of something like 5 
meters. For the production of strange particles it is 
much longer, and for this reason alone it is worth 
thinking about what is the optimum size. Now, of 
course, if one starts thinking about doing experiments 
in which strange particles are produced, then have to 
decay, and you want to look at the interactions of the . 
secondaries, to determine their identity or their state 
of polarization, etc. , then the value of a large length-
a length more nearly comparable to the mean free 
path--becomes more important, because the efficiency 
of the chamber goes up as a large power of the length . 
Another advantage of such a large length would be in 
detection of neutron recoils. As suggested by Dr . 
Alvarez in his talk, the determination of particle iden
tities by the li-ray method developed at Berkeley is 
another instance. A hydrogen chamber of any feasi
ble size is not a very goody - ray detector because the 
radiation length is very, very long, but there is the 
possibility of inserting a metal plate for the photons 
to materialize in , and the larger the linear dimensions 
are, the easier it is to do this--providing, of course, 
the plates can be put is so that the y are compatible 
with the optical system and with the expansion flow 
lines. 

This is of course not a complete list, but finally 
let me mention the possibility of using a large Freon 
chamber for the neutrino experiments. The cost of 
a big magnet, the optical s y stem, and the equipment 
to analyze the photographs is a substantial part of the 
total cost. The cost of the Freon chamber would be 
only a small fraction. One has to remember that in 
.a few year.s neutrino ph ys ics may be one of the very 
hottest things, and a really large Freon chamber de
tector for neutrinos would be a very nice thing to have, 
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particularly at the Argonne Laboratory, where we 
will have a very - high-flux neutrino beam . 

Before one can think very seriously about this, one 
has to worry about the feasibility of building such a 
chamber--the cost and the time schedule. And, to 
give you an idea what sort of ball park we are in, we 
are thinking of something with linear dimensions be
tween 2 and 5 meters. If 5 meters were the length , 
then the width would be about a meter and a half or 
60 inches. 

The first thing one worries about with a chamber 
of this size is how to get a window to put on it. A 
5-meter window would corresp:md to a section 5 feet 
wide taken out of the middle of the famous Palomar 
reflector. In addition, what is required here is a 
refractor rather than a reflector, which means that 
the glass must be of optical quality, free of bubbles, 
etc. Twenty-five years ago the glass people would 
have laughed at us, I think, but it turns out that a 
great deal of progress has been made in th e manu
facture of optical glass. We h ave taken up this mat
ter both with the Schott people in Germany (the fa
mous Jena Glasswerke), and with the Corning people 
with the help of Dr. U. Condon, who was formerly 
director of research there. Both firms actuallv 
have suggested a method of fabricating such a window. 

Perhaps some of you don't know that the Schott firm 
makes glass in refractory pots, sometimes lined with 
platinum foil to prevent dissolving the ceramic mate
r ial in to the glass. The capacity is about 900 liters, 
and I believe the window suggested by Dr. Schutt 
would fully utilize that capacity . Actually there is a 
good deal of waste, since only the cen.tral part of the 
melt is useful. 

A 5-meter window could not be manufactured by 
Schott in one pour with their present capacity. Fo rtu 
nately they have a suggestion for doing this without 
building a new glass factory, and that is to cast three 
or four relatively thin layers of glass, each corre
sponding to a volume of several hundred liters, and 
then to fuse them together by a method which they 
have developed. 

Th e Schott people have developed the following proc
ess: one takes two plates of glass and places them in 
a wedged configuration in a furnace . The inner sur
faces have previously been optically ground. They 
find that the glass sags down together, and wipes to 
gether, and the air that you think would be entrained 
is swept out as the glass fuses together. All they 
would have to do is to build the furna ce of sufficient 
capacity to carry out this fusing process. Then the 
same oven could be used for annealing. 

In the case of Corning, optical glass is manufac
tured--mass-produced, in fact--by a continuous proc-
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ess in their Kentucky plant . All the raw material is 
put into one end of the thing called the "tank" and the 
glass comes out the other end in molten state at the 
rate of about 100 pounds per hour. It would require 
approximatel y 5 days to complete the pouring of the 
melt for a 4- or 5-meter window. What they would do 
is make a h eated mold- -a mold that would keep the 
glass hot and could later be used for annealing. One 
starts pouring at one end then moves the mo.ld along 
at the r ight rate of advance until the other end is 
reached. Then th e annealing would be done in the 
same furnace. Neither of these firms has given us 
positive assurance that they are willing to produce 
this fantastic piece of optical glass, but they have def
initely not said "no". Another thing that worried us a 
great deal was the refrigeration requirement, because, 
for a 50-meter chamber, it would be very much greater 
than used with present-day chambers. We have taken 
this matter up with the Cryogenic Engineering Labora
tory at Boulder, and we have learned that the require 
ment in terms of c ompressors and refrigeration in 
general is actually very small in comparison with what 
industry can do at present . As you know, liquid hydro
gen h as industrial applications and it is used in mis
siles. The cryogenic people are not frightened of this 
problem at all. 

Just a comment about the arrangement of the cham
ber; we are seriously considering the same arrange
ment as Alvarez h as reported for the Berkeley 25-
inch chamber except that, in such a large chamber, it 
seems impractical to try to use through illumination 
or to move a lens. We are considering a single win 
dow on the bottom. This would be very advantageous 
for reducing temperature gradients in the chamber. 
Expansion would be out the sides, through expansion 
plates , then up to perhaps multiple pistons at the top 
located along the length of the c h amber. 

Hildebrand: I remember the first time you proposed 
an upside-down chamber you did it with your tongue 
in your cheek and it brought loud guffaws. It now 
seems to be accepted a s a reasonable thing to do . 

Alvarez: I should say there is one working at Cal Tech: 
Teem1s Chamber, which was originally built for WF6. 

Hildebrand: I would like to make one comment about 
the early part of your remarks. You said that the hy
drogen chamber was a poor detector of 'I rays, which 
is true, but it is the best detector of internally con
verted 'I rays. You have the chance to measure the 
momentum of the electron pair before it has radiated. 

I think that is enough on chamber status and con
struction- - I would like to turn the conversation to 
methods of identifying tracks, topics related to bubble 
density, gap counting, and 6 rays. I would like to 
ask Dr. Peyrou to start this discussion by telling 
what he knows about bubble density in liquid hydrogen. 

III . 5. GAP-LENGTH MEASUREMENT OF BUBBLE TRACKS 

Charles Pe yrou 

CERN, Geneva, Switzerland 

The method we used to measure bubble density 
was not direct bubble counting . We preferred the 
"(Ilethod developed by O'Ceallaigh in photographic 

emulsion work, the measurement of mean gap length. 
This method works if the distribution of gap lengths 
is exponential. 1£ one plots on semilog paper a cu-
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mutative distribution of gap lengt hs (num ber of gaps 
larger than d, ve rsus d), the distribution should be 
a straight line , and the slope of the line is the mean 
gap length. Thi s method has the advant age that it is 
not confused by overlapping bubbles and, i n principle, 
the mean gap length is independent of the size of the 
bubble. It is, essentially, the inve rse quantity of the 
number of bubbles per em. 

We have used this method in an attempt to detect a 
re lati vis tic increase of ionization in liquid hydrogen. 
T heory predicts that if such an effect exists it must 
be very sma ll ; however, since the mechanism of bub
ble formation is not perfect ly known it seemed wort h 
whi le to look for the effect. As we wi ll see, we were 
unable to detect any relativisti c incr ease . Neve r the
les s I think that I w ill be ab le to show tha t measure 
ment of bubble density is an inter e sting method for 
measuring ve locity and t hereby identifi ying non
relati vis tic part icles. 

The work I am reporting has be e n done b y Dr . D. R. 
0. Morrison of CER N and Dr . C. C. Occhialini and 
Dr . G. Mamb riani of Milano University . 

The theory indicates that on t he tracks we have 
obtained in the 30 - cm chamber at CERN the error in 
the mean gap length should be about 8 %. If we 
measure a ll the t racks in the chamber we find that t he 
variation is something l ike on l y 9 %. Thus it seems 
that the inte.r na l and ext e rnal errors are compatib le . 
This also means that the temperature in the chambe r 
i s very uniform, since we find by exper ience that a 
difference of 0 .02° in temperature causes a variation 
of 5 %. in the mean gap length. No systematic dif 
ferences have b een found across the chamber . I must 
mention that we we r e unable to use the bubble density 
of one photograph to standardize to another to better 
than 10 11o accur acy . What we did was to use a 
s tandard track of known momentum from each picture 
as a r efe rence for that picture . Then, of course, the 
e r rors of the reference track and the track of interest 
must be combined, but if there are several known 
tracks that can be used fo r reference , that portion of 
the error can be reduced. 

The re sults of our meas urements are shown in 
F igs . l through 4. 

Figure l shows a cumulative distribution of gap 
length from a standard track and, indeed, the distri 
bution does fit an exponentia l law. In order t o obtain 
this justification of the method we measur ed all the 
gap lengths, but this is too long a procedure for rou 
tine measurements. According to O'Ceallaigh's pro
cedure, we normally count the number of gaps greater 
than five standard lengths, and fit a straight line 
through the five points obtained. In early measure
ments the fit was done by an experienced eye but we 
now use a maximum-likelihood program with the aid 
of a compute r. 

Figure 2 shows the ratio 

mean gap length of s tandard track 
mean gap length of track of velocity ~ 

bubble density (13) 
bubble density(standard) 

against l / 13
2

. 

The standard tracks were rr mesons for which 
132 = 0.91. 

Figure 3 shows the same quantity 

mean gap length standard ve rs us "Y = 
mean gap length track 
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measured fo r electrons . 

This figu r e combines the r esults of two experi 
ments, one using electrons of rr-p.- e decays, with 
420-Mev/c rr mesons as the standard, the other using 
electr ons from pairs with 16-Gev/c rr mesons -y = 115 
as the standard. One sees at first glance the absence 
of relativistic increase (in contrast with the result of 
Hahn for heavy liquid). There is, if anything, a rel
ativistic decrease; that is, the ~inimum is r eached 
for much larger -y ' s than the l / 13 law would indicate. 
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However, there may be a systematic error in the 
measurements of low-y e lectrons due to the pronounced 
curvature of the tracks. 

Figure 4 shows measurements that have been done 
on all the secondaries of neutral V 0 decays. One sees 
clearly the separation into a proton group and a pion 
group. The measurement errors that appear here are 
rather large, but one should remember that the cham
ber is small and that the average track length is not 
greater than 10 ern. A lar ger chamber will give long 
er tracks and better statistical accuracy provided that 
the optics a llow the measurement of small gaps. An 
adventure of the method is that the statistical accuracy 
is better for relatively fast particles --that is, the ones 
that do not stop even in a large chamber. 

In this chamber the diameter of the image of the 
bubble (which, of course , is not the exact size of the 
bubble) is 16 f! on the film, corresponding to l80f! in 
space. We have also tried other methods to measure 
bubble density: bubble counting and gap counting. It 
has been found that sometimes these methods give a 
slightly better statistical accuracy. However, the 
mean-gap-length measurement has the advantages of 
applying to a larger range of bubble densities and being 
less subject to a personal factor of the operator making 
the measurements. Fluctuations from one operator to 
another is only 3 o/o; the method can be automatized 
easi l y. 

One final point: we used a projection microscope, 
which is much easier to use than a regular microscope. 
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Discussion 

Hildebrand: I find this very interesting. I think we 
might pursue it a bit. I'd like to ask a practical 
question. You indicated the importance of bubble size; 
to what extent is the general picture quality impor
tant, such as the background? As long as one gets the 
physics out, as Luis says, one shouldn't in general 
worry too much about whether the picture looks nice 
on your wall, but it seems to me this may be a case in 
which the illumination scheme--the quality of the back
ground --is important. Any comment on that? 

Peyrou: Yes, it seems that it is very important for 
suc h a work. I remember very well that Morrison 
tried once to make the same measurement on Lino
graph -ortho, but probably it was the sort that has a 
dark background, and you abso lutely could not see the 
individual bubbles in the same chamber with a pro 
jection microscope. It is essential, if you want to 
make the measurement easy for an observer --and 
probably even more important for a machine, which 
will do it automatically - -to have sharp-edged images 
of bubbles; this is not a feature of the chamber, but a 
feature of the optics. Furthermore, of course this 
kind of thing really involves contradictions. That is, 
people who determine mean gap lengths prefer tracks 
that do no have too many bubbles per centimeter, 
whereas the automatic track-following devices work 
better on nice solid, fat tracks. I think it is not good 
to throw away information; what you have to do is to 
find a system that follows tracks even if the number of 
bubbles is relatively scarce, 

Hildebrand: Are there any further comments on bubble 
density? Luis? 

Alvarez : I would like to add a few words about count
ing bubbles. I' m going to take the unpopular position 
of saying that I don't think it's terribly important. 
There are cases in which it is, but I don't think it's 
going to have anything like the importance in bubble 
chamber physics that it has had in emulsions . The 
main reason is that in emulsion you count the number 
of grains in 100 microns, and there are an awful lot of 
100 -rnicr on intervals in an emulsion stack. In the 
bubble chamber, on the other hand, where you have 
something like 10 bubbles per centimeter in hydrogen, 
you just don't ha·ve very many bubbles to measure. On 
a standard track--let's call it 20 in . long or 50 em-
you have 500 bubbles, so the square root of that is 
something like 22, which means that you can measure 
then to 4.5%. If you want to go to, say, three standar d 
deviations, then you can only work with a variation in 
bubble density of 13%. 

Let me now just give a few numbers having to do 
with the area in which one could make use of bubble 
counting. We have made use of it on certain occa
sions, and I certainly don't want to say that one should 
design the chamber so that h e can't measure bubble 
density, but I think we should consider actual quan
tities and see just where it benefits us. Thus 1 3% is 
about the smallest significant increase in a chamber 
where you have 20 -inch tracks and where you want to 
have positive identification. I think perhaps even that 
is not enough difference unless the charnoer works 
perfectly and there 1 s no variation in temperature at 
a ll. With some variation in the chamber, I would say 
that the minimum practical (measureable) increase 
in bubble density is 20%. On the other hand, I think 
you can hardly build a bubble chamb er so bad that you 
can't see a 100% increase in bubble density. 

Our chamber is certainly not noted for uniformity 
of bubble density throughout, but we can always dis·
tinguish protons from pions by inspection in the mo
mentum range where the difference in the bubble 
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density is a factor of Z. Our scanners just look at it 
and say, "that is a pr oton ; that is a pio n . " So I w ill 
call ZOo/o the experts 1 level, be yo nd which it doesn't 
pay t o go , and I ca ll 100 o/o the peasants' extr e m e, 
where you c an't help but see a difference . So the only 
p lace I believe you have to gain is somewhere between 
ZOo/o and 1 OO o/o. 

Now I will show you what this b uys you . F igure A 
shows fou r separate graph s, one each for protons , 
K' s , 1T

1
S , and f.L 1

S, p lott ed against momentum in B ev/c. 
There are three s eparate types of cross -hatching 
here . The r e is the w ide diagonally eros s - hatched one; 
if the particle has a momentum anywhe re in this r ange, 
it wi ll stop in the chamber. I am usi ng ZO in . as my 
standard length, so it will stop within ZO in. if it is in 
the cross-hatched a rea. The narrow diagonally cross 
hatched a r ea is whe re you can measur e the ve loci ty by 
"peasant" -type grain counting. The Cl.g/g is plotted, 
rather than gjg

0 
; Ll.g/g 0 = 1 cor r esponds tog= Zg

0
; 

Ll.g/g = 0.2 corresponds t o g/g0 = 1 .2 . So the in 
teres~ing region on each of these graphs i s a little 
more than half the width of the h ori zontall y shaded re
gion--from Ll.g/g = 1 to Ll.g/g = 0. 2. This is the only 
r egion in which imp rovements in bubb le-counting tech
niques can yie l d return s. And since I set t he "peasants 
limit" at a point whe re one can see t he change in den 
sity, a better guess as to the r egi o n where gains can 
be m ade is one -ha lf the width of the b and. I think you 
have to conclude (or at leas t I conc lude ) from looking 
at a chart like this that bubble counting is not a ter-
rib ly important thing. 
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Even though these bands are relative ly small, we 
often find particles in them which we wish t o identify . 
Is there any other t echnique available? I believe the 
answer wil l turn out to b e 6 rays. It's a fortunate 
coincidence (I don't know the reason for it}--at the 
limit of the peasants ' grain - counting region, where 
the bubble density has d oub led, one starts to get l -em 
6 rays. Be l ow that you can 't get them, and of course 
that is independent of the nature of the part ic le and 
depends only on its ve locity . So from this limit on, 
you can get l- em 6 rays, and the mean f r ee path for 
the production of l - em 6 rays on all these tracks t urns 
out to be 20 in. , which is the s t andard track length 
in the big chamber . Now this means that on the aver
age you have r oughly a 63o/o chance of getting a 1-cm 
6 ra y. We must then ask, what informat ion can you 
get from suc h a 6 ray? It's obv ious that when the 6 
ray has a high energy, one can determine the mass of 
the particle with no a::fbiguity at a ll--I mmn with a 
confidence leve l of 10 , o r something of that sort . 
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When we get d own t o the i - em 6 rays, we are going to 
have t o use a new technique to measure the angle at 
which the 6 ray comes off. The 6 ray s are wound up 
i n a magnetic fi e ld, and it is difficult with our present 
techniques t o find out a t what a n g le they separate from 
the tr ack. Since we reall y don't know how to do this 
yet, I as ked Fra nk Crawfor d to prepar e four s lides , 
which were taken in the 72-inch chamber with no field 
to see if it appea rs worth while to unsc ramble the 
effect of the field. It seems to me that the multiple 
scattering doesn ' t have much to do wi th smear ing out 
the angular information in the las t centim e t e r of 
tr ack. The s-li d es of 6 rays in the absence of a mag
netic fie ld be a r out Cr awfo rd's ca lc ulati ons, that the 
mean scattering ang le is 13 or 14 degrees, for the 
mi llimet e r of e lectron track that can't be res o lve d 
from the parent track . Figure B shows the 6 ra y 
that happens t o go straig ht right from the point of 
inte rs ection with the track, so you would not make an 
err or in its ang le . I should point out that in order t o 
m easur e the ve locit y of the partic le , you have to know 
the energy and t he angle of the 6 ray, un less the 6 
ray is very e nergeti c , in which case you h ave no pr ob 
lem at a ll in m eas uring the ang le . In Fig. Cis a 
track in which there is a little kink a bout a centimeter 
down from the end , but the sc attering ang le is quite 
small. You can se e that if you took it at the wron g 
place, it would b e eas y to make a n error. FigureD 
is a horrible looking one. 

In order to use this technique effective ly --and I 
b e li eve it is an important t echnique- - one will have t o 
develop a t echnique for plotting the tr a jectories of the 
individua l 6 rays a nd disentangling the effect of the 
magnetic field . I think that the kind of t echmque that 
is used by cart ographe r s in their stereoscopic map 
r eprojec t ion should work out very we ll. One can use 
stereo very nicely over the small regions near a 
track, eve n though one c annot fuse the images over a 
who le 72 -inch bubb le chambe r . But in the n eighborho od 
of a small 6 r ay, h e can fuse t wo v i ews , and the n he 
can move a pointer around "on top of " the 6 r ay, and 
feed out the coordinat es in three dime n~ions. I think 
one cou ld the n r un tha t inform a t ion through a com
puter, and f ind out at exactly what ang le the 6 ray 
wou ld have come off the track in the ab s ence of the 
field. And when we can do that, I think we are going 
to have a ve r y powerfu l ,-t:oo l for identif ying partic les 
by g etting t h eir ve l ocit y. One must certain ly push 
t oward obtaining g, ood temperature uniformi t y in 

Fig. B. Track in 72 -inch bubble chamber -
an gle of 5 ray easy t o determine. 
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bubble chambers so as to be able to measure bub
ble densities, but I t hink the payoff from that is not 
nearly what one would expect from previous experi 
ence with cloud chambers and with emulsion . 

Hildebrand: I would like to mention one experiment 
looking at bubble density, though not quite in the spirit 
we have been talking about. I have a student, a Mr. 
Pyka, who is planning to do an experiment on charge
exchange scattering of pions at low energy . He can 
operate the Chicago chamber so that the last l centi 
meter of the track is a~ways flat, and then gaps start 
within a range of a few millimeters; thus, by simply 
ignoring all the tracks with black endings, he can cut 
down his scanning time by a factor of about 100. 

Alvarez: We do the same thing in the K run. We use 
what we call the pick - tooth method, where you cover 
up mos t of the chamber, but look at an inch or two of 
the incoming tracks . You pick out K's by ionization; 
when you see one that is black, you take off the cove r, 
and there is the K. So we do use bubble density a lot 
in our work; what I was tr ying to do was just de line ate 
the region where it is useful. I think this has not been 
properly emphasized before. Many physicists have the 
impression that measuring bubble density is a more 
universally useful technique than I think it actually is 
in practice. 

Hildebrand: Are there other comments on bubble den
sity and delta rays? 

Peyrou: Well, it ' s clear from what has been said here 
what region is useful for our purposes, since we have 
no relativistic increase. However, I think "We ll , I 
wi ll not sacrifice those parameters." If I had to sac 
rifice those parameters - -if I had to sacrifice either 
precision of momentum or bubble density- -that would 
be a different thing. I think, however, that i t is very 
useful and wi ll still be very useful, especia lly if it 
supersedes the "peasant" method, because as I have 
seen in cloud chambers and have seen in part in bub 
ble chambers, there may be a man who believes he is 

Fig. C. Track in 72-inch bubble chamber-
a ray with "kink. " 
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an expert who says, "This is double the bubble den 
sity," and another who says "This is three times the 
density." The best way, I think, is the way of physics, 
to replace impression by measurement. What we 
have done is to try to see how we can put numbers on 
impressions. Now I have question on the delta ray. 

Alvarez: Could I just break in with a comment? You 
said one thing that sums up my fee ling very we ll. You 
said you wou ld not sacrifice the abilit y to measure mo
mentum in order to m ms ure bubble density. I think 
this sacrifice has been made in the Freon chamber. 

Glaser: I think Peyrou showed very we ll the statis
tical limitations of the bubble counting method and 
that one had to insist on good optics to reach it, but 
I think we all a gree that one wou ldn' t sacrifice momen
tum measurements in order to gain it. I don't think 
that bubble counting is the justification for the use of 
heavy liq uid, as you implied, but is a by-product 
which one tries to take advantage of. I have some 
more questions about the 6-ray business. It is cor 
rect, as you said, that you get one 1i ra y of range l 
em or great er per 20 in . of track in hydrogen, but 
the correlation between tile ang_le of this 1i ray and 
the mass of the particle depends on the ang le of 
emission of the 1i rays. At a given angle of emis
sion, the precision required in the measurement 
of that ang le depends on the size of the angle . To 
decide whether this technique is in fact going to be 
useful, one has to know what is t he mean free path 
for making a 1i ray, which, if the precision in 
measuring the angle is 15 o/o, does in fact u nambig 
uously identify the mass of the particle. From 
some estimates that I hav e made, I think that range 
of usefu lness is extreme ly small. 

Alvarez: To answer Don G laser's question, I must 
refer again to Fig. A, and to a coup le of documents 
that contain quantitative data on 1i rays. The first 
is Frank Crawford' s Physics Note 43 10-0 3 M29, 
dated November 20, 195 7, and the second is on which 
Janice Button p repared last week . I was quoting 
from her report when I mentioned the figure of 15 deg 
mean scattering angle for a 1-cm -long 1i ray, in its 
first millimeter . Dr. Button prepared a curve which 
shows the width of the Gaussian distribution of scat 
tering angles in the first millimeter of range of 1i rays 
of various lengths. The curve shows the standard 

Fig. D. Track in 72-inch bubble chamber- 
a -ray angl e difficult to determine. 
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deviation of the true space angle of scattering, as a 
function of the rang e of the 0 ray . For R = 1 em, 
e d = 15 deg, as quoted earlier . As R increases, 
es. d . decreases, as the following pairs of numbers 

s. . 
show; 2cm, 9.8 deg; 6 em, 5.0 deg; 10 em, 3.2 deg. 
The Crawford memo shows how the angle of emission 
of a 0 ray varies with the f3y of the primary particle, 
and with the range of the 0 ray. One can combine the 
data from the two sets of cur v es, and plot cur ves 
which tell how often one can distinguish a rr meson 
from a K meson . 

Before doing so, we should first pick out the region 
of int e rest--where bubble counting of a sophisti c ated 
natur e might be used as an alternative method. Ref
e rence to the Fig . A should con vince an yone t hat pion s 
can neve r be distinguished from muons by bubole 
c ount, but that i s not important; we can assum e that 
muons are not emitted from primary interactions, as 
pions are . The most important, as well as the most 
difficult, job of identification concerns the rr and K 
mesons . If w e hav e an unknown track of known mo 
mentum that could be either a rr or a K, Fig. A 
shows that we can't make an identification on the basis 
of bubble counting if p i s greater than 1.3 Bev/c 
(gjg

0 
is less than 1.2 for b oth particles in this range). 

We cari always make the identification b y inspection, 
if p is less than 0.5 Bev/c, because then g /g

0 
is 

g reater than 2 for the K, and very much less than 
that for then. The most sophisticated C.ubble-counting 
technique is the n of use only in the range 
0 . 5 < p < 1.3 Bev/c. One then asks the question, "Is 
the 0-ray technique of potential value in this range?" 

I have plotted curves that sho·.v the difference in 
angle of emission for 0 rays of a given range, from 
TI and K mesons of various momenta in the interval 
0 . 5 to 1,3 Bev/c . Since the angles by themselves are 
of no interest, I have plotted curves that show the an
gular difference mentioned above, di vided by the stand
ard deviation angle appropriate to that particular 0-
ray range . As w e could expect, this latter ratio be
comes larger as the range of the 0 rays increases, 
because the scattering becomes less important. But 
at the same time, the probability of finding a 6 ray 
of longer range goes down . If we remember that the 
mean free path for making a 0 ray of r centimeters 
range is 20 in . divided by r, we can then evaluate the 
c ur v es just mentioned . 

At p = 0.5 Bev/ c, the "difference angle" is twice 
the standard deviation angle for all 0 rays with ranges 
greater than l. 7 em; if one considers the 2 standard 
deviations to be a useful criterion, he has a 60% 
chance of finding a 0 ray whi c h c o uld in principle 
make the identification . When the momentum is raised 
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to l Bev/c, the same criterion comes at 5.5 em of 
range, with an 18% chance of making the identification. 

The numbers just quoted seem to me to be poten
tially useful. We should couple this with the fact that 
as bubble chambers b e come larger, it becomes harder 
to achie v e the temperature uniformit y ne e ded to real
ize the assumed 1.2 ratio of bubble densit y. Of course, 
the potential track length increases, too, but the 
reliability of the bubble density measurement goes only 
as the square ro ot of the length. Contrasted w i th this 
we have two facts: the probability of finding a 0 ray 
g oes linearly with track leng th, and the utilit y of the 
method is independent of the temperature . 

I conclude that although neither of the two methods 
(bubble counting or 0 - ray measurement) has yet 
reached its peak of perfection, we should not com
promise chamber desi g n to achie ve higher accurac y 
in bubble-count measurement, and we should develop 
m e asuring techniques to exploit the 0-ray method. 

Hildebrand : My own impression is that the most 
economical way, the most satisfactory way of iden
tifying the purity of the incoming beam and tagging 
particles, is with the hodoscopes, such as wer e de
scribed yesterda y. Hodoscopes look straightforward 
and quite convincing to me. 

Thompson : It has been said that drop counting was 
not ver y useful with the Wils on c loud chambers 
relatively not useful. However, one can try to learn 
a little something from history . What Alvarez said 
is true; it was not terrribly useful, and the reason for 
this is interesting . I "believe, if I remember correct ly, 
that there us e d to be a certain law of Wilson cloud 
chambers called the momentum-ionization compromise. 
It was believed that you could not simultaneously make 
good momentum measurements and good drople t counts. 
And so a lot of people didn't really try very hard to 
make good droplet counts, and later on it was show n 
by Fretter and by Cowan and others that it was pos
sible to make a very good drop count and also make 
pretty good momentum measurements. If people had 
been more courageous in 1950, the long controversy, 
for example, about whether the A 0 was really a h y 
peron - -that is, a particle that decayed into a nucleon - 
would have been eliminated . The question of the mass 
of the K mesons- - w hether ther e was one, or two, or 
three, or four different kinds of K mesons - -this 
controversy, which took ye ar~ to clear up, could hav e 
been settled, I think, or at least aided greatly by the 
Wilson chamber. So m y own fee ling is that e v en 
though it may appe ar to some that one method is more 
desirable than the others, we should not therefore 
neglect an available technique. 
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I have been asked to give a summary of Session II a 
for the benefit of those who attended II b. I assume 
that my mandate also included making various com
ments about the material presented. Therefore, if I 
mention people 1 s names as having made reports, you 
must take that as only the impetus for some of my re
marks and not necessarily credit them with every
thing that I may say. I will include in my remarks 
only the parts that dealt with fast amplifiers, pulse 
discriminators, tunnel diodes, and transistor counting 
circuits, 

There was a paper given by Uenohara from the 
Bell Lab on low-noise wide-band amplifiers. The in
terest of a high-energy group in low-noise wide-band 
amplifiers is not clear to me - the only thing I have 
been able to think of is that they might possibly be of 
use in connection with solid-state detectors, but I have 
not heard of any use of solid-state detectors in high
energy physics, in contrast to low-energy nuclear 
physics, where it is at present a very important tool, 
Perhaps this judgment can wait until Yuan has talked 
this afternoon about solid-state detectors for high-en
ergy particles. I have considered the possibility that 
solid- state detectors might be used in complicated ar
rays, but if low-noise wide - band amplifiers are nec
essary I think such use may be precluded, because 
the typical low-noise wide-band amplifier of a gain of 
ten would cover the top of this table; and I can 1 t im
agine using it in arrays of large multiplicity. One of 
the amplifiers discussed was the maser amplifier, 
which appears to me to be of little use to us because 
even though it is the best in regard to the noise figure, 
the bandwidth- - even the absolute bandwidth- -is so 
small as to be of little interest to people who are con
cerned with high-speed counting. 

The parametric amplifier was discussed at some 
length, and again I think it has relatively little use in 
high-energy particle counting because it has a low rel
ative bandwidth--that is, it has a bandwidth that is 
small compared with the frequency involved; . therefore 
it cannot b e used directly in pulse circuits. It could be 
used in carrier amplifier pulse circuits such as those 
encountered in radar techniques, but this has always 
been true and yet we have found very little inclination 
in high-energy physics to make use of carrier tech
niques in pulse amplification. One of the difficulties, 
I think, is that carrier techniques are limited to such 
a low level. At the time one does the detection the level 
is so low that the application of nonlinear circuitry has 
to be deferred until after more video amplification, so 
that the basic limitation comes in the pulse amplifier 
itself. These considerations may be less relevant now 
that low-level detection circuits are further developed, 
An example was given of one parametric amplifier which 
had at some kilomegacycles a bandwidth of 80 Me (which 
would correspond to a rise time of 4 nsec or so), and 
a gain of 10. It appeared from the photograph that this 
device occupied a volume of a few cubic feet. 

I thought the most interesting and immediately ap
plicable part of the fast-amplifier report was the de
scription of a fast transistor amplifier which consisted 

of a coaxial cable. I assume the diameter is of a nor
mal (say, 125-ohm) coax, in which the thr ee special 
coaxial transistors were placed coaxially in the cir
cular conductor, and the various other circuit ele
ments were also placed coaxially and lay together in 
such a way that from a plug at the input to the plug at 
the output one had an amplification of ten times and a 
rise time (as I interpreted it from the graph of fre
quency response) of 0.4 nsec; the characteristic im
pedance was 180 ohms . I assume there are also a 
couple of wires to bring in de to operate the ampli
fier. This appeared to me to be a useful thing to have 
around in any laboratory. 

I turn now to the question of pulse-amplitude dis
criminators, as reported from Italy by Infante, 
Quercia, and Solimani. It is not quite clear to me 
what the problem is they were trying to solve. They 
seemed to have had bad luck with some discriminators 
in the past and are trying to get out of this difficulty. 
At=parently they have made some detailed measur e 
ments and have come forth with a discriminator which 
has d es irable properties - the main one they were aim
ing for, it seems (in particular that tal ked about by 
Mr. Infante), was to have a short recovery time; if this 
is your problem, you can find the details of the circuit 
in the Papers II a . 8 and 9. 

There was also some discussion of multichannel 
pulse-height discriminators, Again, I have had the 
general impression that the analysis of puls es into a 
number of channels has not presented a serious prob 
lem since Hutchinson and Scariott. Wilkinson thought 
of the idea of analyzing pulses in a serial manner. It 
seems to me the current problem on pulse-height dis
criminators is (and has been for some time) What do 
you do with the impulses after you have them sorted on 
the 20 or 100 wires? A nice idea was put forth by the 
Rome group, whereby the whole analysis is completed 
in 3 f.LSec. I think this analysis time is rathe r small for 
any channel analyzer of this type that I have seen, so 
this is an improvement in this direction. The main 
criticism I have is that it is all vacuum - tube equip 
ment , so we will have to wait another year until they 
transistorize it all. 

Mr. Ur from RCA gave us a dis cussion of some of 
the properties of the tunnel or Esaki diode and some 
circuits that one can construct using it. When these 
first came out two years ago I believe there was great 
excitement because there was some mysterious feeling 
that this tunnel diode might be a panacea for many prob
lems. The argument was, of course, that quantum
mechanical tunneling has quit e a different order of mag 
nitude of time associated with it than does the drifting 
of electrons through a lattice, and here, therefore, was 
a device capable of essentially infinitely short response 
time . Now, for those of you who aren 1 t acquainted with 
tunnel diodes, the essential element is a junction, like 
the many diodes,such as germanium, which we have in 
the laboratory, but this one is carefully made of poor 
ingredients , It is like a conventional diode in part of 
its region but in other parts the quantum-mechanical 
tunneling gives a little extra bump in the current at 
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low voltages . This is of the order of milliamperE'S in 
the typical ones made now, depending on the area of 
the junction, which is arbitrarily selected by the manu
facturer, but the voltage scale is a more basic char
acteristic and is typically somewhere on the order of 
tenths of a volt, l e t us say about 0. 2 volt. The po 
tential speed that was claimed for this device in its 
earl y days has, of course, not b een realized, the rea 
son being similar to those that limit the speed of vac 
uum tubes. I believe I will stress that this is a per
sonal opinion, so that Mr. Ur will not be blame d for 
it: a characteristic time to be associated with the tun
nel diode is the capacitance of the junction dividsd by 
the current of the junction times the characteristic 
voltage involved in the nonlinearity, that is, Cll V /I . 
Typical values of this characteristic time are about' 
0.1 nsec, although with high-current devic e s values 
of 0 . 02 nsec or less can be realized. The analogous 
figur e s of merit for oth e r devices are something like 
0.4 nsec for transistors and about l nsec for reason 
able vacuum tube s . This kind of characteristic has 
been used before, in the days of vacuum tubes, for 
various operations. It is clear that if you make use 
of this negative-resistance region by having a load line 
which intersects it, you can get amplification. If you 
use a load line of a different characteristic somewhe re 
in one region and pulse it into the other region, you can 
have monostable application. Because of the parasitic 
reactive elements in the diod e you can have temporary 
existence in one region and permanent existence in an
other. But by using a load line that intersects the curve 
in three places you can have bistable operation and 
therefore can make a flip - flop all from one two - termi 
nal device, with great reduction of complexity. There 
may be some saving in circuitry in the long run. I 
think the future potential of this d evice is limited by 
the fact that it is a two - terminal network and there
fore, as was pointed out by Mr. Ur, it is "bilateraL" 
You can't tell the input from the output . This greatly 
restricts the logical operations you can use . So it is 
quite clear that the circuits of the future are going to 
involve a combination of both tunnel diodes and tran
sistors . How far this development will go depends on 
how stable and reproducible these characteristics 
t urn out to be. Parts of the curve are based on chem
istry and therefore unreliable; particularl y the dip in 
the curve is the thing which seems to vary from de 
vice to device, but could depend a lso on the ambient 
conditions and the hi s tory of the device . 

The material we had on transistor circuits is attrib
utable to Higinbotham, Sugarman, M e lissinos, and 
Weaver from Brookhaven National Laboratory and the 
University of Rochester. It was rather interesting 
news that Brookhaven has found out that you can d e 
sign transistor circuits for high- energy counting ex 
periments. The details of their circuits will b e found 
in the IRE Transactions on Nuclear Science, NS-7, 
1960 . It appears that they hav e found it possible to 
make coincidence circuits with r e solving times of a 
few nanoseconds. Unfortunately, not enough perform
ance data were given (due to lack of time) to make 
possible any judgment as to whether the circuits were 
any good or not. They do have coincidence circuits 
for the few - nanosecond region, amplifiers, and a scal
e r that will operate at 100 Me . My own dissatisfaction 
with the presentation is that it did not tell me how to 
make a fast gate; I feel that a nic e fast transistor gate 
is simple and is what is most needed at this moment in 
the transistor high-energy circuit business. 

May I digress to a long personal remark? My own 
opirnon on transistor circuits can be summarized in 
the following points . 

IV.l 

First, transistors a r e here to stay; t h ey are com
patible with the basic limitations in the detectors and 
experiments. That is, we found in our own l aboratory, 
with the relatively small effort that we put into this 
aspect, that the d etector limitations - the rise times of 
the photomultipli e r tubes and the different flight times 
in the experimental e quipment and the electronics-are 
all quite comparable to the resolving times in the few 
nanosecond region. 

The next thing that I think we have begun to find - I 
think others will, too - is that the great simplicity 
which one originally nored for in transistor circuits is 
not easy to achieve. It turns out that when you really 
get down to design (something that you would want to 
put your name on at least ) , ther e is the usual hous e 
k eeping - all the little bypass condensers and induct
ances for this and that, and clipping diodes to make 
sure you do not exceed a certain voltage, and so on; 
when people look at it they say it has more than four 
components in it, that it is not the ideal of a transistor 
circuit. You still need diode resto-ration and all tne 
rest of it . 

Another thing is the care needed for protecting what 
are inherently more delicate devices. Vacuum tubes 
we used to treat quit e carelessly, when one thinks about 
it - not minding if temporarily we shorted the grid to 
+ 100 volt s; it would still work later on . You cannot do 
that with transistors ; you have to be careful with them. 
There was some talk in the discussion about transistors 
going bad because every once in a while in your photo
multiplier tube there is a little discharge, a whopping 
big pulse comes out, and you may lose your transistor 
circuits. They have to be protected against this; they 
have to be made more flexible. The sooner you start 
to make a circuit that you are going to mass -produce 
and which therefore you want flexible, the more compli 
cated it gets, because someone wants to use it for this 
game, someone else wants t o change the resolving time 
and someone else want to invert the pulse. Just this 
sort of housekeeping- the little switches, the connectors, 
and all the rest of it - means that a little plug-in unit 
does not look quite as simpl e as one might a t first have 
thought . 

The fourth point is that one can achieve the ends one 
wants for what I would call conventional high- energy 
counting. That is ,one can achieve a speed in the region 
of l to 5 nsec with quite r eproducible circuits, off the 
shelf, that the average physicist who sneers down at 
electronics can still use. I n fact, in our laboratory we 
have some of these; we also have a large variety of 10 -
to 20-nsec circuits which we consider our conventional 
counting circuits. In this time range one can get rel 
ative simpl icity and small size. Thus a unit which used 
to consist of four or five amplifiers and a fivefold co 
incidence circuit filling an electronics rack will now 
go nicely on a single panel. However, just as soon as 
you have achieved the simplicity, you find that you are 
capable of achieving complexity, and this is the direc
tion you go in, so you still end up with an electronics 
rack; e xcept you now have a ra ck of panels each of 
which contains a whole rack of ordinary electronics. 
Since we are going in that direction, the important 
que stion is one of reliability; I don ' t yet see much data 
on this subject in high - energy physics. We have one 
setup with about 600 transistors in one experiment 
which has been running (and this is our first all-transis 
tori zed experiment) at the synchrotron for two months 
(about 600 hours); I think that during that time we have 
had three transistor failures. You notice that this is 
almost l /3 million transistor hours. All these failures 
two at one time and one at another time --occurred when 
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the circuit was turned off for the week end and turned 
on again on Monday. 

That brings me to the end of what I was going to say; 
I would like to call you r attention to the light pulser 
that Mr . Kerns described, which I won't have time to 
go into , but which has a little di scharge tube which, if 
it can be made available commercially, can have a lot 
of us e in complicated experiments . 

Dis cussion 

P enman : Mr. Sands probably knows about it, but the 
simplest way you can make a gate with tr ans istors is 
merely to use the collector resistance of the saturation 
transistor in parallel with your signal line of almost 
a n y impedance, and shut the transistor off when you 
want the signal to pass . 

Sands: We have examined such circuits and object to 
them on the basis of the long recove ry time . If you 
are willing to accept the 1 2 - nsec delay , it is all right . 
It d e pends somewhat on the impedance you drive with. 

Penman: The other thing is tha t the current-to-ca
pacity figur es that you gave for tunnel ;liodes a r e char
acteristic of gallium arsenide,in which case the voltage 
mi ght be closer to 0.6 volt than to 0.2 volt (the t:. V 
that you quote), so that in most switching circuits they 
are not quite as good as you showed. 

Sands : Those numbers weren 1t given on the graph pre
sented, so I had to make some guesses by m e mory. 
Thanks for the clarification. 

Ur: I would like to make two remarks. First the rise 
time that we can achieve now is about 0 . 1 nsec. We 
have some difficulty measuring it. This rise time is 
about 5 to 6 times the constant that you indicat e d. Sec
ondly, about directionality. What' I m entioned was main
ly about Class A amplification. The description of the 
dir ectional properties of tunnel diode amplifiers was 
limited to the linear mode of operation. In switching
the nonlinear mode of operation- directionality can be 
achieved b y several means, depending on the application. 
This is especially true if one considers also dir ectional 
diodes or tunne l diode rectifi e rs for coupling. 

Sands: I see, The time was not a rise time, it was 
a characteristic time intended to represent the basic 
properties of the device. As with vacuum tub e s, you 
can --for example, by the use of distributed amplifi
cation - -get a rise time less than the characteristic 
time, or, more generally, rise times greater than 
the characteristic time. 

Ur: This rise time that we now get, of 0.1 nsec, rais
esa point that I could not explain yesterday; the lim
itation on the rise time is the area. A faster diode 
would have to have a higher current becaus e the ca 
pacity does not vary with the doping. 

Sands: My guess that the capacity would go up with 
tr.e current is not cor<rect? 

Ur: The capacity changes onl y very little wit h the 
d'Q'Ping, while the current goes up exponentially . 

.. 
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Sands : stand corrected. I still stick to my figure 
of merit, however. 

Miller : I would just like to mention a use of the tunnel 
~s a "pseudodiscriminator" ri-ght at the output of 
the photomultiplier. One the n uses a t wofold coinci
denc e unit, with the coincidence proper followed by a 
transistor, which is turned on with another tunnel di
ode in its collector circuit . This makes a unit in which 
you have the protection in front of your coincidence 
circuit; it is also a unit that you can stack up. The 
thing that we have like d best about it is that we can 
just us e the one unit for many things, and we can main
tain it with great ease. 

Hutchinson : I would like to make one cotnh1ent on 
klck sorters - just for the benefit of the bubbl e chamber 
people who may want to build k ick sorters and didn 1 t 
hear the paper from the Italians yesterday. If you 
build a kick sort e r with a d e l ay line you don't auto 
matically get a linear channel; you get a n exponential 
channel. It is not c l ear to me tha t this is a better way 
than gating an oscillator. 

Lundby: Last year at CERN we tried -d~t a numbe r of 
these popular transistorize d coincid ence circuits, also 
the ones you described last year . The last half of the 
year we have used essentially only the kind of circuit 
described by Sugarman. And we found them fine, at 
the moment the best and most practical and the most 
reliable circuits on the market. We certainly have 
had very good experience with them. 

Infante: I would like to comment on what Profess or 
Sands s aid. The first thing that I would like to point 
out is that the multichann e l circuits work perfectly
tha t is, the b etter the dis c rimina tor is the better they 
work. In other words, most of the stress is put on 
the discriminator . The ov e r-all dead time would be, 
of course, of the order of the number of channels mul
tiplied by the discrimination d ead time. • That is why 
we chose 0 . 1 J.LSec. The variation in dead time turns 
out to be more important than the duration, a nd in this 
sense we had trouble with the usual dis criminators that 
you mentioned. If you put in a conventional discrimi 
nator such as a Schmitt Circuit you get into trouble b e 
cause the delay, as I m entioned yesterday, is not con
stant between the input and the output. In defer ence to 
Mr. Hutchinson I would say that it is true that with 
such a device you get logarithmic channels, but there 
are two things that we did not have time to point out 
yesterday, The first is that with some tricks you can 
make equal chann els. We did not think it worth while 
right away. The second thing is that with unequal chan
nels you can always set the biases so that you get the 
most details in the peak of the spect rum where you 
need it . Another sort of trick could be to use a very
low-loss line to get your delays and then with simple 
r e sistor networks get the attenuation that you need, 
then you mix them. I agree, of course, with Professor 
Sands that we should transistorize this thing, and may
be I mentioned yesterday that some work had a lready 
been started on it. You must remember, though, that 
in Italy it takes quite a long time to get transistors 
from the United States, 
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Introduction 

C ere n kov counters have come into more and more 
ext e nsive us e during the las t coup le of year s , and 
parti cularly a t the very h i gh energies whi ch have 
become available to research with the advent of new 
accelerators . I sha ll n ot give much inf or mation on 
indi vidua l counte r deve l opments, which are re
ported upon much more fully in other cont ribut ion s 
t o the C onfe r e n ce . I shall instead tr y t o discuss 
Cerenkov counte rs in more ge ner al t erms. 

Schematically, the con s truction of a ve locity
se lecti ve counter is as shown in Fig. 1. The li ght 
is produced in a radiator and f oc used b y an optical 
system as a ri ng image in the foca l p lane. Light 
p r oduced wi th t he desired Cerenkov ang le is tran s 
m itted through an annular d iaphr agm in this foca l 
plane, co llecte d b y a li ght- co llec ting sys t em, and 
detected by a photomulti p lier. 

beam 
_i._. 

Entranc~ 

a pc:rt urc: 

\ I 

Rad iator Optical 
syshm 

Tangential 
focal plane 

Annu lor 
slit 

Light collc:ctor 

F ig . 1. Schematic design of a ve locity 
se lec ting C e renkov counter. 

The thr es hold counte r is similar in principle to 
the ve l oc it y - selective counte r, except that the opti
cal syst em and the ann ular slit are not pres e nt. 

In what follows most emphasis i s placed o n the 
properties of gas C e r enkov counters rather than those 
involving so lid and liquid radiators. 

The Radiator 

The C erenkov angle 
index n is given b y 

cos e 
c l / f3 n , 

ec in a radiat or of refra c t ive 

( 1) 

and the number of photons emitted in a thickness L 
is 

= K L sin
2 

8 
c 

(2) 

The constant K is about 500 phot ons/em in the 
fr equency band cove r ed by ordinary photomultipli e rs, 
and 2 to 3 times as la rg e fo r quartz - window photo
multipliers. 

Assume that the Cerenkov counter r espond s only 

to particles emitting C e renkov light in the rang e 
.68 a r ound ec Differentiating Eq . (1) , on e obtains, 
fo r cthe fractional ve locity r eso lution, 

= .68 tan e c c (3 ) 

F or a g iven se lect ed a n gu la r range .68 , t he ve loc i-
t y se lection is sharpest fo r small Ceregkov a ng les . 
F or particles of high ene r gy the r e q uire d index of 
r efrac ti on and Cerenko v a ng le can be r e alize d on l y 
wi th gases. 

Solid and Liq uid C ount e rs 

C o un t e rs with a liquid or s o lid r adiator of re la 
ti ve l y high i ndex of refraction combine a m ode r ate 
sensitivity to the ve loci t y of the particle wi th a high 
directional sens itivity, which i s sometimes a very 
usefu l property. 1 Another advant age of radiators of 
high index of r efraction is the high light yi e ld p er 
centim e t e r, according to Eq. (2), whic h allows the 
count er to be designed with a s h ort length . The use 
of so li d or liquid ve locity - se lecti ve C e renkov count
ers a t mode r a te energie s , below 1 Gev/c, has been 
discussed in detail at p r evious confere nc e s. L, j At 
highe r ener,ries t hey have been succes sfully used b y 
Gi lly e t a l. 

Gas C erenkov Counte rs 

Since the C erenkov ang les in such a counte r are 
small, we neg lect the difference between ec ' si n ec' 
and t an Be . Particles which produce C erenkov 
lig ht in such a count e r are hi gh ly r elativistic, a nd 
are best characte ri zed by the ratio y .of their total 
ene r gy t o the rest e ner gy . D efine as 0 the fr ac tional 
energy selected b y the count e r, 

0 = .6y 
y 

(4 ) 

F rom Eq. (l) and the r e lation between f3 a nd y f or 
relativistic particles one g ets 

0 = 

where 
.61:! 

k =+ 
c 

(5) 

(6) 

is the se lect ed angular range r e lati ve to the C e r e nkov 
a ng le . The refractive i ndex of the counter for a given 
0, k, a nd y is 

n = l + (l + 5/k) I 2/ (7) 

and the length t o produce 

L = (k/Oy 
2 

(I/ K) em . 

photons is 

(8) 

The leng th of the counter thus inc r eases as y 2 , but 
the amount of g as per cm 2 

1 2 
W = z D (1 + k/5) (I/ K) g/cm , (9 ) 

i s independent of y . I n Eq. (9) , Di s the ratio be -
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tween the density and (n-1). This quantity, which for 
gases is roughly independent of pressure and temper
ature, is given in co lum n 2. of Table I. For a counter 
in which the required selection, 0, of the energy is 
0.1 , where the Cerenkov angle is accepted over a 
relative range k = 0.05 and 100 photons are required 
to give a count, one finds that the length is 0.10y 2 em 
and the amount of material is 0.2.7 glcm2. , if ethylene 
is used as the filling gas. 

Energy L oss 

Since the amount of material in the counter is of the 
order of 1 glcm 2 , the energy loss due to ionization 
for a relativistic particle is ahout 2. Mev, which is 
small compared with the .total energy of a ll rela
tivistic particles except e lectrons. 

Multiple Scattering 

Multiple scattering of the particles in the gas 
counter causes a smearing out of the Cerenkov light, 
which results in an uncertainty Om. s. in the deter
mination of the partic le energy. The fractional in
crease in the uncertainty 0 of the energy se lection 
is 

om.s./6 = (E/m 0 c
2

) (DIIKX0 ) 
1

1
2 

X (1 + kfo )112. (ko) 11 2 ; (10) 

here E is about 2.1 Mev and x
0 

is the radiation 
length .il?. gl cm 2 . If the increase is small compared 
with unity, multiple scattering can be neg lected. 
With typical values for the parameters, the ratio is 
indeed small for all particles except electrons. Ve
locity-selective Cerenkov counters are therefore not 
a useful tool to determine e lectron energies. Note 
that the particle energy does not figure in Eq. (10). 

In the preceding paragraphs onl y energy loss and 
multiple scattering in the gas have been considered. 
In an actua l counter, energy loss and multiple scat
tering also occur in the beam windows which limit 
the gas volume . Particularly for low val ues of y, 
when high refractive index and therefore high pres
sure are needed, the beam windows may contribute 
several glcm 2 , depending on the type of gas and the 
mechanical construction. Even when this is taken in
to account, the qualitative conclusions are not ma
terially changed. 

Table I 
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Dispersion 

There is an uncertainty Odisp in the determina
tion of the energy of the particle because of disper
sion. If E is the ratio between the dispersion of the 
refractive index over the accepted wave -length region 
and (n-1) , we have 

E ( 1 I 0 + 1lk) ( 11) 

Since E , over the visib le region, is typically 1 to 2. o/o, 
it is clear that the uncertainty due to dispersion is of 
lit tle importance except when extreme precision is re
qui red in the energy determination, or in the selection 
of the Cerenkov angle ·. 

Beam Divergence 

In order not to contribute appreciab ly to the un
certainty of the measurement, the beam must be col
limated within an ang le of divergence ediv, which is 
smal l compared with the selected interval of Cerenkov 
angles, 68c This requirement can be written 

ediv •< < '1-1 (kli)1 l2. (1 2. ) 

For example, to determine the energy of 2.0-Gev pro
tons to 10o/o , the divergence of the beam must be 
smaller than 3.5 mrad if the Cerenkov angle is se lect
ed to So/o. The requirement for a high degree of angu
lar collimation will, of course, seriously limit the in 
tensity, unless it can be compensated by a large di am 
eter of the beam, and it is important that radiator and 
optical system be able to cope with such a beam. 

Background 

Background puls es may be produced in the counter 
by particles that are not in the specified ve locity 
range through three effects: 

(a) The particle causes the gas to scinti llate . 
Since scintillation li ght is emitted is otropica lly, only 
the fraction 

1 2. nl4,. = 2 o I y ( 13) 

falls within the solid angle n accepted by the opti
ca l system. For high-energy particles and for high
precision velocity-selective counters , the co llected 
fraction of scintillation light is minute. 

(b) P arti c les traverse the counter at an angle such 
that part of the Cerenkov counter light is accepted by 

Some properties of Cer enkov radiator material s 

2. 3 4 5 6 7 8 

Material (n-1)D T (n-l)c D- P z p 
c Pc -(n-1/ A "(ll:Tj X (n-1) 

(OC) (atm) 3 3 0 -1 
at NTP (glcm ) (glcm ) (em ) 

Quartz 0.544 5.8 3.0 0.18 
CSz. 0.62.8 2..4 1.2. 0.12. 
Hz.O 0.333 3.2. 1. 8 0.05 
C6H6 0.501 2. . 0 0.9 0.04 
Diamond 1.4173 3.8 1.9 0.08 
Lucite 0.491 2..4 1.3 0.06 
LiF 0 .39 6 . 7 3 . 3 0.17 

Hydrogen .000139 - 2.40 13 .04 0. 71 . 7 1 0.01 
Methane .000444 - 83 46 . 10 1.6 1.0 0.03 
Ethylene .00072.5 + 10 51 .11 1.8 1.0 0.04 
Nitrogen .0002. 98 -147 34 .08 4.2. 2. . 1 0.10 
Carbon dioxide .000449 + 31 73 .10 4.4 2..2. 0.11 
Freon-13 . 00099 + 2.9 38 .06 9.6 4.6 0 . 34 
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the optical system, even when the velocity is not in the 
specified range. Figure 2 indicates the amount of 
light co llected from a particle as a function of the an
g le to the axis and of the velocity, relat i ve to a bona 
fide co l limated parti cle with the correct ve l ocity . 
The diagram (Fig. 2) is for the case in which these
lected range of Cerenkov angles is ± LOo/o, i.e . k = 0.2. 
Some skew partie les of high ve l ocity can give as much 
as 50o/o of the li g ht of a bona fide particle, and are 
counted if the thresho ld for detection is suffici ent l y 
low. The directional sensitivity of a velocity - selec 
tive Cerenkov counter is therefore not pe r fect, but 
should be supp lemented by proper collimation of the 
beam, or, e lectronically, by a coincidence with a 
scintillation counter telescope. 

Fig. 2 . L i ght intensity co llected by an an 
nular s lit with a width of 20o/o of the mean 
angle, as a function of the ang le of the 
partie le path with the optica l axis, and, 
on a quadratic sca le, of the Cerenkov 
ang le. Both ang les are in units of the 
mean accepted Cerenkov angle of the 
slit, and the intensity is re la tive to the 
light collected for a Cerenkov cone fall
ing in the center of the annu lar s lit. 

(c ) Knock - on electrons, produced in the gas or in 
the beam windows of the counter, produce Cerenkov 
li ght in the gas. This is a more serious type of back
ground. The number of knock - on e lectrons, above 
the Cerenkov threshold, produced in the gas per rel 
ativistic partie le is 

N 
e 

z 
0.3 A 

'I 
{14) 

where W is given by Eq. (9). Since W (as shown 
previously) does not depend on the 'I of the particle, 
the knock-on background decreases with increasing 
energy. Of the total number of knock-on electrons 
only those are counted for which a sufficient fraction 
of the Cerenkov light is collected by the optical sys 
tern. Most of the knock-on electrons give pulses that 
are appreciably smaller than for a bona fide particle , 
particu larly when k is small. 

Choice of the Gas 

The relevant properties of some suitable gases 
for Cerenkov counters are shown in Table I. For 
comparison the corresponding quantities for solid or 
liquid materia l s are also shown. We require of a 
good Cerenkov gas that it should have low multiple 
scattering and produce few knock - on electrons for a 
given refractive index. Hydrogen is in both these 
respects the most suitable gas, fo llowed by the hy -
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d r ocarbons. It is, however, a lso desirab le to a 
chieve the required index of refracti on, n, at low 
pressures, since otherwise the beam windows may 
contribute more mu ltl!.ple scattering and knock - on 
electrons than the gas itself. The value of (n- 1) at 
ordinary temperature and pressure is gi v en in column 
2. F reon and ethy lene are suitable gases for achiev 
ing index of refraction in the rang e up to 1. 05 at mod 
erate pressure. Hi gher index of refraction at l ow 
pressure can be achieved in the neighborhood of the 
critical point. The critical temperature and pr~ssure 
are given in columns 3 and 4, and the approximate in
qex of refraction at the critica l point in column 5. 
The freons have the advantage of low critical pres
sures and convenient critical temperatures, but the 
multiple scattering is high. Ethy lene is more favor
able in this respec t, at the expense of somewhat high
er pressure. Carbon dioxide requires high pressures, 
but is cheap, easily avai lab le, and not flammable or 
otherwise dangerous. 

Threshold Counters 

The arguments that are valid for velocity - selective 
counters app ly with minor modifications to threshold 
counte r s. If the counter is required to detect parti 
c les of relative energy'(, whereas particles with a 
lower va lue, 'I ' , should be rejected at the thresho ld 
for Cerenkov light production, we can define a frac
tiona l energy reso lution, OT , ana logous to the pa 
rameter 0 for a ve locity-se lective counte r : 

1 2 ' 2 = z ('( I" - 1) . .. ( 15) 

Since the thresho ld counter does not se lect the Ceren 
kov ang le, we can put k = 1 . With these definitions, 
the formulae in the previous sections are also valid 
for the threshold counter, apart fr om, ·occasionally, 
a factor - of - 2 departure. For length and amount of 
mater i al in the beam, the threshold counter is com 
parable to a velocity-selective counter with the same 
fractiona l reso lution. The thresho ld counter is not 
sensitive to mu ltiple scat tering or to the divergence 
of the beam. On the other hand, it is very sensit ive 
to knock-on electrons, since the solid ang le accepted 
by the optical system is large. 

The Optlcal System 

Cerenkov light, produced by a parallel bundle of 
particles, appears to come from an infinite l y distant 
ring, and is focused by an optical system of focal 
length f to a ring image of radius f tanS in the 
foca l plane. In the optical system one hascto include 
the exit w i ndow of the radiator. 

The foca l length f of the optical system cannot be 
made arbitrarily s~ort. For a particle beam of finite 
radius R the Cerenkov light carries a maximum an
gular momentum n · R sin 6c, which is conserved in 
the optical system. The minimum radius R' of a 
ring image in air that can contain the angular momen 
tum is 

R' R n · sin EJ c 
( 16) 

The focal length f of the optical system must conse
quently be larger than 

f . = n R cos EJ 
m1n c 

( 1 7) 

Apertures 

The aberrations and performance of an optical s ys
tern a r e influenced considerably by the posit ion and 
size of the entrance aperture to the system. Figure 1 
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shows that for a normal radiator the entrance aperture 
is at the center of the radiator and has the radius 

R+~ 
2 L tan ec , 

where R is the radius of the beam and L the length 
of the radiator. 

For most optics it is desirable to have the e ntrance 
aperture close and as small as possible. A way to a 
chieve this, which has been widely used, is to sur 
round the radiator with a cylindrical r e flector, as 
shown i n Fig. 3. The end of the reflector then con
stitutes the ent rance aperture. With solid radiators 
this reflector may be the totally r e flecting surface of 
the cylindrical radiator itself. F or high-precision 
Cerenkov counters the cylindrica l mirror must obvi
ousl y be of high quality, so as not to modify the an 
gular distribution of the light. 

The effect of the m ore favorable location of the en 
trance aperture with a c y lindrical r eflector is tore
duce the size of the beam in the meridian p lane wit h a 
beneficial effect on the coma error. The reflector 
does not r e duce the beam width in the sagittal plane, 
and does not change the angular momentum of the 
light. The conclusions of the previous paragraph a 
bout the minimum usefu l local length are therefore 
not affected by the cy lindrica l re flector. 

Aberrations 

The qua lity of the image is limited by t he aberra 
tions of the optica l sys tem. For a Cerenkov count e r, 
one needs on ly to consider errors which cause a broad 
ening of the ring image . Curvature of the focal plane 
and distortion do not affect the width of the ring. The 
com a error in the meridian plane is the most impor 
tant cause of loss of definition of the circular image. 
Astigmatism is unimportant in first order if the ring 
image is formed in the meridiona l focal p lane. In 
higher order, skew rays focusing on an image in the 
sagit tal focal plane do not intersect the meridional 
p lane on the circle, but wi ll fa ll inside or outside and 
cause a br oade ning of the circle. 

In refractive optical systems, the chromatic abe r
r ations can be used to an advantage to correct for the 

Particle 
beam 

Ent ran ccr 
aperture 

Cylindrical 
mirror 

Rod iator 

p 

Optical 
system 

Fig. 3 . T he effect of a cylindrical mirror 
a r ound the radi ator. 

I 
p 
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dependence of the Cerenkov angle on the wave le ng th of 
t h e light due to the dispersion of the radiator material. 

If one wants to fo c us the ring image direct l y on the 
photocathode of a photomultip lier, a short focal length 
is usually necessary. H oweve r, the design of an an 
astigmatic optical s y stem with a small coma error 
becomes increasingly more difficult , as the foca l 
length of the system decreases t owards the limit of 
Eq. {17). It is easier to use a high-qua lit y optica l 
system of long focal length to form the image, and 
after the diaphragm concentrate the light from the 
image on the photomultiplier with a s econd optica l 
system, which need not be of high quality. 

So l id C e renkov Count ers 

The design of an optical system capab l e of hand ling 
the large Ce r enkov ang les from a solid or liquid ra 
diator, without introducing large aberrations, is a 
difficult prob lem, comparable in methods and effort 
to the d esign of wide-angle camera lenses, althoug h 
the requirem e nts are less stringent. I want, how 
e ver, to m e ntion briefly a project f o r a solid C e re n 
kov counter, which w e have consider e d in CERN and 
which is shown schematically in F ig. 4. The Ceren 
kov radiator has a flat cent er portion, and, if the 
partie le ve locity is sufficiently lar ge , the Cerenkov 
light made in this centra l portion wi ll be totally re
fleeted and channe led outwards until it finally e merges 
at the rim of the radiator. The exit surface of the 
radiator has ~s usual to b e considered as part of the 
optical system. By channeling the light out to a la r ger 
radius before it is allowed to escape, the astigmatic 
e r rors of the exit surface can be kept smal l. A pre
liminary ca lculation of the optical system, including 
the exit surface of the radiator, was carried out by 
Professor Kohler's group at Zeiss, Oberkochen, and 
s h owed that it is possib le to design a solid Cerenkov 
counter system with sufficiently low aberrat ions to 
allow a ve locit y discrimination of 0.5% i11 the range 
f3 = 0.9 to 1 .0. The syste m as a whole is corrected 
fo r achromati c error s, so that Cerenkov light of dif 
ferent wave lengths is focused on t he same circ le. 

Achromatic 
poi r 

Plcxigl as radiator 

Annular slit 

F ig. 4. S chemat ic design of a C erenkov 
counter with solid radiator for the range 
f3 = 0. 9 to 1. 
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The main difficulty is caused by the higher-order as 
tigmatic errors due to skew ra ys . T o keep these ab 
errations down, it was necessary to make the diam
e ter of the system about 5 times the diameter of the 
partie le beam. F o r the case we had in mind, where 
the diameter was 15 em, this made the system pro
hibitively expensive, but it may be of interest for 
smaller beams. 

Gas Cerenkov Counters 

The small angles of emission of the C erenkov 
light from gas counters makes it easier to design an 
opti ca l system with low aberrations than for solid 
counters, unless one tries to make the image sma ll. 

Both lens and mirror optics have been used with 
gas C erenkov counters. L e ns optics offe rs the theo
retica l opportunity to correct for the dispersion in 
the radiator, but this is a small e ffect anyhow . Mir
ror optics is advantageous for ve ry large Cerenkov 
counte rs, particularly at high energies . 

The counter of Baldwin et al. (Fig. 5), which 
works with a Cerenkov angle of 12 deg,uses an op
tical system cons isting of a 45-deg mirror and a 
quartz doublet lens of 2 1 em focal length . The 
counter g ives a ve loc ity resolution of 0.001. 

/ 

Copoc1IOr to measure 
dielectric canst . r -- - - - - ·- - - - -- I 
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I 

I thk Quartz W1ndow 

Surface M~r ror 

,.. Con•col Ref lector 
-Aium•num , 
Evaporated Sudoce 

RCA 7267 
2" 14 sfoQe 
Quartz Envelope 

Tuple MoQnet•c 
Sh•eld (mu·metol , 
OICOIOi ,SOft lfQn) 

Fig. 5. Gas Cerenkov counter with lens 
optic. 3 

The c ounte r shown in Fig. 6 is built in CERN for 
the very -high - energy range and has a Cerenkov angle 
of 5 .7 deg . It uses a spherical mirror of 1.3 m focal 
distance and a 45-deg mirror to get the light out of 
the particle beam. The spherical and coma errors 
amount to less than 1o/o. The astigmatism is negligi
ble. The width of the angular slit can be varied re
motely betwee n k = 0.02 and k = 0.30. 

Since with a reflective optics, as used in the CERN 
counter, the light is sent back through the radiator to 
the focus, it is not possible to use a cylindrical mir
ror to provide a more favorable entrance aperture. 
Reflections of the focused light in this reflector would 
give rise to satellite peaks in the velocity spectrum. 

I Aluminium window 
2 Spht:ricol mirror 

3 To vacuum pump 
4 Gas input prt:he:atu 
5 Rt:froctome:tt:r prism 
6 Obst:rvation window 
7 Capacitor 
8 Ouorh window 
9 Photomuttiplitr 

10 Adjustablr: diaphragm 
II Softly valve: 

Fig. 6. Gas Cere nkov counter with mirror 
optic. 

The Diaphragm and the Light Collector 
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If the annular image produced by the optical sys 
tem is too large to be directly observed by a single or 
several photomultipliers, as is often the case if one 
wis h es to keep down the aberrations of the system, a 
light-collecting system is necessary t o transport the 
light from the annular slit to the photomultiplier at 
the same time as the light is concentrated on a small
er area. 

The li ght co llector can be an ordinary system of 
lenses or mirrors with the same optical axis as the 
imaging optical system. To make a small spot at the 
photomultiplier, the system must hav e a short focal 
length, subject to the limiting condition if set by the 
angular momentum present in the beam. The light
collecting system differs, however, from the image
forming system in that the aberrations are not ve ry 
important, and the system is therefore much easier 
to design. The minimum radius to which the light can 
be brought together in such a system is given by 

R' R n sin IJ 
c 

( 16) 

It is also possible, however, to abandon the axial 
symmetry and bring the light from the area of the an
nular s lit to the photomultiplier surface with a sys
tem of glass fibers as light guides. The light at the 
slit has an angular divergence of <j> = R/f. The an
nular slit has the area 2 1T f2 tan (J Ll.B 0 • With 
conical fibers, the light from the slfi: canoe concen
trated on an area that is smaller in the proportion 
1 : q,2 without loss of light from the fibers . The re
sulting minimum area is smaller by a factor 

2 k = 2Ll.(Jc / (J c 

than for an axially symmetric system. The gain is 
particularly large when the ·Cerenkov angle is selected 
with high precision. The price one has to pay for this 
higher concentration is some loss of timing informa
tion . If the light collector is designed to give a prop
er image of the annulus on the photomultiplier, all 
light paths are isochronous and the light pulse is ex
tremely narrow, but not so in the light guides. 

The Photomultiplier 

As was shown in the foregoing sections, the length 
of the C erenkov radiator is directly proportional to 
the number of photons necessary to produce a usable 
pulse, and a photomultiplier with high cathode effi-
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VELOCITY SPECTRUM 
IB G .. V/C POSITIVE BEAM 

3" PRODUCTION ANGLE 

± 1°/o SLIT 

Fig. 7. Velocity spectrum for an 18-Gev/c 
positive beam measured with the counter 
of Fig. 6. Ordinate is the ratio of four
fold to threefold coincidences between the 
Cer e nkov counter C and a scintillation 
counter telescope S1S2S3 . Abscissa is 
the capacity used to determine the di
electric constant of the gas. The aux
iliary scale indicates the velocity 13 of 
the partie le s. 

ciency makes it possible· to reduce the dimensions of 
the counter. Extending the wave-length region to the 
ultraviolet r e quires a quartz window photomultiplier 
and quartz or mirror optics throughout. The chro
matic aberrations are mor e serious with a wider band 
of wave lengths. 

The ope rating conditions of the photomultipler and 
the associated circuitry vary from application to appli 
cation. For determination of the abundances of par
ticles in a b eam of particles, it is desirable to work 
with a low discrimination level where the pulse spec 
trum t e nds to have a plateau and the efficienc y of the 
counter is near unity . For other applications it is 
more important to reject background even at the price 
of reduced efficiency. Since the pulse spectrum of 
background pulses due to thermal and knock-on elec
trons is much steeper than for bona fide pulses, the 
·ratio is improved with a higher discrimination level. 
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The detailed shape of the resolution curve of the 
counter is influenced to some extent by the discrimi
nation le ve l. A low discrimination le v el tends to give 
a wider resolution curve. This is because the pulses 
do not disappear abruptly at the edge of the sensitive 
velocity inter v al, but decrease continuously in size 
over a certain interval determined by several factors 
such as multiple scattering, dispersion, divergence 
of the particle beam, and aberrations in t he optical 
s y stem . 

Conclus ions 

Fig ure 7 ma y serve as an illustrative example of 
the performance that can be attained with velocity
selective gas C e r e nkov counters in high-energy physics. 
It shows the velocity spectrum of a secondar y positive 
beam of 18-Gev/c momentum taken with the gas Ceren
kov counter shown in Fig. 6 . The beam wa s produced 
at 3 deg by the internal proton beam of the CERN pro
ton synchrotron in an aluminum target. Protons and 
positive pions are completely resolved, and K mesons 
appear as a we 11-defined bump on the pion peak. On 
the assumption that the pion p e ak has the same shape 
as the proton peak, it can be estimated that at the K
m eson position, indicated by the arrow, the tail of the 
pion peak contributes less than 3o/o to the K me s ons. 
The separation is thus good enough to allow experi
ments with almost pure K mesons up to this energy. 

The 'IT-K-p peaks were measured with a s lit width 
of 2 mrad, and the divergence of the beam was l. 7 
mrad. The me,rsur e d width at half maximum of the 
p e aks, 3 • 10- in 13, is consistent with the expected 
r e solution of the counter. With this narrow slit width 
the efficiency of the counter averaged over the angular 
distribution of the be a m is reduced to 0. 72 . 

When the slit w idth for the right-ha nd part of the 
spectrum is increased to 6 mrad--i. e., 3% of the 
C e renkov ang le--the efficiency increase s to very 
nearly 100%. The peak at 13 = 0.995 is due t-o 18-
Gev / c deuterons . With the increased width of the an 
nular slit the peak shows a typical flat top. The width 
of the peak is partly due t o the r e solution of the count
er, partly to the velocity spread caused by the mo 
mentum band in the beam. 

The gas C e renkov counter is an adequate solution 
to the problem of identifying pions and heavier par
ticles up to the highest energies available with pres
ent-day accelerators, but its usefulness is limited 
by the requirement for a very well collimated b e am . 
New ideas which wou ld allow ide ntification of particles 
coming out ove r a wide angular range- -i. e: , from a 
secondary target--would be very welcom e . One pos
sible development of the Cerenkov counter in this di
rection is the us e of an image -intensifier system, as 
suggested by Roberts, 5 to render the ring image of 
the Cerenkov light directly visib le. 
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D es ign 

A high-pressure gas Cerenkov counte r has been 
built and used at the 25-Gev proton synchrotron at 
CERN. The design of the counter is shown in Fig. 
l . Particles enter the counter from the left through 
a 1-cm-thick aluminum dome and produce C erenkov 
li ght in the l - m - long vo lume between a 45 -de g mirror 
and a spherical mirror (focal length 1.3 rn) to the 
right. The mirrors produce a ring image of the 
Cerenkov light at the entrance to t he ver t ica l stub . 
I n this p lane an annular diaphragm selects light e 
rnitted with an average ang le of 1 00 mrad with r e 
spect to the optical axis. The annular diaphragm 
consists of two coupled i rises, operated by a selsyn 
motor, which allows the selected angular range to be 
varied remotely between 0 and 30 rnrad while the cen
ter va lue is kept constant at 100 rnrad . 

The light t r ansmitted through the diaphr agm is 
focused on an 8-crn exit window and the photocathode 
of a 2-in. photomultiplier by a specially shaped light 
collecting mirror. 

I Aluminium window 
2 Sphe-rical mirror 
3 To vacuum pump 
4 Gas input prt:ht:ote.r 
5 H«froctomt:lt:r prism 
6 Obst.rvotion window 
7 Capacitor 
B Quartz window 
9 PhotomultipHt:r 

10 Adjustobt.: diaphragm 
II Sohty valve 

Fig. l. Design of the velocity - selective g as 
Cerenkov counter. 

Gas Filling 

For r easons discussed in the preceding paper, 
ethylene has been chosen as the gas filling. Gas is 
admitted to the counter from high-pressure bottles 
via a filter and a heat exchanger (4), which decreases 
the time required for the establishment of thermal 
equilibrium after the filling process. The heat ex 
changer and the counter itself are h e ld at a constant, 
uniform temperatur e slightly above room temperature 
by circulating water from a thermostat. 

Although ethylene allows refractive indic es up to 
1 .15 at a pressure of about 70 atm, and the counter 
wall is d esigned to withstand a working pressure of 
100 atrn, i t i s rar e ly used with i ndices above 1 .05 
because of the excessive multiple scattering for par
ticles below 3 Gev/c. 

The assembled counter and some of the associated 
gas -hand ling e quipm ent are shown in Fig. 2. · 

The refractive index of the ga s is determined to an 
a ccuracy of 50 ppm from a measurement of theca 
pac i t y of a guard - r ing c ondenser connec t e d in a com 
m e r cia l bridge circuit in such a way that the cab le 
and electrode capacities to ground do not affect the 
measurement. The capacity is calibrated against 
unit refractive index with vacuum in the counter and 
at high refract ive index against a simp le tota l -reflec
tion p rism refractometer built into the counter. 

F ig. 2. Counter assembled with auxiliary 
gas - handling equipment. 

Resolution 

The effects of coma and astigmat is m of the spher 
ical mirror, for the extreme partic les in a beam of 
16 ern diameter, make the ring image diffuse with a 
width of 0 .6o/o of the radius. This effect contributes 
a velocity uncertaint y of 60 ppm . 

Further broadening of the ring image is caused by 
the dispersion of the refracti ve index over the wave 
length region of the photomultiplier, w hich contrib 
utes a velocity uncertaint y of 100 ppm for relativistic 
particles. 

Di ve rgence of the particle beam causes the ring 
images to be displaced with respect to the ring for an 
axial particle. For l rnrad divergence angle, the 
corresponding velocity uncertainty is 100 ppm. 

These factors set a lower limit to the precision 
with which the Cerenkov angle can be se lected by the 
annular slit. With a slit width of 4 mrad, corre
sponding to a velocity selection of 400 ppm, or more, 
sufficient light is collected to record the particles in 
the beam with close to lOOo/o efficiency . To achieve 
better resolution, some sacrifice has to be made in 
efficiency . We be lie ve the u ltimate practical res 
olution of the counter in its present form to be rep-
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res ented by the left-hand par t of the ve locity spectrum 
of Fig. 7 in the preceding paper, whe r e the slit w idth 
was set t o 2 mrad. In this case the e ffi c i e nc y has 
dropped to 70%. The measur ed width a t half maxi mum 
of the pea s of 300 ppm is consistent with the c om
b ined expect ed uncertainty due t o s lit - width aberra 
ti ons, dispersion, a nd beam d i verge nce. 

Cone lusions 

The counte r has been used ext ens i ve ly during the 
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last year to inve stigate the nature of sec ondar y 
particle beams from int e rnal targets in the 25-Ge v 
CERN pr oton synchrotron and t o ide ntify particles in 
the range 3 to 18 G ev/c f or cross-section measur e 
m e nts . 

The pres sure ve ssel w hich constitutes the major 
part of the counter was made for us by Vicke rs 
Arm s trong, S outh Marsdon, Eng land, and we grate
full y acknowledge the invaluable h e lp of Mr. L . 
Velati and of Mr. Augsburge r and the proton synchro
tr on workshop staff. 
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The be ginning of the methodical development of 
recording tracks of ionizing particles by means of 
gas-discharge chambers goes back to the works of 
Conve rsi et a l. l and Cranshaw and de Beer2 in 195 6 -
57. Intensive developments in this direction began 
after publication of the works of Fukui and Mi yamoto3 
in 1959. The res e arch conducted the last year and 
a half in a number of USSR laboratories showed the 
possibility of using a parallel-plate pulsed spark 
chamber in devic e s for the determination of the tra
jectory of high-energ y i onizing particles in cosmi c 
rays and accelerators. 4 -9 At present there are rea
sons to believe that spark chamber techniques have 
the pr aspects of extensive use and de ve lopment. 
These prospects are determined b y these potentia li
ties: 

(a ) the creation of spark chambers of greater 
volume; 

(b) the control of the chamber by scintillation 
counters and C erenkov counters; 

(c) building of chambers having short dead time; 
(d) sufficient ly p r ecise determination of the di

rection of particle trajectories in space and the ir 
momenta when the chamber is placed in a magnetic 
fi e ld; 

(e ) p lacing within the chamber of large masses 
of various substances; and 

(f) operating the spark chambers in conjunction 
with liquefied- gas targets and scatte rers . 

The developm e nt and research on spark chambers 
in the USSR laboratories were conducted a long two 
lines. The greatest part of the work was de v ote d to 
the building of chambers in which puls e d spark c ount
ers we r e used for the for mation of a system of Light 
spots in places whe re the particle passes through 
the spark gaps, spaced at some distance from each 
other. In this case it is not necessary to determine 
the direction of the movement of the particles in the 
discharge space. In other works attempts were made 
to create discharge gaps in which breakdown would 
occur along the particle trajector y. All the work 
about which we shall speak appli e s to chambers with 
parallel-plate electrodes. 

Chambers with the greatest electrode surface-
100 by 210 mm - and diameter of 300 mm were in
ve stigated b y Daion et al. 4 and Bayukov et al. 7 In 
order to avoid sparking on the e dges, they bent the 
electrode edges outward or covered them by insu
lating material (for instance, Ti02 +oil varnish ) . 
The distance betwee n e lectrodes wa s small-- 2 to 10 
mm -- as the main aim was to ge t a ve r y precise 
localization of the region where the particle crossed 
the chamber. The sparks were photographed either 
through the gap betw een the electrodes or in the di
rection of the electric field (in the dir ect ion perpen
dicular to the plane of the electrodes) . In the latter 
case the e lectrodes were made transparent. 

An interesting solution of the photographic system 
was applied by Daion et at:'± and Volinskii et al. 5 In 
the chamber placed in the gap of an e lectromagnet 
600 by 200 by 100 mm, the sparks in the three dis
charge gaps are photographed by three cameras 

through transp a r ent electrodes (glass covered with 
a thin layer of 0 2 ), normal to the p lane of plates 
and through the gap b e t ween the electrodes. The use 
of mirrors making an ang le of 45 de g with the plane 
of the plates makes it possib le to obtain a picture of 
both projections in the same frame. This determines 
two projections of the particle traje cto r y. The x 
and y coordinates where the partic les pass in the 
plane of the plates are d e termined by the lines of the 
grid plac ed on additional g lass es, which are phot o 
graphed simultaneously. 

Daion et al. 4, 5 particu larly studied the problem of 
prec isi on with which the coordinates of particle tra
j ector y are determined. It has been shown that if 
the distance between e lec trodes is 2 mm the mean 
square error in the determination of coordinates of 
the particle crossing point amounts app r oximately to 
0.22 mm . In the work d e scribed b y Mikhailov e t a t. ,6 
gaps of 8 to 10 mm were used . In this case it has 
b een shown that for particles crossing normally to 
the p lane of the p lates, the error in the dete rmination 
of coo rdinates amounted to approximately 0.22 mm, 
and for trajectories making an ang le of 45 deg with 
the field direction, this error was approximately 1. 6 
mm. The authors of this work found that the pre -
cision in the determination of coordinates of the tra
jectory could be incr eased by using s t reamer points 
located at a distance £ = 0.16 d (di s the length of 
the streamer) from the negative e lectrode. In this 
case they obtained a mean .square error of 0.55 mm. 
Data obtained in this work show that spark chambers 
allow the determin ation of the coordinates of the 
trajectories, and hence the partie le momentum, with 
good pr ec ision . As, for instance, with the camera 
used by Daion et al., 4 it is possible to measure a 
particle momentum of 10 11 ev/c. However, it is 
possible to make chambe r s of larger dimensions and 
in more intense magnetic fields. 

In the development of spark chambers the impor 
tant question of e fficienc y with respect to crossing 
partic les arises. It is extremely important that the 
probability per spark gap of breakdown initiated by a 
particle should approach lOOo/o. It is clear that the 
efficiency of the spark gap can depend on 

(a ) the nature, the pressure, and the degree of 
purity of the working gas, 

(b) the gap length betwe en electrodes, 
(c ) the amplitude, the rate of increase, and the 

duration of the high-voltage pulse. 
These que stions are investigated in great detai l in 
R e ferenc e s 6, 7, and 9. The conclusion based on 
investigations p e rformed by Bayukov et al. in agree
ment with other researchers can be summarized as 
follows: 
1. Diffe r e nt gases and gas m ixtures can be use d to 
fill the counters. The investigation of the dependence 
of the registration efficiency on the magnitude of the 
collecting voltage on the electrodes has shown that 
the properties of the counter s a re determined by t he 
the mobility of negative ions. Thus the working 
c haracteristics of counters filled with inert gases 
(helium, neon, and argon) are substantially different 
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from those filled with electronegative gases (air, 
nitrogen, C02 ) . 
2. The "memory time" of the counter, determined 
by the time during which the high-voltage pulse is 
retained with respect to the crossing time of the par
ticle, when the counter efficiency is still 50o/o, is for 
air, nitrogen, and C02 on the order of hundreds of 
microseconds, ·while for helium, neon, and argon it 
is only on the order of microseconds. The "memory 
time" of the counter decreases if the counter is op
erated on the beginning of the plateau or if the gas 
pressure or the distance between e lectrodes is de
creased. The counters r egister the passing particles 
only in case free e lectrons (or electrons bound to 
electronegative molecules) are still avai lable at the 
time when the breakdown v o ltag e between electrodes 
is obtained. 

Mikhailov e t al. 6 bas e d cone lusions as to the e le e 
tronic mechanism of the "memory" for a neon-filled 
counte r on the following facts: 

(a) The smallest displacement is observed for the 
streamer spots located at 0.16 d from the ne gati ve 
electrode. 

(b) Photographs delayed by 12 f!S ec show branch
ing off of the streamers. 
3. The efficiency of the counter is appr oximately 
lOOo/o for pressures ;l> 300 rnrn Hg and for distances 
b e tween electrodes d ~ 1 rnrn for air , nitrogen, and 
C02 , and d ;l> 6 to 8 rnrn for he liurn, neon, and ar
gon . The number of accidental breakdowns in this 
case amounts to about lo/o. The region of plateau 
where the efficiency is near lOOo/o usually has a width 
of 2 to 5 kv . With decreasing pressure and distance 
betwee n e lectrodes the slope of the counter character
is tic increases and the efficiency diminishes. Also, 
the character of the breakdown changes, the sparks 
begin to branch, and when the pressure is approxi
mately 20 rnrn Hg, the discharge spreads to the whole 
vo lum e of the discharge gap. 

I n the work by Mikhailov et al. 6 the data obtained 
from the counter filled with neon lead to the conclusion 
that for the working of spark gaps the c ritical volume 
of the product p . d is approximate l y 450 rnrn Hg· ern. 
4 . In counters filled with air, nitrogen, and C02 , 
the streamers deve lop almost invariably fr om a point 
on the path of one of the numerous particles traversing 
the counter simuTtaneously . In counters with helium, 
neon, and argon the possiblility of simultaneous re g 
istration of a number of particles exis ts . However, 
the question of registration efficiency of s everal par
ticles needs further investigation . 

The c onsistency of the information available at 
present concerning spark counters with pulsed supply 
permits one to build and design spark-track cham 
bers for the most varied problems. For work on 
accelerators and in regimes controlled by scintillation 
counters the most appropriate, evidently, are count 
ers with short memory . In this case spark counters 
should be used filled with noble gases (or other fillers 
with high electron mobility), with the smallest possi
ble distance between electrodes and a correctly cho
sen clearing field. Counters with a large time sen
sitivity (of long memory) can further find wide appli
cation for the solution of a series of problems, for 
example , in the fi e ld of research with cosmic rays. 

It must be remarked that in all cases it is imp or
tant to make use of supply sources that can produce 
on the electrodes high-voltage pulses with the short
est possible r ise time. This is necessary in order 
that the electrons do not succeed in being displace d 
by an inadrnissably large distanc e before the field 
betwee n the ele ctrodes reaches the breakdown va lue. 

This requirement is especia lly essential for cham
bers with short memory, for chambers designated 
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for exact determina ti on of coordinates of particle 
trajectories, and when the chamber has to b e capable 
of re gistering the passage of seve ral particles si 
multaneously. Obviously it is desired to have a ris e 
time of a high - vo ltage pulse of approximately 10-8 
sec. De lay of the supply pulse relative to the mo 
ment of particle passage in thes e cases likewise must 
b e minimal. The duration of the supply pulse can 
var y within broad limits, but . b est results a r e obtained 
with short pulses (T < 5 . 10- 7 sec). 

The possibility of deve loping spark gaps in which 
the spark foll ows the trajectory of the particle, in the 
case of large angles between the trajectory and the 
direction of the field, was inves tigated b y Bor isov et 
al. 8 and Govorov et al. 9 B oriso v e t al. showed that 
in spark gaps with electrodes spaced 30 rnrn apart 
and filled with commercially pure argon at a pressur e 
of 0.5 to 1 atmosphere, the spark follows the direction 
of relativistic ionizing particles up to an angle of 35 
t o 40 deg; this is true provided that the voltage pulse 
on the e lectrodes is steep (rise time approximately 
0.2 f!Sec; flat part of the pulse approximately 0 .8 
f!Sec). If the rise time of the high-voltage impulse 
i nc reases , the limiting angle of the spark diminishes 
and the sparks b eg in to break up. In this research 
it is also found that the angle of the trajectory gets 
worse as the working time of the chamber increas es. 
This apparently can be explained by the leaking 
electronegative gas into the chamber. 

In the work b y Gov orov et al. 9 the distanc e between 
electrodes has been increased up to 50 rnrn. The 
counters are filled to atmospheric pressure with a 
mixture of neon with 0.4"/o to 0 .5o/o of argon. The e
lectrical pulses fed to the electrodes have an amp li
tude of 40 to 50 kv and a duration of 7 · lo-8 to 
1.5 · lo-7 sec. Under these conditions the spark gap 
registers,with nearly lOO o/o efficiency, protons with 
660 M ev energy traveling parallel to the plane of the 
electrodes . When photographed throug h the trans
parent electrodes (in the direction perpendicular to 
their plane) the trace of the particle appears as a 
c hain of luminescent p oints. In the direction of the 
electric field it was visually observed that there is 
diffusion of the traces of the particle up to the dimen 
sion equal to the interelectrode distance. The degree 
of diffusi on decreases with decreasing duration 
of the high - voltage puls e . M oreove r, in the inter vals 
betwee n bright streamers weakly luminous discharges 
are observed. These· weakly luminous discharges 
may repr esent streamers unable to develop because 
of the drastic decrease in gradient of the electnc 
field· this decrease is produced by rapidly develop
ing s~rearners located in the imme diate vicinity. At 
present it is unfortunately irnpos sible to answer the 
question whether every 0 electron represents the 
source of a streamer. To give this answer further 
research is needed. 
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Discuss ion 

Williams: What is th e spac ing of the points in the 
tracks parallel to the plates? 

Kozodaev: Approximate! y 2 em, but one could d i s
tmguish v isually lightly illuminate d sparks between 
the mor e prominent ones (see Ref. 9) . It i s supposed 
that at almost all points where ionization occurs 
streamers can or i ginate . This question should be 
looked into in the futur e in greater detail . 

Wenzel: What devic e was used for applying the high 
voltage? What wer e the size and capacity of th e c ham-
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ber used in th e t es t s on th e sparks following the track 
of the ioni z ing particl e? 

Kozodaev : Conventional systems of pulse generat ion 
are used, namely hydrogen thyratrons. Chambers 
with plate diam e t ers of 30 em were investigate d as 
well as plates 21 by 10 em. A capac ity of 2000 f.J.f.J.f was 
achieved when th e condenser in Ref. 7 was connected 
in parallel w ith the chamber. 

M e lissinos : Was th e cl e aring field de or puls ed? 

Kozodaev: It was 10 to 20 v olts de, and sometimes 
more. The clearing field was not used for th e trans
parent-electrode d evi ce. 

Cronin: How many times was th e c hamber puls ed 
w1thout chang in g the ga s ? 

Ko zodaev : About 100 , 000 times. 

Cronin: What was th e material of th e transpar ent 
plates? 

Kozoda ev: Glass coated with 1.7 to 2.0 microns of 
stanni c oxide ( SnO z ). 

v on Darde l: Is there a lon g -time memory between 
two pulses? If you have on e discharge is there any 
tendency to get a discharge in the same place with the 
n ext pulse? 

Ko zodaev : Depending on the nature of the gas, th e re
solvmg tlme (defined h ere as memory time) can vary 
from a few microseconds to t ens and hundreds of mi
croseconds; however , the int e rvals between two succes
sive high-voltage pulses could b e as much as 10 to 100 
msec. No tendency has been observed for a d i scharge 
to r e appear at the same place during two cons ec utive 
pulses. 
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Luke C.L. Yuan 
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Introduction 

During the past year there has been an immensely 
growing interest in the use of solid-state devices for 
the d etection of low-energy nuclear particles . Sever
al types of solid-state detectors h ave been used su c 
cessfully, such as the p-n junction detectors, sur 
face - barrier detectors , n-i-p- junction detectors, 
and homogeneous solid-state detectors . 

For particles whose range ends within the sensi 
tive layer of the detector, an energy resolution of 
0.3o/ohas been achieved, which is a very significant 
improvement over the best obtainable resolution in a 
scintillation counter. Furthermore, it wa s s ho wn 
that the energy response of the solid-state detector is 
linear in this energy region and is independent of the 
type of particles involved. This again i s an impor 
tant advantage. 

Naturally one is curiou s about wh ether these solid
state devices can be applied to the detection of high
energy particles in the minimum-ionizing region, and 
wheth er some of th e a dvantages obtained for the low
energy particles can be retained . 

Very recently several laboratories have made in
vestigations on this subject and the preliminary re 
sults obtained so far are quite encouraging. 

I shall at tempt to present a compreh ensive survey 
of these preliminary results to serve as basis for dis 
cussion here, and hope to stimulate further thinking 
on this subject. I shall also (at the end of this report) 
suggest some possible uses of the solid-state detec
tors in high-energy nuclear physics experiments. 
Som e B as i c Characteristics o f Solid-State D etectors 

In essence solid-state d etec tors are analogous to 
gas ionization chambers, except th a t the solid- state 
detectors possess characteristics of a s e miconductor
such as the p otential distribution, surface effects, 
etc. - which h ave no analogy in a gas ionization cham
ber. 

Conside r a s ilicon p-n junction detector, which is 
formed by diffusing some n- type material such as 
phosphorus into a p - type silicon crystal, forming a 
p-n nunction near the surface . A depletion region is 
establish ed on each side of the junction when a revers
ed bias is applie d across the c r ys t a l. Ionizing parti
cles i ncid ent on the depletion layer create e l ectron
hole pairs by inelastic collisions . The average ener
gy needed to produce such an elec tron-hol e p air is 
3 .5±0 . 007 ev, which is l ess by an order of m agnitude 
than the ionization energy required in a scintillator. 
This ionization energy i s independent of the type of 
particles invol ved . (S ee Fig. 1.) 

Th e number N of e l ec tron-hole p airs produced in 
the depletion layer is given by 

E 6 
N = 3.5 X 10 , 

where E is the energy l oss (in M ev ) of the incident 
particle in th e depletion l ayer. 

The depth of the depletion layer, d, in a silicon 
p - n junction dete c tor is given by the approximate ex
pres sian 

d = ..J p v ' 
3 

where p is the resistivity of the p region of the crys 
tal (in ohm em ) and V i s the bias voltage (in volts ) . 

Since the depletion depth is a function of the bias 
voltage, the capacity of the detector also varies with 
the bias voltage, 

c a. _l_ 
d ..Jpv 
Th e pulse height of the signal output from such a 

d etector is 

+V 
+V 

R R 
s-,:,"' .. I . 

1-

iJ SILICON 

W "'30 ev per 
e l ect ron -ion pair 

< "' 3,5 ev per 
e l ectron - hole pair 

6 -1 9 
Liberat ed charge = QL = E x 10 x 10 coulomb 

4.6 x 10 -l: coulomb/Mev 

Collected charge 

where f = fr action of the voltage across the 
d evice trave rs ed by the carriers 

Solutions to L eakage Problem 

Use higher - resistivity material 

Cool silicon or germanium 

Use junction structure 

Special devices 

Di sadvantages 

Poor f!-·T product 

Inconvenient 

Small sensitive 
volume 

Fig. l. Production of signals by gas and 
Junction dete c tors . 
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where Cext is the total external capac ity, including 
the input capacity of the amplifier and stray capaci 
ties, and Q is the magnitude of the charge collected. 
Here Q is given by 

Q 1.6 f N X l0-
19 

coulomb 

= 4 .6 f X lo-14 coulornb / Mev, 

where f is the frac tion of the total potential across 
the depletion layer traversed by the carriers. 

It is evident that in orde r to gain a large signal 
pulse, a large depletion depth is desired. This is 
obtainable by maximizing the produc t p V. Similarly, 
the total capacity Cext t Cd sho.>ld be minimized, 
which in turn requires also maximizing pV . This is 
especially important for th e dete c tion of minimum 
ionizing particles. 

The rise time of these pulses is very short and is 
generally in the region of rnillirnicroseconds . At 
present the rise tim e is m a inly limited by the low 
noise amplifiers available. 

Another important factor in the detection of mini 
mum-ionizing particles is the noise level of the de 
tector. Since th e signal output is low for a minimum
ionizing particle, a good signal-to - noise ratio is nec
essary . A major source of noise in a detector is fluc
tuations in the leakage current inside and on th e sur
fa c e of the crystal. 

A typical circuit arrangement for a solid-state de 
tector is shown i n Fig . 2. P . F. Donovan of the Bell 
Laboratories made a number of p-n junction detectors, 
and his early measurements of the 7-ray and conver
sion - electron spectrum from a coS source are 
shown in Figs.3 and 4 . 

Usi ng a similar detector to detect minimum-ioniz
ing electrons from a Van de G raaff electron acceler 
ator, J. M . M cKenz i e and G . T . Ervan a t Chalk River 
obtained results as shown in Fig. 5, wh i c h is kindly 
supplied by D r. M c K enzie. Here the ordinate is loga
rithmic and the figure shows the presenc e, at higher 
energies, of the minimum-ionizing pe a ks. Each en
ergy curve is for the same number of J3 particles 
striking the detector. Th e depletion region is deep 
enough to absorb totally 3 00-kev electrons. Above 
this energy some of the electrons are scattered suffi 
ciently to deposit all their energy in the depletion lay
er and thus give rise to a total-absorption peak . This 
peak exists up to an energy of 1.2 M ev, but at this en
ergy most of the electrons act like minimum-ionizing 
particles and deposit only 180 kev of energy in the de-

Fig. 2. Typical circuit arrangement for a 
solid- state detector. 
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pleted r egion . O wing to the logarithmic ordinat e , the 
curve for 1200 kev is broken. However, the total 
absorption peak and the minimum-ionizing peak are 
both shown. It is obvious that owing to the l arge a
mou nt of scattering of electrons in the crystal it is 
very difficult to determine the energy of the electrons 
from the measured spectrum. 

At Brookhaven National L aboratory G . L . Miller, 
P. F . Donovan , B . Forman , a nd I have investigated 
the detec tion of high-energy pions at various energies. 
Figure 6 shows the results of a silicon p-n junction 
detector operated at 200 v bias with p 10,000 ohm-
e rn and 1 crn 2 in area (approximatel y 500 fJ. depletion 
depth) in an 85-Mev lT- be a m at the Col umbia synchro
cyclotron. This was done with a solid- state detector 
alone, without any beam-collimating teles c ope. More 
recent studies were made in the high- e nergy pion 
beams at th e Cosrnotron by using a 1.4 - crn - diarneter 
junction detector. Figure 7 shows the experimental 
arrangement. Figure 8 shows the spectrum of a 500-
Mev/c lT - beam, Fig. 9 the 750 -Mev/ c lT- spectrum, 
and Fig. 10 an enlarged view of the p eak part of the 
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spectrum. Figure 11 shows the 750-Mev/c positive 
beam. A proton peak as well as the "+ peak was ob
served. The signal-to-noise ratio is approximately 
10 to 1 at the output of the amplifier. The energy 
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Fig . ll. Spectrum for a 750-Mev/ c positive 
beam, showing both the lT + and the proton 
peaks. 

resolution is of the order of 30o/o, including the noise 
width and the energy spread of the pion beam. The 
L andau fluctuations for the minimum-ionizing TI 1 s are 
calculated as approximately 21 %. The sum total of 
these effects seems to agree well with the resolution 
in the experimental curve . 

J . D. van Putten and J. C. V anderVelde of the 
University of Michigan used a gold-doped silicon 
crystal (doped with 5 x lol 4 atoms/cc of Au and 2 X 
lol4 atoms/cc of phosphorus), which they obtained 
from the General Electric Research Laboratory, to 
detect the l. 5- and 2. 5-Bev/c TI- mesons at the Bev
atron. This is a homo geneous type of solid-state de
tector which h as no junctions . The detector they used 
is 2 em in diameter and 0.3 em thick, and it is oper
ated at a temperature of - 150° C. Dr . van Putten 
has kindly written me about his results, whic h Ire
ceived yesterday. According to him, the pulse
height distributions observed at these two energi es 
seem to agree with the predictions of the L andau 
Symon theory of energy loss, but further analysis 
will be required and is under way. He also pointed 
out that over a period of several days during which 
the detector was in continual operation, neither dri f t 
in pulse height nor any polarization effect was no 
ticed. 

O ne of the major advantages of the silicon p-n 
junction detector is that it operates at room temper
ature . Ho wever, one of the major problems of this 
type of detector, at least for the present, lies in the 
reliability and stable operation of the crystal, which 
is affected greatly by the leakage current. F. S. 
Gouldin g and W. L. Hansen of the Lawrence Radiation 
Laboratory have made a thorough study of the surface 
leakage problem and they devised a new detector 
structure that includes a guard ring as an integral 
part of the detector, which can largely eliminate the 
surface leakage. Their results seem very promisiJ1?:, 
and a reduction in the surface leakage cur rent by at 
least a factor of 10 has been achieved. Their exper 
imental results also agree well with their theoretical 
cons iderations. The details of their results will be 
reported at the coming Nashville Conference. 

Th e results obtained so far in the detection of high
energy nuclear particles are all preliminary, and 
further investigations are still in progress . Ho wever, 
fro.m these results there seem to be encouraging pros
pects of detecting high-energy particles with these 
solid- state devices . In some applications, where one 
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needs to differentiate a fast minimum-ionizing parti
cle from a slower p ar ticle, the solid - state detector 
can be advantageously utilized. Because no light 
pipes are involved, as with scintillators, and because 
the detectors are availabl e in small sizes, one can 
easily employ arrays of these detectors in a spe c 
trometer in electron- scattering experiments. Appli
cations in the form of hodoscopes, to determine th e 
space location of a particle and its approximate ener
gy, are al so possible. S. S. Friedland of the Solid 
State Radiations, Inc. , proposed the construction of 
a solid- state " cloud chamber" which would consist of 
a three-dimensional array of solid-state counters. 
It is a very elaborate proposal which I will not have 
time to go into here. 

In conclusion, I wish to remark that the solid
state detectors are, up to now, made in the laboratory 
and often are unreliable and noisy. Once reliable 
detectors can be made commercially in u n iform qual
ity and stability - whi ch I think will not be far in the 
future-we can expect increasing application of these 
detectors in high-energy nuclear experiments. 

Discussion 

G.~Shap iro: How fast is this device 

Yuan: The measur e ment is limited by the rise time 
of the amplifier, which is about 20 nanoseconds. 
Viewed directly from th e output I think that the r is e 
time wo uld be about 3 nsec. 

\'Lh e tstone: Did you use the scintillation co inc idence 
c ir cuit to get rid of room background or amplifier 
noise? 

Yuan: Room background. 

D e utsch: What is the origin of the larg e number of 
puls e s at the small-pulse-height end of the scale? 

Yuan: Crystal and amplifier noise. 

Penman: How well can one reduce the l /f noise by 
using a narrow gate? 

Y~an: The signal was fed directly to the pulse-height 
anal yzer. A rather long gate, about 1 J.LSe c lo ng, was 
provided from the coinc ide nce telescope circuit. 

Higinbotham: I would like to add a furth"r remark to 
Penman's questi on about 1 /f noise . I do not think that 
1 /f noise is of great impo r tance. Shot noise and am 
plifier noise set the fundamental limit and it is a dif
ficult problem. The best way to proceed seems to me 
to make better detectors with larger depletion layers, 
and one should b e able to obtain a factor - of - 3 improve 
ment by this means. You can then use this factor of 3 
to give you either increased spe e d or improved signal
to-noise ratio in the amplifier . W e r e they not so big, 
parametric amplifiers would seem to me to be useful 
here, contrary to what Sands has said. 

Infante: What about temperature dependence? 

Yuan: The silicon p-n junction i s not very tempera
ture - sensitive, and no temperature stabilization was 
used. On e has to be careful , howev er, about mois
ture, since the noise depends very much on this . 

Hofstadter: Suppose you have a counte r about 1.5 ern 
in diam ete r and. are interested in detecting minimum
ionizing particles . What is the speed of the amplifier 
you can use and still obtain a reasonable signal-to-



IV. 5 

noise ratio? For example, can you get a rise time of 
the order of a few nanoseconds? 

Yuan: The regular type of fast amplifier w ill not do. 
Th e Higinbotham fast amplifier for use with this 
c ounter has a rise time of 20 nsec. Our signal-to
noise ratio is about 10 to l, which is quite good, so 
that w ith an improved detector we would tend to make 
the circuit faster. Th e trouble right now seems to be 
th e difficulty of making reliable and stable solid- state 
detectors . 

Querc i a: On e source of noise is surface l eakage of the 
crystal-"itself, if I understand it correctl y . What do 
you do about this? 

Yuag: Hansen and Golding of UGRL here have devised 
a guard - ring scheme whereby they can achieve are-
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duct ion by a factor of more than 10 in the leakage cur
r ent. 

Whetstone: What is the chance of running a tunnel 
diod-e in Class A operation as an amplifier for these 
devices? 

Hig inbotham : L e t me stop the discussion at this stage 
by saying that putting a negative resistance across a 
capacitative source would not help. 

Romanowski: Has anyone tried to run these counters 
at low temperatures, and what were the results? 

Yuan: The silicon junctions do not need to be run at 
iow t emperature , though homogeneous types of detec
tors must, and germanium is sometimes run at low 
t emperatur es. 
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Introduct ion 

In the last two or three years many high- energy 
counter expe rim ents have become frightfully complex. 
It is imp ractical to record a nd proce ss the ir data i n 
the usual w a y. Scaling c irc u its and m echanic al re gis
t e r s cannot c op e with the m y riads of c ombinations r e
sulting from tw o or thre e particles striking a c omplex 
counte r array . Counter outputs can be d isplayed on 
oscilloscope s or lamp pane ls and photographed. A dis
advantage to thes e s chemes i s in reading and catalog -
ing the recorded data . The elapsed time between 
storing th e data and knowing the results is a serious 
i nconveni ence. 

Th e problem unde r cons ideration here is the stor
age of pulses from an array of about one hundred coun
ter e l em ents. The data must be stored in a form that 
can b e readily d igeste d by modern c omm e r c ial e l ec 
troni c compu ters suc h as the IBM 704 or 709. 

This report is an extens ion of the paper g iven at the 
CERN 1959 Inte r n ational Confe r ence on High-En ergy 
A ccele rators and Instrum entation. 1 W e have c ompleted 
the apparatus des c ribed as under construction last year. 
We have t e sted i t under experimental c onditions and 
are satisfi ed with its performance and reliability. 

This paper does not contain detailed discussions of 
e l ec troni c circuitry. A c omp l ete desc ription of th e 
apparatus w ill ':J e published b y th e Lab oratory Elec 
tronic s Engine e ring staff un.:ler the direct ion of Dick 
Mack and Quen tin Kerns . Their wor k is s chedul ed to 
appear as a series o f papers i n th e journal Nuclear 
Instruments. 

Outline of the System 

Figure l shows a schematic outline of the data
storage system and it s r elation to a counter array. 
The e l ectrical g rouping of the counter elements of the 
fi g ur e is arbitrar y . It could r ep r e sent rings or rows 
of c ounte r s or some other a rrange m ent. In general 
two sets of signals from the a rray start out simulta-

Fig. 1. Schematic outline of the data 
storage system a nd its relation to a 
counter array . 

neously on two routes. E vent ually they must r each the 
coincidence circuits simultaneousl y , or at least w ith 
i n th e resolution tim e of the c oincidence c ir cuit s. On e 
set of signals may be r educed to a single trigger pulse 
that op e ns all th e twofold coincidence c ir c uits at th e 
same tim e. 

L e t us trac e a signal from a counter e lement to th e 
m agnetic tap e , paying attention to the l ength of tim e 
taken for each of the operations. L e t th e beam c ourters 
d e fin e a str e am of particles incident upon a target . Tre 
b eam counters c ould b e velocity - sensitive and pick out 
only certain kinds of particles. Suppos e that the b e am 
counters have picked out a particle and it scatters from 
the tar ge t and pass es through g roup s A and B. Further
more suppose that w e want to determine if the particle 
went through group C or D, and if so whi ch e lem ents 
of A, B, C , and D it passed through. 

Outputs from groups A and B would be put i n co in
cidence w ith th e beam coincidence output by using 
l engths of cable appropriate to t he veloc ity and d i s tance 
of the particle. These op e ration s can be accomplished 
with a r e solution of a few nanoseconds. 

Th e logic c ir cuits in this case con sist of an ordi
nar y coinc idence circuit. T he connections from C and 
D to the coincidence box would n ot be used, because
said if th e particle goes through C or D . The output 
of the logic c ir cuitry becomes a trigge r pulse to open 
th e gates of all the twofold c ir cuits. Our present ap
paratus contains 180 twof~old circuits that have a r es
olution tim e of about 10- sec. At the same time as 
one set of signa ls starts toward the logic circuits, the 
other s et of pulse s starts through th e cables to the i n 
dividual inputs of th e twofold c oincidence cir c uits . The 
l e n g ths of the signal cables are adjusted so that pulses 
from the array arrive at the c oincidence c ir cuit s duri~ 
the time the gates are ope n . Only those c oincidence 
c ircuit s conn ec t e d to the c ounte r elements through 
which th e particl e passes give an output signal to the 
flip-flops. Gen e ration of a gate causes an inhibitor 
signal to be sent back to th e gate generator to prevent 
subsequent open ings of the gate until storage is com
pleted . At this mom ent the information reside s in the 
flip - flops while it is being transferred to the magnetic
co r e s to rage. The time required to magnetize the ap
propr iate cor es, prepare the next g roup of cores for 
reception of information, and reset the flip-flops a
mounts to 40 f.LS ec. During this time the s y ste m is 
dead . But 40 f.L Sec is small compared w ith the· beam
spill time of the acc e l e rator. At the e nd of the time 
required for core storage, the clamp on the gate gen 
e rator is r e leased and th e sys t e m is ready for another 
even t. If we are dealing with a n array of 180 c ounte rs 
and a storage capacity of 1800 bits, th is proc e ss c an 
be r epeated l 0 times during one beam bur s t. B e tw ee n 
beam bursts the stor ed data are r ead from the co res 
to a magnetic tape. Th e time to transfer i nformation 
to the tape is about 20 msec. 

Each of the 180 channels is assigned a position in 
the tape format. In this way we can record the passage 
of a particl e through the counter array. 
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Indicator Lamp Display 

There is an important piece of auxiliary apparatus 
incorporated in the data-storage system. It is an in
d icator panel on which miniature incandescent lamps 
are mounted in patterns to r epresent the c ounter array, 
Fig. 2 . Each lamp i s connected to the channel of the 
c ounter element that it represents. The associated 
electronic circuitry is arranged to light the l amps of 
thos e counters that received pulses in the first event 
r eg istered in each accelerator b eam burst. The 
lighted-lamp configuration is held on the display panel 
until the next accelerator burst. Th e data of the event 
displayed and thos e following in the same beam burst 
ar e pas sed into core storage so that no information 
is lost. In this manner, the experim enters are able 
to v i sually sample a portion of the data that are being 
stored on magneti c tape. Naturally th e display panel 
becomes a center of attraction as th e experiment goes 
into operation. It gi ves the expe rim enters confidence 
that worthwhile information i s being recorded. 

. . ·.. -:. . .·· . . . . . . . . . ...... ·:···:.: ... 
••• • ••• 1• ••• 

• •• ••• 0 •• • • . . . . 
0 0 D 0 •• . . . . . 

~ 

. . . . . ·. . . .· . . . . . .. ·. -.: ...... . ... : .... . . .......... ,~·. ····· . . . . . . . . .· . . .. . . . . . 

Fig. 2 . Photo graph of the indicator lamp 
panel used in the pion - pion experiment. 

Also the display panel i s extr emely valuable in 
testing the data-storage circuitry. Routine test pro 
cedures are established that show up malfunction of 
any of the channels. These pulse-generator tests are 
described in the Nuclear Instruments paper by Fred 
Kirsten, the d e signer of the core storage and readout 
system. 

Data Processing 

In order to illustrate the method of data processing 
let us cons ider the exper iment in which we are at
t empting to study the pion-pion interaction. We make 
use of two reactions at incident-pion momenta betweoo 
I and 2 Bev/c: 

We are concerned with those events in which the energy 
of the "spectator " neutron lies in the interval 5 to 50 
M ev. 

A cc ording to a theory suggested by Chew, Low, and 
Mandelstam, 2 the pion - pion interaction can be deduced 
from a study of the cross sections of th e se reactions. 
A dish- shaped array of scintillation counters was con
structed as shown schematically in Fig . 3 . In the ex-

Photomultlpller 
Typt 7046 

Blocks of plastic 
scintillator (84) 

SIDE VIEW VIEW PARALLEL TO BEAM 
SHOWING POSITION OF 84 
COUNTER ELEMENTS 

Fig . 3 . Schemati c diagram of the pion-pion 
exper im ent count er array . 
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periment seven quantities are measured: e and 4> for 
each of the two pions and the neutron, and the energy 
of the neutron. These measurements are accom
plished by dividing the array of 84 counters i n to seven 
rings of constant e extending from 4 to 60 deg. Each 
ring is further divided into 12 elements, making equal 
q, inter vals of 30 deg. All the counter elements are 6 
inche s thick. The reason for making the scintillators 
so thick is that the same coun ters de t ec t neutrons as 
well as pions . 

By recording pulses from each of the e lements, we 
obtain the angular coordinates of the two pions and the 
neutron . Th e neutron is distinguished by its time of 
arrival at th e dish with r espect to the time of arrival 
of th e pions. M easurem ent of this diffe renc e in the 
time of flight from the hydrogen targ e t g i ves the neu
tron energy. Th e d iffer ence in time of fli ght between 
pions and ne utrons ranges from ll to 43. nsec, cor 
responding to neutron ener gies from 50 to 5 Mev . In 
addition to the s even measured quantities - -8 and <P of 
the two pions and neutron and the neutron energy- -the 
incident-pion momentum is known, and is fixed by the 
beam ma gnets . Actually only five of the seven numbers 
need to be known to determine th e kinematics of the 
reaction. However, our angular coordinates and neu
tron energy are determined only appr ox imate l y be
cause of the limited resolution of the apparatus. 
Therefore the overdetermination is not as restrictive 
as one might at first think. If we measured only five 
paramete rs we would include many spurious events . 
The other two parameters are essential to compensate 
for the lack of r es olution. 

In the first exper imental operation of the apparatus 
a paper - tape punc h was used to receive the informa
tion stored in the magnetic -core m e mory . Th e paper 
tap e was c onve rted to magnetic tap e for presentation 
to an IBM 704 computer. It turned out to be quite a 
nuisanc e to convert paper tape to m agnetic tape, so 
now we have replaced the T e letype paper punch by an 
Ampex digital tape recorder type FR 400. The two 
formats are the same so I will illustrate the arrange
ment on th e paper tape because it is easy to see the 
bits of information in the form of holes. Figure 4 is a 
picture of a piece of tape taken from the experiment. 
Let us note the format of the information and see how 
it is handled by the computer. 

Starting with an "end of file" of a preceding block 
of information, we find a number written in 12 -bit 
binary form . This is a serial number of the Bevatron 
beam burst started, for example, at the beginning of 
the day. Note the parity check in the seventh line. It 
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r--End of record 

I---First event _____J 1-----Second event__J 
1 (180 bitsl 11 ( 180 bits l 1 . . . . . . . . . 

• • • • • • • :~ • •••• • ••••• • •• • •••• • ••••• • ••• • 0 •• • •• • • •••• • • 0 ••• • • • •• • •••• • • •••••• .. . 
: ......... : ....... · ... ·.. . ............ : ............. · .. . 

~
Neutrons I Pions ~ . . . 
8 A- d' 1 Neutron t1me of ·fllght (12 b1ts) 

• 't' coer 1no es 

6-bit fixed-data number 

12-bit seria I number 

Fig. 4. Section of tape taken from the ex 
periment, showing the arrangement of 
the data. 

is required that the number of hol es across the tape 
be odd except for end s of file and record. Next comes 
a 6-bit binary number to indic ate information applicable 
to the date being collected. Th e number was made by 
a set of manually operated switches. For example, 
the number 3 coul d mean that the incident pions were 
negative, momentum 1.2 5 B e v/c, and targe t full. Next 
is an "end of record" (no holes punched). Then come 
the neutron coordinates . The f ir st two 6 - bit charac
ters represent the first ring of 12 counter elements. 
The n ext two 6-bit characters represent the second 
ring of 12 counter e l ements, etc. The field of 14 
characters can receive th e information from the array 
of 84 counters and indi cate the counter that had apulse 
at the time of arrival of the n e utron. In like manner, 
the following field of 14 characters can record the two 
pion pulses. The next two c haracters were used to 
r ecord neutron time-of-flight information derivedfran 
chronotron circuits designed by Quentin Kerns. Fi
nally we reach another "end of record." Nine more 
events can be recorded from the same accelerator 
beam burst. 

To William B . Johnson fell the task of analyzing 
the taped data . He and his assistants programmed the 
IBM 704 computer to pic k out those events that ex
hibited two pions and one neutron. From the position 
of the bits of info rmation in the format the computer 
r ecognized the e and q, coordinates of the particles and 
accumulated the neutron energy from the time-of
flight data . Th e ·computer then utilized the energy
and momentum - conservation equation to determine 
whether or not the data satisfied the kinematics of the 
process being studi ed. 

Many tests of th e computer program were made. 
For exampl e, a definite number of kinematically pos
sible events were made artificially. These were 
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mixed with a g i ven number of events generated at 
random and the c omputer was asked to sort them . It 
was found that the computer would accept about 3o/o of 
the events that we r e intentionally designe d to be im
possibl e . 

A rather d i fferent approach to the analysis of the 
data was later suggested by Dr. Henry P. Stapp and 
Johnson. They proposed to make a catalog of all the 
kinematically possible combinat ions of counter ele 
ments and neutron time of flight. This is quite prac
tical because the number of possible combinations is 
not astronom i cal. After th e "telephone directory" i s 
made it can be read into the computer memory. It is 
then necessary only to look up the combinations that 
come from the exper im ent to find out if they appear in 
the catalo g . The catalog of kinematically poss ibl e 
events is generated by a computer program. The in
tervals of search over the faces of the counter ele 
ments are made smaller and smaller until practically 
all possible combinations are found. At this date of 
writ in g the number of entries is asymptotically ap
proaching about 10,000. The number 10,000 is obtained 
after some of the symmetries hav e been taken into ac
count. For example, if the symmetry around th e beam 
axis were not taken into account the number of com 
binations would be multiplied by 12 (the number of q, 
intervals). 

The IBM 709 computer time needed to generate a 
catalog of kinematically possible combinations amourts 
to about 5 hours . Of course, a different catalo g must 
be made for each experimental condition. For ex 
ample, a different catalo g is required for each inc i
dent-pion momentum. Once the catalog , in the form 
of a magnetic tape, has been made, comparison with 
exper imental tapes will be extr emely rapid. 

This method of data analysis should be adaptable to 
other experiments in which the number of possible 
combinations is "finite." 

Footnotes and R eferences 

*work done under the auspices of the U. S. Atomic 
E nergy Commission . 

1. Clyde W i egand, The Coupling of Counter Experi
ments to Computers, in Proceedings of the Inte r
national Conference on High-Energy Accelerators and 
Instrumen tation, CERN, 1959, p. 581. 

2 . G. F . Chew and F. E. Low , Phys. Rev. 113, 
1640, 1959. 
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Pr ese nted by W. A. Higinbotham 

It i s not unusual to employ a large number of de
tectors in one high-energy experiment. Several of 
the detectors may be used to select e vents of interest 
while the rest g ive information on number, direction, 
and energy of parti cles \Nhich may ve ry considerab ly 
from one event to another. One would like to record 
these data in some form of permanent storage so that 
they can be processed and sorted on a computer. 

Figure l is a block diagram of a data-recording 
system for this application. The te chniques and cir 
cuits are conventional. During an accelerator pulse, 
data are stored in the magnetic - core buffer. Between 
pulses the data are transferred from the core buffer 
to a magnetic tape. The first system of this sort 
stores up to 32 events during an accelerator pulse; 
each event may be charac teri zed by 96 bits. The in
put bits may be directly associat ed with detectors, 
may be used in groups to represent coded pulse height, 
or may be used for any othe r type of digital informa 
tion. When the experimental conditions are fulfilled, 
a fast parallel switch transfers the input data to a set 
of flip -flops represented by the "X buffer" and starts 
a program which transfers the X-buffer configuration 
into the first row of cores and advances the y sealer 
to the next row. This operation takes about 5 i.J.Sec. 
At the end of the accelerator pulse, one row of 96 
cores is shifted back into the X buffer. The X buffer 
is shifted t o the right, 6 bits at a time, into the tape 
recorder. This is repeated until all the buffer data 
are recorded on the tape. 

The Cosmotron and AGS pulses last from 0 .00 1 to 
0.1 sec, and the tim e between pulses is 2 to 5 se~. 
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Fig. 1 . Block diagram of a data-recording 
system. 

We p lan to run the tape transport continuously at l to 
3 in. per sec, and one r eel will last 2 to 6 hours. 

Most of the circuits have been built, and we are 
waiting for the magnetic tape unit to be de livered. 

Professor Arthur Roberts suggested building this 
system and has been very helpful in deciding what 
kind of a system to build . 
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Introduction 

For the past year a homo.seneous luminescent cham
ber system has been operated using pion beams from 
the Bevatron of the Lawr ence Radiation Laboratory. 
In April of this year, a prelinninary run on the ''la rge
angl e" e lastic scattering of 1.5 - Bev/c negative pions 
on hydrogen was made, and currently an extension of 
this experiment togethe r with an experiment to study 
pion production from pions on protons is in progress. 
In this paper the nature of the luminescent chamber 
system is briefly summarized; the current experi
ments are described; and comments based on our ex
perience in the design, execution, and interpretation 
of luminescent chamber systems are presented. 

Luminescent Chamber 

General Properties 

The idea of photographing tracks of particles in 
scintillators by using a system of image-intensifier 
tubes has been d escrib ed and discussed extensively. 1 
Assuming that the image tubes have sufficient gain 
and r eso'lution to r ecord photographi cally single photo 
e l ectrons from the first image -tube cathode, the d epth 
of field realized in a homogeneous scintillator is r e 
lated to the poorest track r esolution and recorded in
formation by the relationships indicated on Fig. l. 
Thus with thallium-activated sodium iodide crystals 
the track resolution in the crystal is l to 3 mm if 
scintillators up to 4 in. thick are used. 

SOLID ANGLE 

SUBTENDED 
BY LENS 

FOR SPECIAL CASE 1 
n=a 

Homogeneous Chamber 

LENS 

I 

[ d
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]' a ~ --

NE 

PER em Of TRACK 
IN CRYSTAL 

Fig. l.. Relationships between track reso
lution, a, depth of field, d, and track in
formation, n, for the homogeneous lunni
nescent chamber . For Nal(Tl) in which 
we have N=l05, a=l. 7 mm for d=lO em 
and n= 10 photoelectrons per em of track 
in the crystal. 

The relevant properties of image tubes and of typ
ical l enses availabl e for coupling are summarized in 
Tables I and II. The particular combination of tubes 
and lenses in use currently at the Bevatron is sche 
matically indicated in Fig. 2, Magnetically focus e d 
tubes will provide a further improvement in the total 
number of resolved image e lements when they are in
corporated; however , to date they have not been avail
able. 
INCO~H :>C PARTICLE DEAM 

I 
I 
I 

Fig. 2. Schematic diagram of the lunnines
cent chamber system currently in use. 
The chamber - viewing optics and beam- de
fining scintillation counters are oversim
plified and generalized in this diagram. 

Time R esolution 

The time resolution of our system is determined 
by the decay characteristics of the P-15 phosfhor on 
the first image tube . As pointed out earlier, this 
phosphor has an hype rbolic decay characteristic, so 
that a lthough 35o/o of the light is given off in the first 
nnicros econd, about 40o/o of the li ght comes off slowly 
after 5fL sec . This has put a practical limit of less 
than fD4 to the number of particles we may pass 
through our chamber per Bevatron pulse (150 milli
seconds) without having an excess i ve b ackg round of 
photon dots from "old" tracks appearing on the film. 

Partly as a result of this, our experiments are 
gene r a lly planned with a hydrogen (or polyethylene) 
t a rget in a particle beam, and the scintillators ar
ranged about the target to detect and study reaction 
products. 

Gating 

The fast gating of our second image tube (RCA 
C7349l) is accomplished by applying a positive 2500-
volt 5 - flsec pulse to the grid (focusing electrode ) of 
the first stage of the tube. With the grid grounded, 
the tube is cut off; with the grid at +2500 volts, a 
well-focused image is transnnitted. The pulse is de
rived from a simple thyratron circuit driven by an 
E FP 60. The total delay from the time the particle 
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Table I 

Image tube parameters 

Cathode Anode Axial No. of Tot a l Quantum Phosphor Noise c Cathode Cathode Approx. Tube Tube Focus 
stages volt - gainb t ype mfr. type diam. di am. a node effi - type price 

{in.) {in.) reso- age c i ency $ 
______ lutiona ___ ~ a t 4400A 

Westing - WL7257 F. S . 5 15 25-3S 10- 30 PIS l0
7
-lo

8 
8% 511 3 ,000 

house 80-120 Pll 108-109 
WX4171 E. S. s lS 2S - 3S 20 - 60 PlS 15% 520 s,ooo 

J 
C734S8 E. 5 . 18d 2 20-ZS 300- Pll, 

10
7
-lo9 IS%- 520 3,000-

2000 P20 20 o/n s,ooo 
RCA C7 34S9 F. 5 . or 2 20-30 ::::1000 Pll, 520 6,000 

l z e 
sooof 

P20 
C73491 E. S . 1 12 3 30 -4S Pll, 

10
8

-Io 9 lSo/o - 520 10,000 
30,0 00 P20 20% 

RCA - {b) E . M. l.S, 1.5, IS 2 20 - 30 Pll, 520 
C70012 3 3 1000 P20 

I. T. -T. FW113g E . M . l.S l.S lS 2 Pll, 511 
P20 

Westing- WX4342 E. M . 10-12 4 h 
2S - 36 > sooo Pll S%- Sll 

house 7% 

20th Wilcock- E . M . 0.8 0.8 lS s h 3S 20,000-
Pll 511 Century- Ember- 30 ,ooof 

Engl a nd son 
Intens ifier 

a R e solution in line pairs per mm. 

bQuantum gain defined as {li ght power out)/{light power in) . 

cNoise in units of quanta per second from anode with no cathode illumination. 

dResolution and distortion very poor at e dge of field. 

eAvailable .vith 1- or 2-in. first cathode , PI! or PIS first phosphor . 

£With the best tubes of thes e t ypes , single photoelectrons from the first c a thode m ay b e visually observed by 
using a lOX eyepiece . 

gDeve lopment al types . No wo rking tubes yet available. 

hTransmis sion secondary-electron emission dynodes. 

passes through the scintillator to the time the voltage 
has re ac hed its correct values is l ess than 0 .4 fLSec. 
A positive pulse has b een used h ere, as it was ob
served that the cathode resistivity was high enough to 
affect the image quality with these short gate times 
when conventional cathode-bias gating was used. The 
second C73491 is gated on b y use of cathode biasing 
for 10 msec as described elsewhere . 1, 2 No mechan
ic a l camera shutter is used. 

Fiducial Light Sources 

Earlier Bevatron experience indicated that the scin
tillator image was shifted on the film because of the 
Bevatron stray magnetic field {affecting the image 
tubes) even within the duration of the b eam spill. As 
a result, fiducial lights placed near the corners of the 
crystals are flashed simultaneously with the fast gate 
to allow correct orientation of the film for reading 
track angles and positions relative to the true beam 
and target positions . These fiducials consist of four 
Amperex 6977 indicator triodes with their "flash" ad
justed to give S or 10 photon dots apiece on the film. 

Crystal - Viewing Optics 

The lens es used to focus the image of the crystal or 
crystals onto the S - inch cathode of the WX 4171 are 
chosen and adjusted for each particular experimental 
geometry, In general we have subtended an f/S aper
ture from the scintillator. For stereo photography of 
tracks from one 2X2X4-inch rectangular crystal of 
sodium iodide, two pairs of lS-in. F . L. f/S lenses 
were used at about unity magnification, each pair view
ing one face. During the April run of the n- -p scat
ering, a configuration of two scintillators, one 2X2X4-
in. crystal and the other either a similar crystal or a 
cylinder 3 in. in diameter and 2 in, deep, was viewed 
nonstereoscopically by a single lens system consisting 
of a lS - in. F. L. f/S achromat in conjunction with a S
in. F. L . f/1.9 projection television lens. The com
bination de magnified the 7 -in, -diameter field to .the 
central 3 in. of the S-in. cathode. 

In the current geometry for n-p scattering, the 
scintillators are arranged in two units, each 2X2X8 in. 
as in Fig. 3, Two sets of lenses, each consisting of 
an f/S achromat and an f/1.9 S-in. F. L. lens, are 
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Table II 

Lens properties. Typical properties of l ens systems. Each system consists of a pair of identical unit s combined 
for unity magnification 

Manufacturer 

F arrand 

T aylor - Taylor 
Hobson 

Canon 

Zeiss 

Nikkor 

C arl Meyer 

Bausch and Lomb 

Kodak 
(Aeroektar ) 

Focal a Rated a 
l ength apertur e 
(mm) 

76 f/0.85 

50 f/ 0 . 80 

50 f/ 1.2 

75 f/1. 5 

85 f/1.5 

60 f/1.6 

1 27 f/l. 9 

17 8 f/2.5 

Theoretical Tr ansmi s s ian 
c 

60% vignetting 
collection radiusd 
efficiencyb PI I PZO 

(mm ) 

0.26 .50 .64 ll.O 

0. 28 .49 .72 5. 5 

0.16 .61 .73 8.0 

0.10 8.5 

0.10 .58 . 74 10.0 

0.09 .47 . 72 7.2 

0.07 .45 .67 50.0 

0.04 .28 .38 > 25 

" Focal length and aperture for each element of the pair . 

bTheoretical collection efficiency from a Lambertian surface given by sin 
2

8 , where 8 i s the half
angle subtended by the l ens . 

cTransmission is ratio of actu a l transmission of tne lens to the theoretical transmission, 
recorded for light from Pll and P20 phosphors. 

dThe r ecord ed values are the radii (in mm) a t which the transmission falls to 60o/o of its value on axis. 

120 

/ 
45 deg 

Fig. 3 . Geometry of hydrogen target , sodi 
um iodid e crystals, and scintillation count 
e rs used in elastic TT- p scattering experi
ments . The coplanarity counters subtend 
±7 deg from the target off the vertical 
plane (plane of the drawing) . 

deg 

used to bring the two crystal images separately onto 
the cathode with Z.5-to-l demagnification. Such a 
system better accommodates the lens properties and, 
b y presenting the two images close together on the 
cathode, makes better use of the available system 
r esolution. 

For the experiment studying pion production by 
pions, a scintillator array 4 in. high, 8 in. l ong, and 
from 2 in. deep (top ) to 4 in. deep (bottom) i s imaged 
by a lens combinatian consisting of a 24 -in. F. L. f/5 
achromat together with a 12-in. F. L . f/2.5 camera 
lens (Kodak Aeroektar) onto the 5-in. cathode (Fig. 4), 
A low- grade stereo image from a 45-deg prism 8 in. 
long placed below the scintillator is presented through 
the same lens . 

ANTICOINCIDENCE A
2 

Fig. 4. Geometry of target, sodium iodide, 
artd scintillation counters usee! in detection 
of protons from inelastic tr-p scattering 
experiments . 
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Thus far, all our experiments have made use of 
2XZX4-in. sodium iodide bricks, completely encased 
in gl ass and stacked together in various arrays. Six 
such bricks are currently in use, and the flexibility 
provided b y such a syst em has proven very convenient. 

It should b e noted that the crystal-viewing optics 
transmit 40"/o to 80"/o of the light from sodium iodide 
ent e ring their aperture; the lo ss is due primarily to 
absorption in the gl ass. Simpler l enses (e. g., achro
mat combinations) have the highest transmission, while 
the l arge, highly corrected Aeroektar is the wo rst. 
Special optics using quartz and other ultrav iol et -t r ans 
mitting glasses would allow a closer approach to the 
numbers given in Fig. 1. 

For purpos es of orientation, an f/5 ape rtur e view 
of a sodium iodide crystal (index of refraction l,8)sub
tends 1/1300 of the li ght f rom a track in the crystal. 
If the crystal -viewing optics transmit' 60o/o· of this, one 
would expect 45 photons falling on the image tube cath
ode per centimeter of minimum-ionizing track in the 
sodium iodide , or 3 to •) photoelectrons per centimet e r, 
depending on the cathode effi c iency. 

Luminescent Chamber Experiments 

Elastic Pion- Proton Sc a ttering 

As our group is, to our knowledge, the first to u se a 
fast chamber of any kind (e. g., spark chamber, scin
tillation or lumines cent chamber) in a physics exp eri 
ment, c omments on the configurations u sed might be 
of int e rest. The April experiment on "large - angle" 
pion-proton scattering (that is, elastic scattering out
side the diffraction peak) us ed five scintillation count e r s 
in coincidence , thr ee in a be a m-defining telescope and 
two coplanarity counte rs . The latter counters, outside 
the sodium iodide c rysta ls, required any event trigger
ing the image tubes to have produced at l east one par 
ticleup and one particle down within ±10 deg of the v e r
tical plane. Anticoincidence counters rejected events 
due to particles not in the central 1/ ZXl/2-in, b eam. 

For simplicity, a polyethylene target was us e d as a 
source of hydrogen in this run, and the carbon contri
bution was determined by making a background run with 
a graphite target. Analysis of the pictures showed that, 
of the events triggering the image tubes, only about one 
in fifteen was a ''two-prong 11 final state satisfying the 
kinematics of large- angle pion-proton elastic scatter 
ing. The graphite pictur es showed that the grea t ma
jority of these were indeed e lastic scattering in hydro
gen. A photograph of tracks taken during that run is 
r eproduced in Fig. 5, where the beam axis, tar get, 
and scintillator-crystal outlines have been indic ated. 

About 600 good events were obtained during this run, 
Scanning proved quite simple, a nd the track-angle 
measurements could be made to ±2 deg. Since system
atic errors of ±2 deg were also present (fiducial light 
sources were not then in use), trac ks falling within 
± 4deg of the calculated kinematic pion-proton corre 
lation angle were accepted. Corrections for image
tube distortion were made by photographing a polar
ray test pattern and correlating angles read on film 
with angle.s in space at the focal plane. 

The current series of experiments is design e d to 
measure the large-angle 1T-p e l astic-scattering dif
fer ential cross sections behind the diffraction peak at 
1.5, 2. 0, and 2. 55 Bev/c""'(ili'eTotallarge-angle elastic
scattering eros s section is of the order of 2 mb in this 
region) . A liquid hydrogen target 3 in . long by l-l /2 
in. in diamet e r is used h e re . The pion beam is again 
d e fin e d to a l / 2- in. -square cross section at the target. 

~, 

• No! 

Fig. 5, 1T-p scattering, April 1960 . The 
large rectangle and circle outline the im
ages of the ZXZX4-in. and 3-in. diamXZ
in. -thick sodium iodide scintilla tors . The 
b eam axis and polyethylene targets ar e 
a lso indicated, with the pion beam dir ec 
tion from left to right. 
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With loll protons p e r pulse on the Bevatron tar get , 
more than 104 pions pass through the beam-defining 
t elescope . Th e geometry illustrate d in Fig. 3 employs 
t wo copl anarit y count e rs as befor e, to gether with ap
propriate anticoincid ence counters. The vacuum en 
velope and heat shield around the h ydrogen t a r get ne
cessitat e scaling up the dimensions of scintillators 
used to cover the desired angles over the earli e r run 
with polyethylene , The pol a r angles subtende d by the 
two coplanarity counters are 12 to 45 d eg and 38 to 
120 deg, as indicated on Fig. 3 . The azimuthal angles 
subtended about the b eam axis are ±7 deg from the 
vertical plane. The sodium iodide crystals compl etel y 
shadow the copl anarit y counters from the h ydrogen 
t arget, so tha t a ll tracks of inte rest should be seen in 
the crystals. Corrections must be made, of course, 
for pion and proton interactions in the s odium iodide . 
The range of azimuthal angle accept e d is small enough 
so that corrections ~r i s ing from its d eviation from 0 
d eg a r e negligible. Figure 6 shows an e l astic scat
tering in this setup. 

The target interaction volume is made as small as 
possible consistent with a r easonable r ate of data col
lection, for two reasons . First, a small t arget a llows 
a compact c onfiguration of counters and scintillation 
crystals. Track resolution can b e bettE r if a smalle r 
volume of sodium iodide is viewed; the scintilla tor 
crystals are few in number and expensive, and the 
crystal-viewing optics are simpler and more readily 
available for smalle r crystal configurations. Second, 
the smaller the tar get is, rela tive to the scintillator 
and counter sizes, the more nearly equal are the angl e s 
subtended from different parts of the target volume. 

Pion Production With Slow- Proton R ecoils 

In Fig. 7a, tracks of protons stopping near the 
center of a ZX4x:6 -in. ar ray of sodium iodide a re 
shown, Figure 7b shows a minimum-ionizing track 
in comparison. These tracks, 2 to 4 ins, long, corre 
spond to entering protons of 125 to ZOO Mev kinetic 
energy. The ionization makes these tracks very easy 
to identify and to differentiate from stopping mesons. 
Such track photographs encouraged us to use this abil
ity to identify stopping protons in the study of in e lastic 
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• • 

~ · Beam, 

Fig. 6. n-p scattering, August 1960. The 
two rectangles indicate the two 2X2X8-in. 
sodium iodide crystals. The liquid hydro
gen target lies between these crystals . The 
three large dots are the fiducial lights. The 
direction of the incoming beam is also in
dicated. The Nai crystals are relatively 
closer together on the photograph than in 
the real setup because the crystal-viewing 
l e nses are arranged to do this. 

Fig. 7. a.Photographs of protons stopping 
near the center of a 2X4X6-in. array of 
sodium iodide crystals, viewed normal 
to the 4X6 -in. face . 

b. A minimum-ionizing track for com
parison in the same Nai array. 

pion scattering when slow protons are produced wit h 
small laboratory-system velocities. The experimen
tal setup presented in Fig. 4 empl oys a coincidence 
counter b e low the hydrogen target to indicate the en
trace of a particle into the sodium iodide , and an anti
coincidence counter below the sodium iodide to indi
cate that the particle has stopped. If entering pions 
of 700, 850, and 1000 M e v are used, the number of 
inelastic pion events othe r than production of one ad
ditional pion is small. If the r e action is n-+p-n- +nO+p, 
the ene rgy of the incident pion and the energy and an 
gle of the outgoing proton determine w , the total ener 
gy in the pion - pion-system center of mass . Determin
ing the rec oil proton energy in the laboratory system 
between 20 and 90 deg and from 80 Mev to 200 Mev for 
the three initial pion energies adequately covers the 
range of w values suspected to contain the pion-pion 
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resonance, whil e using a range of incident pion e n e r
gies a llo ws discrimination against other effects such 
as the nucleon isobar state and the statistical model. 
Pictures will be scanned, then, for stopping proton 
tracks, and the data plotted versus the parameter w, 
Again the comments on the small target volume, made 
concerni ng the elastic-scattering experiment , a pply 
e qually well here. However, in this case the infor
mation sought from the sodium iodide on the proton 
range and ionization places a premium on a l a rge vol 
ume of sodium iodide. 

Discussion of Experimental Techniques 

Bias Correctj.ons 

In the parlance of classical nuclear physics, most 
high - energy counter experiments employ "good geom
etry, "while bubble chambers employ very "poor ge
ometry. 11 Our luminescent chamber experiments em
ploy detectors subtending an intermediate range of 
solid angl es, and as a result, it is important to deter
mine just what this solid angle is in order to unambig
uously interpret the track information available. Thes e 
solid-angle bias corrections have proven a ve r y im
portant and sometimes tricky factor in our design of 
experiments. 

We have found it convenient to use beams and hydro
gen tar gets of small dimensions in order to keep the 
required scintillator volume low and minimize solid
angle biases. For experiments studying interactions 
of a few millibarns total cross section, 104 particles 
per pul se through a 3-in. liquid hydrogen target are 
adequate to give an interaction photograph on every 
beam puls e . 

Chamber Comparisons 

The track-angle resolution of the various fast cham
b e rs (discharge chambers, plastic scintillator fila 
ment luminescent chamber, and sodium iodide homoge
neous luminescent chamber ) are a ll comparable. The 
homogeneous chamber is best suited to experiments in 
which it is useful to know the track ionization and where 
a moderately lar ge stopping power is desired. Thus 
the inelastic pion- scatteri ng experiment is better suit
ed to our technique than the elastic - scatte ring experi
ment above. In fact, the corrections to the e l as tic 
cross-section data due to particle interactions in the 
sodium iodide are an annoyance that would not be pres
ent in a thin -plate discharge chamber . 

Earlier, the ability to take stereo photographs of 
partic l e tracks and events was considered important, 
and an older photograph is r eproduced in Fig. 8 for 
illustration. However, to date, our experiments have 
centered around two-dimensional presentation of a 
larger area, with the third dimension roughly defined 
by scintillation counters. 

Resolution 

The information content in our photographs, as with 
fast chambers in general, is restricted by the system 
resolution . We use a 1.5-cm-diameter area on the 
film, and the image of a single photon is 0.1 mm in di
ameter on the film. Thus our final image contains be 
tween 104 and 2Xl04 resolved e l ements . Although this 
restricted resolution may be improved with better im
age tubes, etc., it is to a certain extent an inherent 
characteristic of the system. When supplemented by a 
characteristic signature of particular scintillation count
e rs, and with the fast time resolution of the chamb er, 
this resolution is entirely appropriate for a wide vari 
ety of significant high-energy experiments. As these 
fast chambers may be expected to come into wider us-
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Fig. 8. 1959 stereoscopic photographs of 
events produced by 1- Bev ,- in one 21<21<4-
in. sodium iodide c r ystal . The (distorted) 
outlines of the two 90 -deg s ter eo images 
of the crystal are indicated on the film. 
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age in the future, we b e li eve it would b e very appropri 
a t e for thos e conce rn e d with the automatic analysis of 
tr ack photographs to dir ect some a ttention towa rd this 
field. 
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Presented by Kenneth Lande 

For the past two years we have been operating a 
filamentary chamber -image intensifier system. Dur
ing this period we pur sued developments in the con 
struction of high-quality filamentary chambers and of 
large thin-window image-intensifier tubes and tech
niques for providing microsecond shutters for image
intensifier systems. These have resulted in prom
ising particle -track pictures (Fig. l). Recently, we 
have investigated a method of measuring particle ve
locities in filamentary chambers which is different 
from that usually employed in high-energy physics. 
The standard technique of deflecting particles in mag
netic fields is difficult to apply to filamentary charmers 
because the image-intensifier tubes are so sensitive 
to magnetic fields that they are disturbed by fields of 
only a few gauss. 

Fig . l. Typical filamentary chamber track 
pictures. 

Time-of-flight velocity measurements may seem 
more applicable, since the chamber consists of a 
large number of very small plastic scintillators. Un
fortunately, present filamentary chambers are too 
small to permit accurate timing of high-energy par
ticles. Typical chamber sizes are 2 to 5 inches, and 
so involve transit times of 2 to 4Xlo-l0 s ec for par
ticles with velocity c . One can consider a variation 
on the time-of-flight technique that appears more 
promising. The time at which electrons leave a given 
filament image on the first image-intensifier photo
cathode is directly related to the time at which the in
cident particle passes through that filament. There
fore, the e l ectron emission point on the first photo-

cathode moves with the same velocity as the particle 
traversing the chamber. If a rapidly changing electric 
field is applied to transverse deflection plates inside 
the first image intensifier, the electrons due to the 
first filament traversed by the particle are deflected 
by a different amount from that by which the electrons 
from the last filament are deflected. This results in 
a track image at the end of the first image intensifier 
which is rotated with r espect to the original particle 
track. For a given deflection-voltage frequency, the 
slower the particle the larger the rotation produced. 

Let us consider an image tube with a l-in. -diame
ter cathode and unity magnification . In order to pro
duce a 10-deg rotation of the track i::nage of a particle 
with a velocity c, one must have a 500-Mc deflection 
voltage. Typical amplitudes for such a deflection are 
500 to 1000 volts. Particles with velocities les s than 
c are rotated by more than 10 deg. 

If the deflection frequency were higher, then one 
could produce a larger rotation and so measure the 
particle velocity with greater precision, There is. 
however, an upper limit to the frequency one can use. 
This limit is sgt by the decay time of the plastic scin
tillator, 3Xl0- sec. If the period of the oscillation is 
very small compared with the scintillator lifetime, 
then the track image is smeared out over many oscil
lations and appears as a wide swath rather than a track 
image. 

In order to investigate the above ideas and the ef
fect of scintillator lifetime we decided to use a tra~k 
simulator with a variabl e velocity and a var i ety of 
deflection-voltage frequencies. Our track was the 
base line of an oscilloscope with a P2 phosphor. This 
track was imaged onto the photocathode of a special 
image intensifier, RCA-C73435B, which contained a 
pair of deflection p lates . A sawtooth voltage, Fig . 2, 
was applied to the deflection plates. In order to pro
duce easily comparabl e pictures the base-line genera
tion and the sawtooth were kept in phase . By varying 
the sweep speed of the oscilloscope one could vary the 
velocity of the track. 

0 5 10 15 20 25 30 
}.1 sec 

Fig. 2. Decay curve of P2 phosphor. 
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The lifetime of the P2 phosphor, Fig. 3, was 3XHf 6 

sec, and so 1000 times that of the plastic scintillftor. 
In this comparison, then, c corresponds to 3Xl0 
em/sec . We photographed the oscilloscope traces cor
responding to a series of velocities, Figs. 4-8, for 
which th.e maximum was J3 = 0.2. From these it ap 
pears that for J3 > 0.2 the present arrangement will not 
permit satisfactory velocity measurements because of 
the smearing effect. 

Fig . 3. Typical sawtooth deflection voltage 
used. 

One can improve on this system by replacing the 
unity-magnification intensifier with one that demagni 
fies either five times (Westinghouse WL-7257) or 10

6 times (RCA C-73460). Now c corresponds to 6Xl0 
em/sec for demagnification of five, or 3Xl06 em/sec 
for demagnification of 10; J3"' l is then represented by 
Figs . 8 and 7 respectively. 

It should be emphasized that this tec1nique me as
ur es velocity, and not momentum. It is applicable 
in the region in which a particle's kineti c energy is of 
the order of or l ess than several tim es its res t mass. 
It does not app ear so useful for relativistic particles. 
The precision to which one can mea sure velo c ity de
pends on the precision with which an angle can be 
measured. On the basis of photographs we are p re s
entl y taking , track directions can be visually deter -

Fig . 4. Oscillos c ope velocity 2.5Xl0
3
cm/sec. 
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F'ig. 5. Oscilloscope velocity 2.5Xl0
4
cm/sec. 

Fig . 6. Os c illos cope v elo c ity 2 .5Xl0
5 
em/sec. 

Fig . 7. Oscilloscope velocity 2 .5Xl0 em/sec. 
J3 = 0.44 for 5 -to-1 demagnification. 
J3 = 0.88 for 10-to-l demagnification . 
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Fig. 8. Oscilloscope velocity 6x10
6 

em/sec. 
j3 = l fo r 5 -to-1 demagnification. 

mined to w ithin 2 to 3 deg. For 45-deg deflection this 
corresponds to 6 to <flo uncertainty in velocity. Usin g 
a 10- in. -diam input tube, one should be able to deter
mine direction to approx l/4 deg and so measure ve 
locit i es to about l "lo. Furth e r improve ments can be 
made by least - squares tits to track images. 

At first it appeared that in order to measure track
i mage rotat ion on e would have to operate two image-
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intensifier sys tems viewing opposite ends of a filamen 
t a r y chamber. This w ould g ive t w o photographs of a 
given tra ck, one deflec t ed and the other undefle cted. 
One w ould then de t e rmine the rotation by comparing the 
t w o resulting photographs. However, it now appears 
that if the scintillator lifetime a n d the oscilla tor pe
riod are made comparabl e then the r es ulting picture 
contains both the rotated track ima ge and the wide 
s w a th mentioned above, Figs. 6 - 8 . The edges of the 
swath are parallel to the undeflected track image and 
so make it possible to measure the particle velocity 
by using only one im age -in t ensifier sys t em. 

It is with great pleasure that we ackno w l edge the 
assistance of Mr. Frank S c iulli and Mr . Kenneth 
Young . 

*This research i s supported by the U. S . Atomic 
Energy Commission. 

Dis cus sion 

Parke r : In connection w ith your remarks about this 
Chamb e r's not operating in a magnet i c fi e ld, I would 
like to ask about the possibility of using fiber-bundl e 
light pipes. 

L ande : One cannot readily operate the chamb e r in a 
magnetic field but one can do, for exampl e, as Schlu
ter did and use long fiber light-pipe coupling . Th e 
present tubes cannot be operated in a transverse fi e l d 
of more than l gauss or in an axi a l field of more than 2 
gauss. If you w i sh to observe particle track curvatures 
in such a chamber th en you require fields of, say, 50 
kilogauss, and the sh i e l d in g pr obl em becomes formi 
dable, even if the tubes are a few f eet away. Tubes 
with magnetic focus ing may be l ess sensitive. 
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A. Processes Independent of the Existence of the 
Intermediate Boson W 

The simplest such process is 

v+n-p+e (1) 

If one takes the interaction for f3 decay, 

(2) 

and computes the cross section for Reaction (1), one 
obtains a spherically symmetrical angular distribution 
in the center-of-mass system. The total cross section 

inrr':' ~~?'•(:::~~ ;) ' (31 

where k is the momentum in the laboratory system 
of the ne~trino and M is the nucleon mass. 

The cross section given by (3) increases quadrati
cally with k for k < < M and linearly for k >>M. 
For k = M,v a"' 2 X fo- 38 cm2. However, it is to be 
expect~d that one cannot use (2) for processes for which 
the momentum transfer (i, e. , the change of the momen
tum in the lepton before and after the collision in the 
center-of-mass system) is of the order of hundreds of 
Mev or more. In other words, "form factors" have to 
be introduced which cut down the cross section. For 
orientation purposes, calculations 1 have been made by 
using form factors proportional to that given by the 
Stanford experiments for electromagnetic processes. 
The results are given in Fig. l. One observes that 
the eros s section levels off to a finite value for very 
high energies. 

ii+p--n+e+ 

4 

k11 ( 1 ob) lBev) 

Fig. l. Cross-section estimates, 

It should be mentioned that of course processes 
such as 

v + n- p + e + n1T 

also contribute to the total cross section. 

Because of the quenching of processes with high 
momentum transfer, the angular distribution for (1) 

(4) 

at high energies in the center-of-mass system is heav
ily peaked forward, 

What could one learn from such proces8es? 

l. One could learn about the identity2 of the neutri
nos . The point is that the neutrinos involved in various 
processes such as 

(5) 

n-p+e+v, 

A - p + e + v , etc, 

may not be of the same species, For unambiguously 
settling such questions, neutrino - capture experiments 
using the v and v from ,.± decay to generate 

v+n-p+e 

v+p-n +e+ 

offer the most direct possibility. 

(6) 

(7) 

2. In measuring in detail the angular and energy 
dependence of such cross sections as (6) and (7) one has 
a powerful probe of the structure of the weak interactions . 
This is in contrast to all the [3-decay, fl.-decay, and fl.
capture work, which gives only the low-momentum
transfer limit of the weak interaction. Specifically one 
could hope to learnl whether the weak interaction has 
"a point structure, "whether "universality" of weak in
teractions involving e± and fJ.± holds, whether there 
are weak interactions violating S symmetry, whether 
the conserved vector-current hypothesis holds, etc. 

B. Processes Involving the Production of an 
Intermediate Boson W 

The hypothesis of the intermediate-boson basis of 
all weak interactions is attractive to some theorists 
because 

(a) It is analogous to the electromagnetic field basis 
of Coulomb forces. 

(b) It makes it more understandable to have a "con
served vector current" for the weak interactions (which 
in the intermediate- boson picture acts as the source of 
the boson field) . Also it renders more understandable 
the universality of the weak interactions of e± and fJ.±, 
(In the intermediate- boson picture this universality re
sults from the identity of the strength of e and fJ. as 
sources of the intermediate boson,) 

(c) If the schizon scheme3 for the boson is correct, 
one would have a relatively integrated understanding of 
such rules as 16.S I = t and 6.Q/ 6.S = l, 
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None of these reasons proves anything . But fortu
nately for the experimental viewpoint,if the intermedi
ate boson W exists with a mass ~ 1 Bev, the produc
tiOIJ. process 

v + z - z + fl- + w+ , (8) 

in which fl- and w+ a re produced in the Coulomb fi e ld 
of a nucleus Z, has a high eros s section for neutrinos 
available from machines of the order of 10 to 30 Bev. 1 
The cross section for (8) increases rather rapidly with 
the energy of the v, and decreases rapidly with the 
mass of W. For neutrinos of a few Bev and for W 
mass ~ 1 Bev, the eros s section per proton (of the ta2-
get nucleus) is of the order of magnitude of lo- 37 em • 
Because of the rapid increase with the energy of v, 

magnetic focusing of the pions from whose decay the 
v 1 s originate seems "to be d esirable. 

To detect W it is important to realize 
1

• 
3 

that it has 
a very short lifetime ( < 10- 17 sec) against decays into 
fltv , e+v, 2n, 3n, K+y, K+n, etc . It is also important 
to realize that for theoretical reasons the W has a 
mass Mw lar ger than tha t of the K meson, and that it 
has spin l. Both M and the spin of W can be easily 
measured experimenfally once Process (8) is detected. 

V.la 

According to the schizon
3 

scheme there also ex i st 
two neutral W' s: wO and WO. They cannot be produced 
by processes analogous to (8) . The only way to exper i
mentally demonstrate their exist e nce seems to b~ 
produce wO and W0 in nucleon - nucleon or pion-nucleon 
collisions if: which ar_e in general produced with a fre 
que ncy 10- to lo-7 tlmes that of the p10ns . These ex 
periments will be rather difficult. Examples of them 
have been di scussed in Reference 3. 
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V.lb. REMARKS ON HIGH-ENERGY NEUTRINO INTERACTIONS 

D. Blokhintsev 

Joint Institute for Nuclear Research 
Dubna, USSR 

Profes sor Yang just gave an excellent presen
tation of the whole problem under c onsidera tion. 
The r e fore, I should like to tell only about the theo
retical investigations concerning the high-energy 
neutrinos, made in Dubna. 

It is not n ece ssary to enter into details, because 
Professor M. A. Markov reported these things at the 
Rochester Conference. 

Three years ago I analyzed the possible influence 
of the weak interactions in electrodynamics . The 
question was "When does the weak interaction be
come large, comparable to the electrodyanmic one?" 
For example, when do the two channels 

yte-+y1 +e' 

yte-+vtv+fl 

b egin to compete? 

(Compton effect) , 

(generation of fJ. meson) 

It was found then that such processes are compa 
rable to the electrodynamical ones only for an ex
tr)rpely high energy of particles, namely for E :::: 
10 ev (c. m. ). In this case the cross section is 
about lo-35 cm 2• 

In this connection, it would be interesting to study 
such processes, when the weak interaction occurs in 
an intermediate state. In such a state all momenta 
of the weakly interacting particles contribute to the 
amplitude under consideration. 

The cal culation of these processes was carried 
out by Professor M. A. Markov's theoretical group 
in Dubna. For instance, they investigated processes 
of the type 

(l) + 
e ' 

(2) 

To receive a reasonable result, not contradicting 
experimental information, it is necessary to make a 
cutoff of the momenta of the particles in the inter 
mediate state. In Case (1), kmax < 400 .Bev , and in 
Case (2), k....ax <50 Bev. In th1s latter the 
cutoff 1s rather small. 

Professor B . M . Ponteco r vo mentioned that the 
neutrinos from rr decay and from J3 decay may be 
different. H e considered a va riety of phenomena 
with free neutrinos from this point of view. 

If rr neutrinos and J3 neutrinos are different, then 
Process (2) is forbidden and it provides no evidence 
about the possible magnitude of the cutoff momentum. 
There are some other reasons for a cutoff in the 
weak interactions: 
(a ) the possible existence of an intermediate boson, 
(b) structure form factors of the interacting par
ticles. 

You see we meet with a variety of interesting 
problems c oncerning the high-energy neutrinos in 
virtual processes as well as in the real processes . 
There fore we calculated the possibl e rate of the 
high-energy neutrino events. The results were not 
very encouraging for the present experimental sit
uation, but they may be quite practical in the not
too -distant future. 

For instance the calculated rate of counting, 
assuminT a proton flux inside an accelerator of 
about 10 l protons per sec at a distance of arprox 
50 m from the target, for Ev > 1 Bev in l m of a 
heavy detector, is e qual to one event of the type 
v t p -+ n + e+ in 4 days. Similar results are valid 
for the other estimated processes (the creation of an 
intermediate boson, the creation of pairs of f.' mesons 
and electrons) . 
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* V . lc. A NEUTRINO FACILITY FOR THE ZGS 

Frederick A. Reines 

Case Institute of Technology 
Cleveland, Ohio 

Introductory Remarks 

The most important remarks (and least obvious at 
this time) about high-energy neutrinos were made 
some months ago . They were those of Pontecorvo, 
Schwartz, Lee, and Yang to the effect that 

(a) high-energy neutrino interactions were of theo 
retical interest, 

(b) experiments seemed not unreasonable with ex
isting or soon to be existing machines. 
All that remains now is to do the experiments. The 
question now - - if one is interested in such questions-
is when they will be done and by whom. 

This note is concerned with providing a preliminary 
view of problems associated with the design of a facil
ity for the study of neutrino interactions at the zero
gradient synchrotron (ZGS). 1 By way of introduction 
it is important to recognize that the Argonne machine 
designated as ZGS, with its expected beam character
istics, about 1013 12 - Bev protons per pulse (and possi
bly more) at a pulse rate of 900 per hr, will be an ex
cellent source of neutrinos, possibly the best that will 
exist for many years . In addition, a cautionary com
ment: because of the large number of unknowns sur
rounding this new and essentially untried area of re
search, it is necessary to face the choice of conser
vative overdesign now or decisions delayed until more 
information is available from work at CERN and 
Brookhaven. 

Neutrinos are produced through the decay of pions 
which result from bombardment of a target by the ma
chine-accelerated protons and are then allowed to in
teract with a second target which is so arranged that 
the interaction products can be detected. Figure 1 
shows the "standard" schematic. 

J''t ...... k sum , _.. "' 

______J Anticoincidtnct 
J1 --, counter 

Fig. 1. Scheme of an arrangement for high
energy neutrino experiments. 

In slightly more detail, the sequence of events is as 
follows: 

l. The proton beam is extracted from the machine 
and is allowed to impinge on a target. 

2 . Pions are produced at the target along with many 
other particles. 

3 . The pions traverse a "decay" space and produce 
muons and neutrinos. 2 

4 . The shield e limina t e s all other particles, and 
allows only the neutrinos to reach the experimental 
space. 

5. Neutrino interactions occur and are studied in 
the experimental space . 

Production of Pions 

The number of pions per proton for 12-Bev protons 
is estimated to be about 5 , so that we have 3.3 charged 
pions per proton of mean energy 2.3 Bev (see William 
Galbraith, Extensive Air Showers (Academic Press, 
Inc., New York, 1959) ). The angular distribution is 
such that a conservative estimate implies an increase 
over inverse square of about ZOO. The additional 
spread in the resultant neutrino beam due to the angu
lar distribution in the pion decay is estimated to reduc e 
this forward peaking by a factor of three. I under
stand that experiments are under way at CERN to de 
termine these numbers for the energies used at CERN. 
It would be most helpful if CERN workers also made 
measurements at lower energies. 

If we assume that the proton and product-pion in
teraction cross sections are equal, then the optimum 
target thickness is one mfp, and a net production of 
3 . 3 e-1(= 1.2) charged pions per proton results. 

Assuming 10 13 protons/pulse gnd 900 pulses/hr, 
we can expect to produce l.V< 10 1 n±/hr . 

Neutrino Production 

The number of pions P(I 
1

) that decay in a distance 
1

1 
is given by the expression 

P(I ) = 1-e -z(ll) , {l) 
l . 

where 

z E ± 
7T 

C-r0~ 
m ±C 

7T 

TO= 2. 56;<10-B sec, 

C = 3X.!08 meters/sec, 

m ±c
2 

= 139 Mev. 
7T 

Since we have 

E ± 
~"' 16, z =1 /131 
mn±C 

1
1 

is < < 13 1, so that we have 

P(1
1
)=Lrfl3l. (2) 

Combining these factors, we find for F, the flux 
of neutrinos, 
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1 
F = 1.]..>(10 16 rn1 67 -2 --2 A 10 

4'1T r 

= 3. 9;(1 0 
12 

1 
1 em-

2
hr - 1 , rz-

where r = 1 
1 

+ 1 2 + 1 
3 

• 

mize F fo r fixed 1
2 

(£
1 

If we neglect 1
3 

and maxi 

= 1 2 = 1), we obtain 

F = 1o
12j1 , (3 ) 

where 1 is the shield thi ckness in em. 

For an iron shield, p = 7 . 86 g/cm
2

, and a 12-Bev 
muon would b e stopped in 8 . 6 meters . Since the maxi 
mum m u on energy is < 1 2 Bev, this represents an up
per limit on the shield thickness. 

D etector Sizes 

3 If we suppos e a water target, then we can expect 
R events per hr in a mass M (g ) as given by the ex
pression 

R =Fa !#- x 1o
23

1 

-38 2; where a (= 7Xl0 em H 20 moleculeLi s the~-
vative cross section for a neutrino ( v + v ) beam on 
~ The a is estimated by assuming nucleons u n
bound, and by summing over the ten protons and eight 
neutrons the cross sections for the reactions 4 

vtp-p+tn, 

v + n- p+ + p, 

where the v (and v ) energy is take n to be about 500 
Mev . For 

1 = 10 meters and R = 1/hr, 

we have 

M = 0 . 3 metric ton, 

so that a count rate about 30/hr could be obtained with 
a 10-ton detector--a cube of H

2
0 2.2 m eters on an 

edge. 

Experimental Space 

If we assume a maximum H 20 detector size of 10 
tons, then the shielded room should be 5 to 7 meters 
on a side. Forgetting for the moment the space re
quirements of the cosmic-ray anticoincidence blanket, 
the s i ze of shield is determined by this figure and the 
effective thickness of the shield. It is assumed that 
auxiliary equipment will b e locate d wherever possible 
outside the expensive heavily shield ed room. It is evi
d ent that the distance 1 must be kept to a minimum, 
i. e., the most dense material available in quantity 
(Fe ) should be used directly in the path of the b eam. 
Furthermore, the appropriate thicknesses of lower 
density materials (e . g. rock, concrete ) can b e used in 
other l ess critical directions . Because a small num 
ber of muons would present an overwhelming back
ground rate, one in 1010 to loll scatte ring that would 
send a muon into the detector cannot be tolerated. A 
high u pper. limit of 43,000 metric tons on the amount 
of iron required can b e obtained by assuming a hollow 
sphere of outside radius 11 meters, inside radius 3 
meters. Amor e reasonable figure of 4000 metric tons 
can be obtained by assuming an iron wall in the shape 
of a cube 8 meters on an edge in the direction of the 
beam. The probl em must b e given careful s tudy but 
it may b e t hat a shield made up of 4000 tons of Fe with 
the remainder --perhaps 25,000 tons--of les s dense 
(and less valu able ) materials would suffice. 5 
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The muon cosmic -ray b ackground in a 10- m 3 de
tector is about 3;(106 /hr if no time re l ationship is es
tablished with the machine pulse. If the detector is 
gated by the machine, assumed to produce a beam last
ing 1 msec/pulse, then the background is reduced to 
750/hr. Assuming no pulse shortening, an anticoinci
d ence is clearly nec e ssary. 6 Since the cosmic rays 
are preponderantly muons with < lo- 3 neutral secon
daries per muon, we need provide onl y an anticoinci
dence for charged particles to r educe the background 
due to the progeny of muons to an acceptable l evel. It 
can be argued that the most convenient charged-particle 
anticoincidence is one that is built into the walls of the 
experimental room so that it does not make the neutrino 
detector l ess accessibl e. 7 For the moment, however, 
let us consid er an a nti coincidence blanket compl e t e l y 
surrounding the neutrino detector . It could b e mad e 
up of several plastic--or liquid-- slab s 30 em d eep and 
2 m on edge, each one viewed by perhaps ten 5 -in. pho
tomultiplier tubes. However one chooses to satisfy the 
anticoincidence requirement, experience with large de
tectors shows it to be readily capable of solution. 

Ene rgetic cosmic ray neutrons present a di ffe r ent 
problem, since they can be removed onl y by bulk shield
ing. If we assume a sea-!esel neutron flux of 00 1 par
ticle m - 2 sec -l steradian 1 , and an absorption mean 
free path of 140 g/cm2 , we require a thickness of ap
prox 5 m eters of dirt (assumed p = 3 g/cm3 ) to reduce 
the neutron flux through the 10-m 3 detector to < 1/hr. 

Conclusions 

In this first attempt to assess the major factors in 
ar riving at a design for neutrino experimentation at 
the ZGS we have concluded the following : 

l. A clear conically shaped decay space of length 10 
meters and maximum width about 6 meters should b e 
provided in the direction of the exte rnal proton beam. 
The b eam could be steered to various parts of this 
space b y manipulation of the parent pion!!• 

2. A composite mass of Fe, concrete, and dirt 
must be provide d to shield the experimental enclos ur e. 
The F e wall, 8;(8X8 m e ters (40 00 metric tons), should 
be directly in the beam of neutrinos (+muons and pions) ; 
the less expensive material (about 25 ,000 tons) can 
comprise the remainder of t he shielded experimental 
room which should be a rectangular parallelepiped ap
proximately 6 meters on edge or possibl y longer in the 
direction of the beam. 

3. A cosmic-ray - charged-particle anti coincidence 
blanket is necessary , and might be built i n part into 
the walls of the experimental room. 

Figur e 2 sketches the embodiment of these features . 

Fig . 2. Sketch of neutrino facility. 
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It should be mentioned that the shield is also designed 
to e x clude energetic machine - made neutrons from the 
experimental room. (There is a removable plug to 
a dmit particles from the machine directly into the de
tector for calibration purposes.) 

It is obvious that before an actual design can be de 
cided upon a l arge amount of detailed study will be nee 
essary. This note is intended to provide an indication 
of the direction that further considerations might take 
and as a basis for estimating (if onl y approximately) 
the cost and complexity of the facility. 

I wish to thank Roger Hilde\:>rand and A . V. Crewe 
of the Argonne National Laboratory for information rel
ative to the ZGS and L. Teng for a critical reading of 
the manuscript and comments relative to the ease of 
pion beam handling. 

Footnotes and References 

* This work is supported by the United States Atomic 
Energy Commission. 
l. Motivations behind high - energy neutrino research 
were discussed by Yang and described in an article, 
"Neutrino Inte r actions," to appear in Vol. 10 of Annual 
Review of Nuclear Science, 1960, where references 
may be found to the literature up to May 1, 1960 . More 
information may be found in the Proceedings of the 
Argonne Accelerators Users 1 Group Meeting, end of 
May, 1960, 

Neutrinos are here named in the generic sense and 
include both neutrinos and antineutrinos. 
2, Because of the kinematics of the production proc e ss 
the neutrinos tend to reflect the direction of the pri 
mary proton. This focusing can be consciously im
proved by the use of magnetic fie lds, whi ch operate on 
the parent pions, either in the vicinity of t he tar get or 
in more elaborate extended arrangements. Such fields 
c~uld a l so be arranged to effect ch~ge separation for 
"IT and "IT - and so provide v and v beams. However, 
since it does not appear that the use of such fields will 
alter the gross features of the experimental facilities, 
we will not discuss them further here. 
3. Although we speak here of a water target it is only 
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to set some limits on the detector size. These figures 
are also applicable to liquid scintillation counters , If 
less dense detectors are built, e. g., hydr ogen or deute 
rium bubble chambers ( 1• ) , the volume must be scal e d 
up accordingly. The experimental volume should be 
chosen with these possibilities in mind. 
4. See Paper V. l a for more details . 
5, Since, as shown in Fig. 2, the earth i tself might be 
used as part of the shi e l d, it is a litt l e complicated to 
specify t he shield weight. 
6 , Although there is no intention in this note to dwell 
on specific detection techniques, it seems appropria t e 
to point out the importance of shortening the machine 
pulse . Scintillation and Cerenkov counters have a short 
resolution time (0 . 2 flSec is easy to achieve), but a 
large bubble chamber has a much longer live time, from 
0.1 to 1 msec, 

During the millisecond machine pulse the probability 
is about 0 .83 that a cosmic ray will pass through the de 
tector. For a scintillation or Cerenkov counter this is 
of no significance becaus e of their sho r t time resolution 
relative to the duration of the machine p u lse ( <1/5000), 
giving an anticoincidence dead time during the pulse of 
< 0,83/5000 or < 0 . 02o/o, The bubbl e c h amber (as 
sumed to be 10 tons at p = 1 g/cm3 ) , on the other hand, 
must either sacrifice signal or accept background. 

So, for example, 

Signal : 
7
sensitive 

Iooo >< 

Cosmic- r aY. 
background" 

T sensitive 
1000 

33 
900 

per pulse; 

X 
750 

per pul se. 
900 

For a bubble chamber sensitive time of 1 msec the 
si~nal is reduced by anticoincidence to about 1/6><33 :::: 
5jhr. If the sensitive time is r educed to, say, 100 
flSec, the background- signal overlap is reduced, but 
so is the signal, to 3/hr , The directional discrimina
tion of the bubbl e chamber can of cour se help greatly 
in identifying backgrounds , 
7, I understand that the Argonne group is willing to 
contemplate such a formidable anticoincidence! 
8. B . Peters, in Handbook of Physics, Ed. Condon 
and Odishaw, Sect. 9, p . 225. 
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Presented by Leon Lederman 

Since this is a conference on detectors, I might 
begin by reviewing some more or less obvious situa
tions connected with the study of weak ineractions at 
high energies which require new detectors; these have 
the virtue, however, of making use of presently avail 
able particle beams. That is, neutrino s aren't the 
only way to learn some of the things Yang disucssed . 
For example, the Berkeley 184-inch cyclotron, if it 
is running now, is producing some thousands of A Or s 
per hour via p + n- A 0 + p. There is no background 
-- of AO's- - for this reaction, since the protons are 
below threshold for strong production via A OKO. A 
gain, the Stanford electron beam has 1 o.l2 electrons 
per sec (as opposed to about 106 neut rinos eventually) 
and can, for exampl e, produce K-•s at 1 Bev/c, being 
far below threshold for production via the electric 
charge and strong coupling. In both examples of a 
large and simila r class, the problem is to devise a 
detector that will record a particular particle in a 
large background of oth er particles. 

After thinking about this for some time , we de
signed the following neutrino detector . 

The C olumbia-BNL group considering this experi
ment (Melvin Schwart z, Jean-Marc G aillard, and 
Ernest C ourant ) recognizes three parts to t h e prob
lem: (a) the making of a beam, (b ) th e shielding, (c ) 
the design of a detector. 

We are some way from knowing precisely what 
kind of beam will be best, although it will most likely 
be magnetically focused . We lean towards the higher
energy p ions in order to keep the mean neutrino ener
gy greater than l Bev . R oughly, we expect several 
events per ton per day, using the " conservative"cross 
section. The shielding we expect to need (about 2000 
tons of iron , 1000 tons of concrete ) is available, and 
its proper disposal will be determine d by logic and by 
some test exposures. 

As for the detector, the first thing to be tried will 
b e the 30-inch F reon chamber, which will provide 
250 kg of interaction material. I would like, however, 
to des·cri be our ideas on th e follow - up experiments 
(assumi ng they will be needed) in order to collect a 
minimum of some 20 to 100 events per day. We brief
ly considered a 1 0-ton Fr eon bubble c hamber but were 
frightened, partly by the price of Freon. (Don Glaser 
told us not to worry about the price of Freon . ) The 
device that would, it seems, do much of the job is a 
10-ton spark chamber , one design of which is illus
trated in Fig. l. 

The module is a 1- ton box consisting of six gaps 
separating seven F e plates, each 2 X 6ft high. The 
thickness (1 em ) represents 0.5 radiation length and 
is a compromise between large mass and good obser 
vational pas sibilities . The various problems are as 
follows. 

1. Optics. B y tilting the c h ambers one can easil y 
photograph the entir e assembly with four cameras -
two on each side of the centerline, which represents 
t h e axi s of mirror symmetry of the system. Figure 
2 shows the e l evation. A long-focal-length lens (12 
in.) takes care of the depth of field. I don't see any 
diffi culty here. 

2. Electrical. E ach box has a capacity of 0 . 008 iJ.f 
and would require a th yratron cur rent pulse of 8000 
amp. Separate pulsing of each box is reasonable. 

3. Triggering. The boxes are separated by trigger 
ing C ereilkov counters wh ich respond to a fast particle 
and fire the two adjacent boxes. We have considered 
the possible biases (electrons vs muons), and this 
sets the number of plates per box, in part. (When the 
short beam ejector becomes available, one can dis 
pense with the triggering c ompletely. This l att er fa 
cility would also be enormously helpful both with re 
spect to cosmic rays and beam intensity ) . 

4. Cosmic rays. Anticoincidence slabs are needed, 
but the situation 1sn 1t serious. We have no objection 
to firing on several cosmic rays per hour. Th e beam 
structure and fast timing serve to decrease this prob
l em; i.e ., at a beam pulse of approx 1 msec and rf 
structure which divides th is by 10, the "accidental" 
rate produced by the cosmic rays is easily reduced to 
nothing by reasonable "antitray. 11 

I might note that there is no danger of spurious 
events ' simulating neutrino interac tions if the back 
ground is seen and understood . For example, a sin 
gle electron originating in the middle of a chamber 
m ay be generated (albeit improb ably) b y a 'I r ay or a 
neutron, but then you woul d see thou sands of normal 
pairs and stars and you would know that the setup is 
no good . 

5. Cost . A rough estimate of the cost of ch amber , 
counters, thyratrons, phototubes, pump, etc. comes 
to $70,000. 

L ooking at the whol e thing, it seems emi nently 
practical. Th e pioneering work of the Japanes group, 
and Cork here, and Cronin, who helped us consider 
ab l y, as well as our own work of this past summer, 
give us confidence in the simplicity and workability of 
the scheme. By the grace of the AEC, BNL, God, 
Gr een, and Hayworth (alphabetical order ) , we should 
see neutrinos . 
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V . le. THE POSSIBILITY OF THE DETECTION OF NEUTRINO INTERACTIONS 
IN THE CERN HEAVY - LIQUID BUBBLE CHAMBER 

C . A. Ramm 

CERN, Geneva, Switzerland 

The present situation at CERN concerning the pro
gram for neutrino experiments and the theoretical im
portance of such work has been reviewed b y G. Ber 
nardini (the Program of Neutrino Experiments at 
CERN , Rochester Conference, 1960 . } Our heavy
liquid chamber, when filled with Freon (CF3Br} and 
having a sensitive volume of about 500 liters, would 
make a very useful detector of neutrino interactions. 

With a chamber-to-target distance of about 70 me
ters, a neutrino event rate of about one per 105 pic
tures for normal beam intensity in the CERN proton 
synchroton {CPS} and a total neutrino-event cross 
section of about lo-38 cm2 h ave been predicted. 

Professor Hahn of Fribourg has very kindly col
laborated with members of the bubble chamber group 
in a study of background events as a function of shield
ing arrangement around his Freon-filled 2-liter cham
ber . The total number of exploratory photographs 
used to infer that the background situation might be 
tolerable was equivalent to about 20 photographs in 
the 500-liter chamber. The risks involved in an ex
trapolation of this information by factors of 1 o4 need 
hardly be stressed . 

The uncertainty of the momentum and intensity dis
tribution of the neutrino flux in an experimental ar 
rangement with the CPS is an important consideration 
in assessing the importance of the observation of a 
neutrino event Without a number of events obtained 
under various experimental conditions it is difficult 
to foresee how a useful quantitative cross - section 
relationship could be inferred . It is recalled that a 
neutrino interaction cross section of about lo-43 cm2 
h as been determined experimentally at low energies, 
and that this value is expected to rise to about lo-38 
cm2 for neutrinos of several Bev. Professor Yang 

has indicated that it ma y even rise to lo-36 cm2 under 
certain circumstances, and Professor Blokhints ev 
has indicated a value of lo - 35 cm2 at much higher en
ergies . 

Evidence of an unequivocaly identifiable neutrino 
interaction would bring obvious satisfaction, and wouki 
mark the opening of an important long-term experi
mental program However, commencement of the 
program must be planned as if its outcome will be to 
set an upper limit to the total neutrino interaction 
cross section . It is assumed that a useful experimert 
could set an upper limit to the neutrino total interac
tion cross section of about lo-38 cmz 

Every effort will be made to arrange a concurrent 
experimental program with the machine so that by 
means of b eam- sharing and parasitic experiments the 
running time canno t be attributed entirely to the neu
trino work. Once the experimental layout--which is 
at present being studied in detail by my colleagues 
both a t CERN and Ecole Polytechnique--has been 
shown to give a sufficiently low background rate, it is 
imagined that machine time will be requested in units 
of about 100 hours. Simultaneous counter experimerts 
to search for neutrino interactions are envisaged by 
the counter groups, and their preliminary experi
ments on background rates are also encouraging . 

In the absence of an identified neutrino event, a 
background of confusing events as low as one per 1 o4 
photographs would make the experiments much less 
valuable. However, under these circumstances it 
would be important to study the relationship between 
the confusing background events and the shielding den
sity between the target in the machine and the chamber 
for a constant geometry of the experiment . 
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The liquid scintillation detector used for neutrino 
physics at the Los Alamos Scientific Laboratory and 
at the Savannah River Plant consisted, es s entially, 
of several large steel boxes, coated on their lateral 
interior surfaces with white paint and filled with a 
triethylbenzene-base scintillator. The liquid was 
viewed from the ends of the boxes by banks of photo
multipliers. Target protons were provided by con
tainers of a water solution of cadmium acetate which 
were sandwiched between the detector boxes , or by 
the scintillating liquid itself- - in which case an or
ganic salt of cadmium was also dissolve d in the tri
ethylbenzene . The detector was supported b y a 
framework of heavy steel girders inside a lead and 
concrete shield. 

Although this system performed sufficiently well 
to accomplish its purpose, the identification of back
grounds during the course of the measurements in 
dicated that an improved detection system could be 
built which should experience considerably lower 
background levels. Further work in the field, how 
ever, would require such an improved detection 
system to have higher sensitivity and better energy 
resolution and to incorporate greater physical flex 
ibility, so that changes in the detector geometry 
might b e accomplished more simply. Subsequent to 
this work, a program to accomplish these objectives 
was undertaken at the Catholic University of America, 
The first phase of this program--the construction of 
a laboratory model to test design concepts and with 
which to begin some experimentation - -is now nearing 
completion, and initial diagnostic testing of the de
tector has started. 

Backgrounds in Large Liquid Detectors 

A large - volume liquid scintillation system, while 
acting as its own shield in great part --both actively 
and passively--experiences background interference 
from a number of sources, some of which are unique 
to large systems. 

Int e rnal Contamination 

The materials from which the detector is con
structed can introduce a background against which it 
is extremely difficult to discriminate. Although an 
initial choice of materials may avoid those generally 
known to be radioactively dirty, such as brass and 
aluminum, the close monitoring of large quantities of 
steel, lead, etc. such as we r e used in the Los Alamos 
detector is impracticaL Their use inevitably results 
in the incorporation of a "built-in" background. Low
z organic materials, however, are in general quite 
clean- - espec i ally those synthesized from mineral 
sources . It was decided, therefore, to use l ucite 
type p l astics throughout in the construction of the 
detector, and to build all supporting structures from 
e ithe r plastics or wood. The inner layers of the 
shield would al so contain only low-Z materials. 

Contamination carried in the bases of the many 
photomultipliers required for a neutrino-detection 

system, as well as potassium-40 in their glass en 
velopes , is a major source of internal contamination. 
These tubes were mounted within a few inches of the 
sensitive volumes of the Los A lamos counter . For 
the counter discussed here, however, it was decided 
to utilize a water shield 12 in. thick between the 
tubes and the scintillator, leav ing the bases on the 
tubes for the time being. The shield thickness may 
be increas ed rather easily if required. The water 
l ayer, in addition to shielding the detector, serves 
to flatten the response of the system to events that 
occur at various distances from the photosensitive 
surfaces . 

External Loc a l Background 

Gamma-ray and neutron backgrounds from the 
local surroundings of the detector may be reduced 
satisfactorily by sufficiently heavy shielding of the 
system. The present d etector is shielded by 6 in. 
of hydrated borax contained in oaken boxes built of 
2 -in. -thick stock, and by an external lead shield 
2 in. thi ck on all sides and 4 in. thick on top and 
bottom. This arrangement will be modified if sub
s equ ent measurements with the detector so indicate. 
The wood will probably be replaced by plastics in 
later shields to eliminate potassium. 

Cosmic -Ray Backgrounds 

Although internal and external local background 
sources may be coped with rather easil y, the back
grounds introduced into large detection systems by 
cosmic-ray mesons can be very difficult to reduce, 
and have set the limits to date on the sensitivities 
of such systems to neutrino signals. Cosmic -ray 
backgrounds may be considered in several categories: 

a. Fast mesons that penetrate the sensitive vol
ume of the detector. Most of these pass through the 
system with sufficiently long path lengths within it 
so that they yield large - amplitude signals and there 
fore may be rejected on this basis. Many per hour, 
however, pass through the edges of the detector with 
short path lengths, simulating gamma-ray signals. 
The Los Alamos counter discriminated against a 
l a rge fraction of these mesons by re c iprocal anti
coincidence shielding betweetl the three d etectors , 
but twelve external edges were unprotected. It was 
de-cided to attempt discrimination against these mes
ons with short paths in the present detector by using 
a cellular construction which would permit locali
zation and selection of events by position in it. The 
optical geometry of the detector permits each photo
multiplier to see only those signals which originate 
near the longitudinal axis of that tube. Mesons pass 
ing through the four longitudinal edges may b e identi 
fied by this arrangement. End shielding appears to 
be practical by utilization of the Cerenkov light gen
erated in the 12-in. -thic k water layer before each 
photomultiplier by incoming mesons. This light is 
seen very well by the tube near to such an event but 
is not detected by the far tube on the same axis, and 
so the event may b e discriminated against electroni 
cally. Additional photomultipliers may be installed 
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subsequently which look only at the water layers for 
this purpose. 

b. Fast mesons that penetrate the shield of the 
detector . These pass without interference unless 
they generate showers, or free neutrons from the 
shield material. These effects are reduced some
what by the use of low-Z material for the inner shield. 
Showers and neutrons accompanying the incoming 
meson as well as showers generated by in-flight de
cay electrons are, of course, not greatly affected by 
the choice of material. 

c. Mesons that stop inside the detector. Most of 
the-mesons signal their entrance with a large scin
tillation light pulse and subsequently decay, gener
ating another such pulse. Again, these may be re
jected by pulse-amplitude discrimination, excepting 
those which stop just inside one face of the detector 
and send their decay electron through not more than 
a centimeter or so of the sensitive volume. It is 
hoped that the measures described in a will be effec-
tive in this case as well. -

d. Mesons that stop in the shield. Those stopping 
in ffie low- Z inner shield will contribute to the back
ground through decay electrons which reach the de 
tector. Localization of such events as beginning near 
faces, again, should reject some of these, while 
pulse-amplitude discrimination will assist in identi
fying those which penetrate deeply into the detector. 
The mesons stopping in the heavy outer shield yield 
several fast neutrons upon capture there. These 
mesons were a most troublesome source of back
ground in the neutrino work with the L os Alamos de· 
tector, as the fast neutrons not only generated pro
ton-recoil and - capture pulses inside the detector, 
but also produced inelastic-scattering gamma rays 
in the steel of the containers and the supporting 
framework. Such sets of background pulses occa
sionally yielded signals which appeared the same as 
those produced by antineutrino capture in protons. 
This occurrence was r educed somewhat in the 
Savannah River Plant installation by placing as much 
paraffin as possible in the supporting framework and 
against the detector. The present design, however, 
does not employ heavy materials near the detector 
but provides a layer of hydrated borax to moderate 
and capture neutrons. The effectiveness of this shield 
will be determined by measurement in the testing pro
gram. 

The Liquid Scintillator 

The choice of plastics for construction of the de
tector containers dictated the necessity for develop
ment of a scintillator that would not attack them. It 
was found that decalin (the saturated derivative of 
napthalen~ is inert to acrylic plastics and that it may 
be purified to yield a solvent which is superior in 
light yield to xylene- , triethylbenzene-, or toluene
base scintillators . . Purification is accomplished by 
passing commercial decalin through a long coltunn of 
adsorption-grade altuninum oxide. As traces of tet
ralin (the fourfold hydrogen addition derivative of 
napthalene) may pass through the coltunn as well, and 
as tetralin r apidl y forms colored peroxides upon con
tact with oxygen, the purified liquid is collected un
der argon, and all subsequent handlings are conducted 
with argon bubbling through the liquid. The most 
efficient scintillator obtained to date using decalin 
utilizes about 1 gram of terphenyl and 2 g of alpha 
naphthylphenyl-oxazol e per liter of solvent. When so 
prepared, the decalin-base scintillator is about 25o/o 
more efficient than the usual scintillator prepared 
from reagent-grade toluene. As in naphthalene, the 
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fluorescence of decalin (and hence its scintillation 
efficiency) is more effectively quenched by dissolved 
oxygen than is that of most other materials in common 
use, and so methods of scintillator evaluation must 
include the quantitative removal of dissolved air be
fore the measurement. 

The purified decalin obtained from the a ltuninum 
oxide coltunn has a mean free path, for light of 
4150 A, of more than 8 meters. The solution is non
toxic, and has a flash point sufficiently high so as to 
present no serious fire hazard in large installations. 

The Detector Geometry 

The detector is constructed of cylindrical modules, 
stacked closely with parallel axes inside the shield. 
Each module is made of 5-in. -diameter lucite tubing 
and is 76 in. long. The central 52 in. of this unit 
contains the liquid scintillator and is separated from 
the end water sections by a lucite divider. A 5-in. 
photomultiplier is mounted on each end of the unit 
with clear silicone grease and a mu-metal shield. 
The unit is sealed after filling under an argon at
mosphere . 

The detector as presently assembled consists of 
52 of these units . Physically, this arrangement per
mits rather easy change of geometry by the addition 
of more units, the removal of central units for in
sertion of different target materials, or the insertion 
of radiation shields between sections of the detector. 
Handling and storage of component parts of the de
tector is simple compared with the problems asso 
ciated with the large box type of detector. Initial 
testing of the assembly will be done by using it as a 
single pile, while subsequent work contemplates ge
ometry changes as above. 

Performance 

Performance tests have been carried out to date 
principally on individual units. Balancing of the units 
to a common gain in the assembled system is now 
completed preparatory to testing the system as a 
whole. In testing individual units, advantage is taken 
of the peak in the pulse -amplitude spectrtun caused 
by the passage of minimum - ionizing cosmic -ray mes
ons. The pulse voltage (and therefore the ntunber of 
photons detected) at this peak is used as a measure 
of the gain of the unit. In the present system, a 
meson peak is observed for each photomultiplier 
operated individually. Although the width of the peak 
so observed has no meaning in terms of the reso
lution obtainable with the tube, owing to the wide 
spread in. zenith angle of the incoming mesons ·and 
their widely differing path lengths through the scin
tillator, the percentile width of the peak and its 
peak-to-valley ratio on the low-amplitude side are 
both superior to similar peaks obtained with the 
Los Alamos neutrino detector operated as a whole. 
It is significant that such peaks may be observed 
with individual photomultipliers in the present geom 
etry, as no meson peak was obtainable with the Los 
Alamos- detector unless an appreciable fraction of 
the tube banks at both ends of the box were operating. 

By using the meson peak, a number of tests of 
the optics of the system have been performed to de
termine how much of the scintillation light escaping 
through the clear cylindrical walls of the units may 
be returned to that unit by reflecting surfaces and 
how much may be captured by neighboring units, re
sulting in cross talk between units. The results of 
both tests indicate that less than 3% of the total light 
emitted in a pulse may be reflected and re-captured 
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or produce cross talk in other units. In the first 
measurement of a gamma-ray source in the detector, 
just prior to this session, the sum of the two 0.51 -
Mev a nnihilation lines of positrons from Na 22 was 
observed as a peak r e solved to 15o/o full width at half 
height. 

Planned Experimentation 

Perhaps typical of experiments that take advan
tage of the characteristics of the system is the in
itial assignment of the d e t ec tor to set an upper limit 
on the natural (cosmic) antineutrino flux. A limit 
(unpublished) of 5xl0ll v/cm2/sec at 3 Mev was 
set by Cowan and Reines at Lus A l amos using the 
large neutrino detector. The new work will be done 
both in the low-ene rgy range (to about 25 M ev ) and 
in higher-energy ranges where increased cross 
sections and lowered backgrounds should compensate 
in part for lowe r flux and for loss of the annihilation 
radiation signal in showers produced by the ener 
getic positron. This work will be undertaken in the 
present laborator y location, with later measure
ments being done underground to reduce meson back 
grounds. The four central units of the detector will 
provide proton targets for these measurements. The 
units above and to both sides of the central ones will 
serve as an anticoincidence shield and as a detector 
for neutron-capture radiation. The units below the 
target will look for the track of the positron produce d 
and for its annihilation radiation, or for the shower 
if the positron is born from a high - energy antineu 
trino interaction. Because of the symmetry of the 
system, the inver se arrangement will be operated 
simultaneous ly with the first to observe neutrinos 
coming from below, using the earth as a differential 
background shield. The data will be recorded as 
pulses on a double - beam oscilloscope and photo -
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graphed, as was done in the earlier neutrino m e as 
urements . 

Future D evelopment of the S ystem 

In order to improve the sensitivity of the system 
to antineutrino signals and to further adapt it to the 
observation of events produced in a target by the 
very - high-ene rgy mesons in the cosmic rays, more 
units will be added to the system. The performance 
of similar but longer units will a ls o be investigated. 
Work is presently being done in cooperation with the 
Naval Ordnance Laboratory in the investigation of 
the effects of high pressure on the system and in the 
development of pressure vessels in which the system 
may be operated under the sea in order to reduce 
meson backgrounds. 

To ass is t work with high - energy cosmic - ray mes
ons, it is planned to install a pressure tank above the 
system which will serve as a gas Cerenkov dete c tor 
for the selection of meson threshold energies. The 
tank, a Van d e Graaff pressure ve ssel, i s 10ft h igh 
and 5 ft in d iameter over its upper half, tapering in 
a truncated cone from its center t o a diameter of 3 
ft at the bottom. It may be operated either under 
vac uum or pre ssurized. 
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High-energy neutrino experiments open up a new 
avenue in particle research. The experiments in 
prospect fall into two groups. First, there are those 
which will decide the fundamental point of whether 
more than one type of neutrino participates in the weak 
interactions . Second, physicists are provided with an 
opportunity to explore the form of the interaction at 
high energies as well as to investigate in detail many 
weak interactions which are at present inaccessible . 
Examples of these are the inverse j3-decay and fl
capture reactions wherein one of the products is a hy
peron. Of course, if there turn out to be several neu
trino species, just what the interaction character of 
that one found in 11 decay is will be of special intrinsic 
interest. 

The first group requires beams of moderate intensi 
ty, and definitive results should be forthcoming without 
enormous effort if, indeed, there is but a single neu
trino. If this is not the case, interest and effort will 
increase) The second group of experiments is quite 
a different proposition. If detailed information about 
these reactions is to come to light, not tens, but tens 
of thousands of events must be examined. To do so 
will, first of all, require intens e beams. It is with 
the production of such beams that I am today con
cerned. 

To recognize what intensity of beams is required, 
consider detectors. Bubble chambers filled with 
heavy liquids have excellent characteristics for the 
study of neutrino reactions. Their short radiation 
length permits easy separation of electrons and muons 
as well as detection of 110 production, while their 
short reaction length helps identify mesons and nucle
ons . These qualities also form a built-in shielding sys
stem such that only neutrino reactions will be distribut
e d evenly throughout the chamber volume. All other 
background events concentrate near the surface of the 
chamber. A chamber 1 meter in depth filled with a 
liquid of density 2. 5 will produce one weak interaction 
event for each 8 ;( ro - 38 cm2• I will now show that 
with the Argonne ZGS and a novel focusing system a 
beam of on the order of roll neutrinos with energies 
of more than 1 Bev can be made to pass through a large 
detector on each machine pulse. 

The Argonne synchrotron is expected to produce an 
external ''pencil" beam of some rol3 protons per pulse. 
If this beam strikes a target, pions will emerge from 
it as from a line source distributed in energy, angle, 
and charge. These pions will produce neutrinos by 
11-fl decay with a mean decay length of 50 m per Bev 
of 11 energy. At fixed E 11 , the spectrum of E

11 
will 

range uniformly from near zero to 0,43 E , wh1le the 
angular distribution will peak very strongfy about the 
parent 11 directi on except for low Ev 

These characteristics of 11 production and 11-fl 
decay make it necessary to focus the pions if a large 
flux of neut}:inos is to pass through a detector with, 
say, a l-m cross section. The ideal magnetic lens 
would 

(a ) focus one charge and defocus the other, 

(b) be an achromat, 
(c) convert the pions diverging from their line source 

into a near - parallel beam. 

Here (a) is most important since it will permit ex
periments to be done with either v or v The wide 
spectrum of E makes (b) necessary. Requirement 
(c) will allow t'te detectors to be placed, say, 100 m 
from the pion source, gaining intensity by allowing a 
long decay path and losing little from beam divergence. 

The three specifications cannot be easily met. Pure, 
strong-focus systems do not distinguish charge (Item 
(a)), and therefore, are not suitable . Items (b) and 
(c) cannot be met by imposing on the particles a fixed 
focusing regime. To see this, consider the phase plot 
of one transverse coordinate x, Initially, the range of 
x is small and x large. The particles will be within, 
say, a flat ellipse with a major axis along x . Re
quirement (c ) means that this must be changed to a 
flat ellipse, but now, with the major axis along x. 
(Liouville 1 s theorem guarantees that the area of the 
two ellipses will be the same.) Such an incompressible 
squashing of the particle phase space can be achieved 
only by variation of the lens parameter along the beam 
direction. The classic way to do this is by adiabatic 
variation of the force constant. 

A lens that meets all three specifications - -charge 
separation, achromatism, and conversion of a diver 
gent line source to a near parallel beam of pions- -is 
a linear ion stream, coaxial with the proton beam, 
and one whose cross section increases along the di
rection of the particles . Such a lens has only an azi 
muthal magnetic field and focuses particles of one 
charge in both transverse directions, Particles of the 
opposite charge are defocused. As the ion stream 
cross section increases, the force constant of the lens 
will be reduced, and the effect on the phase space of 
the particles will be to change the occupied region 
from one of large x and small x to one of large x 
and small x. The same will be true for the y di
:rection. The lens is designed to topologically deform 
the phase space of the particles and will do so for all 
the particles it confines independent of their momenta, 
It is thus an achromatin the statistical sense, 

To analyze the lens action, let the beam axis and 
the ion current I be along the Z axis. Let the cur 
rent be confined within a circle of radius a (a will 
change slowly with Z), and, for computational con
venience alone, let the current density be uniform 
over the cross section. With this simplification, the 
magnetic forces rise linearly with radius and the trans
verse oscillations will be harmonic for fixed a. 

Let "t be a vector describing the particle position 
transverse to the Z axis, then the magnetic field is 

21 
B 8 (s l =-- s, 

10a
2 

and the equations of motion in the paraxial approxi
mation are 
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PBev • 10 

with solutions "( = s'
0 

e xp {± ikZ) 

/
~-r6I.------

where the wave number k = p 
10

8
a

2 
Bev 

The beam will be confined for 

1:.
0 

<a, 

or, in terms of the initial slope, 

r 61 
ks 0 < kaj' 8 

PBev X 10 

For example, a 6-Bev 1T leaving the beam axis at an 
angl e of 0.1 radian will be confined by a megampere 
current . 

If the beam eros s section is changed slowly so that 
adiabatic invariants exist, then 

k 1:. 0
2 

= constant, 

{slope) 
2 

X a 
max 

constant, 

or 

{slope ) max "' l / ja, 

i . e . , if the beam cross section increases by a factor 
of 25, the average slope of the 1T 1 sis reduced by a 
factor of 5 , 

6 
With such a plasma lens with a 10 -amp current 
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puls e , a change of cross section of 25 and using a 
simplified model of 1T production {a Heisenberg spec 
trum), it can be shown that with l 0 13 protons incident 
on a target some lOll neutrinos in the Bev energy 
range will cross a 2-meter - square cross section some 
100m from the target, Such a beam should make feasi 
ble detailed examination of reactions with lo-40 cm2 
cross section . 

But what of the feasibility of such a far-out lens? 
Panofskyl once us ed a line ar discharge to focus the ex
ternal be am of th e 184-in. cyclotron, but the currents 
were modest. Intense linear plasmas are notoriously 
unstable, although superimposing an axial magnetic 
field will greatly improve this problem. Currents of 
a megampere are well within the technology of the rmo
nucle ar devices, although linear discharges with chang
ing cross -s ectional area have so far received scant at 
tention. If the lens is made the secondary of a trans
former in an LC circuit, the inductance could with 
care be kept down to 0 . 1 f!h/m. 

The current would be 

I"' V ~ with a period T =./LC ·. 
With C = 10 f!f/m at 10

5 
volts, these values would be 

I"' 106 amp; T "'1 f!S e c / m. This means a fast proton 
b eam ejector . 

R e ference 

l. W. K . H.Panofsky and W. R. Baker, Rev , Sci, Instr. 
21, 445 {1950) . 

Note 

A lens using an approximately constant current 
density is described by D avid Luckey in Rev, Sci . 
lnstr . ~ 302 {1 96 0)- W.C. 
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The intent of this report is to suggest reasons for 
attempting to detect high-energy cosmic -r ay neutrinos, 
and to point out some of the requirements of such an 
experiment. 

One purpose is to investigate the nature of weak 
interactions. Because of the comparatively low inten
sity of cosmic rays, they cannot compete with accel
erators in the energy range accessible artificially. 
The machines make neutrinos through pion decay . 
Protons of 30 Bev produce very few pions above 10 
Bev, and only a small proportion of these pions decay 
in a reasonable distance, since the mean decaylength 
exceeds 500 meters. The emitted neutrinos receive 
l ess than 42o/oof the pion energy. Hence, neutrino 
experiments with existing accelerators will have an 
energy limit near 5 Bev, which can be surpassed with 
cosmic -ray neutrinos. Whether or not it is impor
tant to carry out such experiments depends on prop
erties of the weak interactions not yet known. 

In the center of mass of a neutrino-nucleon colli 
sion at 5 Bev, the neutrino energy is only 1 .5 Bev, 
which corresponds to a reduced wavelength slightly 
over 1 o-14 em . If a fundamental length shorter than 
this is a basic feature of the interaction, higher ener
gy will be required to reveal it. Fortunately, since 
the neutrino cross section is expected to rise with en
ergy, the counting rate from cosmic -ray sources, al 
though lo w, does not decrease rapidly with energy . 
And up to 1000 Bev, the cosmic-ray neutrino flux is 
accurately calculable, making no essential difficulty 
in determining cross section from the measurements. 

The principal source of cosmic-ray neutrinos in 
this energy range is pion and muon decay in the atmos
phere, and it is the knowledge of the sea-level muon 
spectrum 1 • 2, 3 that permits determination of the at 
mospheric neutrino production. A useful formula in 
making such calculations is the derived pion-produc
tion spectrum, 

2.64 2 
n{E-rr) dE-rr =0. 156 d E-rr /E-rr per em - sec-sterad,{!) 

with Err in Bev, which has been tested from a few B ev 
to 10,000 Bev. 

Besides originating in the atmosphere, however, 
neutrinos can also be expected in the primary radia
tion owing to meson production and decay occurring 
both in the cosmic-ray sources and in the interstellar 
medium. These neutrinos are compa r ativ e l y few, but 
differ from the ones of atmospheric origin in their an
gular and energy distributions. Above 1000 Bev the 
external sources probably dominate, owing to inhibi
tion of meson decay in the comparatively dense earth 
atmosphere when the pion Lorentz factor becomes 
very large. 

Regions of interest as external neutrino sources 
include the interstellar gas in the galactic disc, the 
galactic halo and intergalactic space, and the strong 
discrete sources of radio and visible synchrotron ra
diation, parti'cs:ularly supernovae. The number of 
neutrinos from each of these regions depends on the 

product of gas density and cosmic-ray flux there. 
Hence if the neutrinos can be detected, much of the 
uncertainty about these quantities can be removed. 
One may even anticipate eventual high-energy neu
trino astronomy, since neutrinos travel in straight 
lines, unlike the usual primary cosmic rays (which 
are charged and hence are multiply scattered by in 
terstellar magnetic fields); and the neutrinos will con
vey a type of astronomical information quite different 
from that carried by visible light and radio waves. 

All the considerations hinge on estimates of the 
counting rates that can reasonably be expected. It is 
immediately clear that the detector must be large. 
To give a basis of reference, the estimates are made 
for a unit detector consisting of a 10-meter cube con
taining 1000 metric tons of water, the events being 
detected by Cerenkov radiation . This size is not the 
largest possible: doubling the linear dimensions can 
yield an order-of-magnitude greater counting rate. 

Further, our estimates are based on an extrapola
tion of the Fermi theory, which gives for the total 
cross section at laboratory neutrino energies Ev 
greater than 1 Bev, ry "' 2 X 1 o- 38 Ev cm2 / nucleon 
(with Ev in Bev). Some theories of weak interactions 
introduce a hypothetical new Bose particle as a "prop
agator. 11 If such a particle exists, the cross section 
is large compared with the Fermi value, perhaps by 
a factor of 100, when the available energy exceeds the 
rest energy of the boson. This can be kept in mind 
whenever the rates predicted with the Fermi cross 
section seem discouragingly low. 

Since the assumed cross section is proportional to 
the neutrino energy, the counting rate is determined 
by the omnidirectional neutrino energy flux, denoted 
by .p. In practical units for this experiment, which 
requires patience, we have 

R (year-1 )"' 380 q, (in Bev/cm
2

-sec). ( 2 ) 

In the following paragraphs some estimates of .p are 
carried out. 

A. Neutrino E nergy Flux from Atmospheric Pion D ecay 

F rom Eq. ( 1), taking into account the diffusion e
quation of pions in the atmosphere and the kinematics 
of the decay, we find the spectrum of neutrinos is 

n(E) dEv = 0 .37 dEv J"' Errd:b4 B + :rr cos 8 
Ev/ 0.42 1T rr 

in (cm
2 
-sec-steradf

1
] (3) 

where Brr = (mrrc2) H/(c 'Trr)"' 118 Bev, H being the char
acteristic height of the atmosph ere and 'Trr the pion 
mean lifetime. Thus, at neutrino energies large com
pared with 50 Bev, there is a strong maximum in the 
directional intensity in the horizontal direction. In
tegrating over angle (i gnoring absorption in the earth, 
which with our assumed cross section is important 
only above 5000 Bev), the omnidirectional spectrum is 
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=4 .7 B dE 
1T v (4) 

The integrated energy flux in neutrinos of energy ex
ceeding Eo is therefore, 

fo r Eo<<50Bev , 

<j>{Eo)"'0.28/E0 °· 64 
Bev/c m

2
-sec; (5) 

for Eo > 50 Bev , 
1 .64 2 

<j>(E0 )"'3.9 ln(l+Eo/2 7 )/ Eo Bev/cm -sec . (6) 

Thus, the unit detector would experience from this 
source about 100 counts /yr above l Bev, 20 above 10 
Bev, l above 100 Bev, and l in 16 years above 1000 
Bev (on the basis of Fermi cross section). 

B . Atmospheric Muon Decay 

At energies of less than 1 Bev there are approxi
mately twice as many neutrinos of a given energy 
from fl. decay as from rr decay, but at neutrino ener 
gies above 1 Bev the yield from muon decay is de
pressed because of the increasing survival probability 
of the muons. Beyond a few Bev, the yield from fl. 
decay is approximately 5 Bev/Ev times the yield from 
pions, with a sharp maximum in the horizontal direc
tion. Adding the counts from muons to those from 
pions, one estimates in the unit detector about 250 
per yr above 1 Bev, 30 above 10 Bev, and still only 
above 100 Bev. 

C. Interactions in the Gas of the Galactic Disk 

In the interstellar medium, both pions and muons 
decay with lOOo/o probability. Assuming the cosmic
ray flux to be the same as that near the earth, one 
computes that the integrated neutrino energy flux 
above Eo Bev is 

<j>(Eo)=(0 .9/Eo0.64) (f pdx/X. )av • (7) 

where p is the density of the gas and X."'60 g/cm2. 
The integral of p dx is carried over a line extending 
to the boundary of the source region to get the direc 
tional intensity, and is averaged over direction to get 
the integra ted energy flux . Because of th e shape of 
the disk, the intensity expected from the direction of 
the center of the galaxy is more than 100 times the 
value normal to the disk. Assuming a density of one 
hydrogen atom per em 3, the integrated flux is 

<j> (Eo)"' 1.3 X lo- 4 / Eo 0 .64 Bev/cm 2 - sec. (8) 

D . Interactions in the Halo of the Galaxy 

Assuming lo - 2 atom /cm3 and the same density 
of cosmic rays as in the disk, the neutrino flux from 
the halo is only about equal to that expected from the 
disk in the direction of the minimum. Thus the con 
tribution from the halo reduces slightly the asymme
try predicted above, but does not add much to the in 
tegrated flux. 

E. Yield from Intergalactic Spac e 

There is great doubt about the density o f both gas 
and cosmic rays in intergalactic space. Recent esti 
mates of the amount of gas are much higher than old
er ones. Fairl3 conservative figures are lo - 4 to 
l0-5 atom /e m . As for th e cosmic rays, to account 
for the chemical composition they must have a leak
age time from the galaxy less than about 2 X l o8 
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years; hence in 2Xlol0 years the density accumul ated 
in extragal actic space may not be much less than that 
in the gal axies. Besides, some other galaxies are 
judged from their radio spectra to be stronger sour 
ces than our own; and a significant further accelera
tion of the particles in intergalactic space is not un 
likely. 

The velocity of the intergalactic gas is probably 
on the order of that of the gal axies. Hence the mag
netic fields computed on the basis of equipartition be
tween magnetic and kinetic energy are only one order 
of magnitude, or l ess, weaker than in the halo. If this 
is correct, the reflectivity of galactic boundaries for 
cosmic rays is not very high. Therefor e we assume 
for our cal culation that the cosmic radiation is the 
same in intergalactic space as near the earth. To 
take account of the Doppler effect due to the expan
sion of the universe, we cut off th e integral in Eq. (7) 
at the Hubble length. The result is 

<j>(Eo ) =5 X l o - 3 to 5Xlo-2j Eo 0 ·64Bev/cm2-sec. (9 ) 

F . Yield from Supernovae 

As an example, we consider the Crab nebula . 
Oort and Walraven4 have computed that the electrons 
in the envelope of this supernova are emittin~ syn
chrotron radiation at the rate of 3 X 1040 Bevf sec, 
and have argued convincingly that the electrons are 
not a residue of particles accelerated in the initial 
explosion, but are being continually regenerated. 
We assume the electrons to originate from meson de
cay as secondaries of an invisible proton component. 
Then the neutrino power is three times that of the 
electrons, and the energy flux reaching the earth is 

q, 0 = 6 X lo - 4 Bev/cm2-sec . (10) 

The energy in the visible synchrotron radiation from 
this source is so large compared with that in the 
radio range that one is compelled to infer a spectrum 
considerably flatter than that of cosmic rays near 
earth. Hence a l arge part of this ene rgy flux is pre 
dicted to be carried by neutrinos of very high energy, 
exceeding 100 Bev. Although the counts registered 
from this source may be few, they shoul d be very 
distinctive, because of both the high energy and the 
fa c t that th e direction of the flux is unique . 

It is obvious from the above estimates that unless 
the cross section is larger than that given by Fermi 
theory, the most interesting phenomena will yield 
only on the order of one count a year in the unit detec
tor, so that a still larger one is recommended. Known 
limi ts on the incoming flux of high - energy photons, 
created by the same mechanism as is responsible for' 
the neutrinos, give assurance that integrated extra
terrestrial neutrino yields larger than 0.1 Bev /em 2 _ 
sec in neutrinos above 1 Bev will not be found . 

Also , one must be able to avoid, to the extent of 
about one a year, background events that may simulate 
neutrino interactions. This is impossible at sea level, 
where the unit detector would be trtversed by 10 12 

cosmic rays per year, of which 10 ° would be high
energy neutrons. 

It is necessary to set up the experiment far under
ground to reduce the effect of the cosmic radiation 
other than neutrinos. But depth alone cannot easily 
provide enough protection. The range spectrum of 
mesons has been measured as far as 106 gfcm 2, 
where the intensity still exceeds lo-10jcm2-sec and 
is decreasing only as the fourth power of the depth. 3 
Thus, even under 20 km of ocean the unit detector 
would be crossed b y more than 100 mesons per year. 
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It seems more practicable to stop at a more mod
est depth, where mines exist in which one can have 
continual access to a complex apparatus . For in
stance, in a salt mine near Ithaca, 2000 ft under
ground, the meson intensity is 3 X lo-7 / cm2 -s ec 
sterad. The unit apparatus would be traversed by 
107 mesons per year, but these can be distinguished 
from neutrinos by surrounding the detector with an 
anticoincid ence shield. The mesons are accompanied 
by an appreciable secondary flux of photons and neu 
trons, but high-energy secondary particles are not 
found far from the path of the meson with which they 
are associated; hence the events not induced by neu
trinos can be eliminated almost perfectly. 

The Cerenkov detector should be instrumented so 
as to distinguish the direction of each event. This 
helps to guard against background, since the horizon
tal and upwards-directed events are due only to neu
trinos. Besides, the directionality is needed to dis
tinguish the different sources of the observed neu 
trinos. 

No experiment of this sort has yet been initiated, 
to our knowledge. It seems advisable before embark-
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ing on such a large project (estimated cost more than 
one million dollars) to wait for results that are obtain
able with present accelerators. If the cross section 
at 0.5 to 5 Bev were much less than the Fermi value, 
the cosmic -r ay experiment would be doomed to failure . 
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Discussion Following Papers V . I a through V. lh 

Leland Haworth, Chairman 

Haworth: In this joint discussion between the panel 
members and the audience I am going to start by ask
ing Professor Ya ng if he has comments that he would 
like to add after having heard the talks by the vario us 
speakers. 

~ I would like to make three remarks . The 
~one is to s e t the record straight as far as the 
historical sequence is concerned . At the Rochester 
Conference Professor Markov of Dubna gave many of 
the participants a compiled set of reprints of various 
works on neutrinos, done in the past few years at 
Dubna. We found it very interesting, especially a 
number of articles by Professor Pontecorvo and his 
collaborators which discussed much of what Ire
ferred to this morning. I believe it was Pontecorvo 
who first pointed out both the feasibility of doing ex
periments with neutrinos from high-energy pion de
cay and the possible exis t ence of more than one kind 
of neutrino . 

My second remark concerns Dr . Ramm's consid
erations . It is very refreshing for a theorist to hear 
what the view of an experimentalist is concerning the 
neutrino cross sections, but I would say th'}t the ac 
cumulated work of the past 30 years concerning f3 
decay and various other weak interactions has not 
been done in vain. We did learn something about it, 
and on the basis of this knowledge I think one cannot 
avoid the conc lusion that the neutrino cross sections 
will be on the order of at least to-38 em. For this 
reason, if there should occur that eventuality most 
dreaded by Dr. Ramm, that after some hundreds of 
hours of running no neutrino events are found, then 
that is a very interesting result in itself . 

My third remar k concerns what perhaps seems to 
me to be the level at which the greatest worries arise. 
It seems to me that, with the present marvelous in
tensities and the possibilities of say, one-ton (or 
heavier) detectors, there is no question whether or 
not neutrino experiments will be performed . It is 
rather a question of whether one would be operating 

at lo-38 cm2 or lo-37 cm2 (the latter in case theW 
parti c le exists with a mass of less than about 1 Bev). 
I would think that a very sig nificant question is the 
following . If you do find some of these neutrino re
actions, ·either in bubble chambers or by various 
types of counters , how do you positivel y identify this 
as an event from a neutrino reaction, and how do you 
find, for example, the various properties of the inter
mediate boson, if this event does cause the produc
tion of an intermediate boson? I believe from the 
theorist's point of view that this level of worry is per
haps more reasonable than the level that Dr. Ramm 
seemed to be considering . 

Haworth: Ramm, would you like to comment on 
that comment? 

Ramm: I think Dr. Yang is right in what he says, 
especially with respect to the difficulty of identifying 
a neutrino interaction, particularly in a bubble cham
ber where the walls of the chamber and the surround 
ings are massive . We have discussed, but not con
c lus ive ly, the problems of identifying a neutrino 
interaction. I find it difficult to believe that you wi ll 
not get, in 100,000 pictures, b ackground effects that 
are confusing. And so, I do not believe that 100,000 
pictures, even if you are only going to write down an 
upper limit to the cross section, is the end of the ex
periment. If there are confusing events, it may be 
necessary to make a study in which the geometry is 
kept constant and the shielding mass is varied. By 
these means you can probably show that the back
ground events obey a different law from that obeyed 
by what you state to be neutrino events because, 
clearly, there is nothing you can do with the shield 
ing to interfere with the flux of neutrinos, and all 
other known particles must obey laws that you can ex
plain in terms of shielding variations. 

Reines: I think the very large and heavy chambers 
give you an opportunity to do this without varying ex
ternal shielding, but examining the distribution of 
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events throughout the chamber. Indeed, the fact that 
in a heavy chamber you can distinguish between f! 
mesons and electrons is one of its most important 
properties. 

Haworth: Does anyone want to add anything to that 
series of comments? 

Veksler: I want to ask Wright how one can prac
tically use gas discharge, because of the many in 
stabi litie s. When I considered this problem I could not 
see how it could be practically utilized . 

Wright: It depends, of course, upon how long it takes 
to get the beam out . In my considerations, I was 
reckoning on microseconds for the beam pulse. I 
be lie v e the stability times with axia l magnetic fields 
are of that order. The exact shape of the beam is 
-rather unimportant for such lenses, since they oper 
ate on a statistical focusing scheme. 

Reines: The "cosmic neutrino" was mentioned It 
is unfortunate that Greisen is not here, since he has 
some thoughts in this direction, some estimates of 
fluxes and so on. We at Case are building equipment 
for an experiment with the object to set limits and get 
some feeling for the prob lem of detecting "cosmic 
~ neutrinos" (that is, neutrinos made by interaction 
of the cosmic-ray p rimaries with the atmosphere). 
An estimate of the count rate expected from this 
source in a detecting vo lume, based on a conserva 
tive view of the neutrino interaction cross section 
indicates one event per day in 5000 rn3 of water. ' 
(This includes neutrinos from pion decay only . If 
muon - decay neutrinos are included, the detecting 
vo lum e for l event per day drops by a factor of 2 o r 
so .) 

I will not hazard a guess as to the flux or charac
t er istics of cosmic neutrinos, i. e . , neut rinos born 
outside the earth ' s atmosphere. I was hoping that 
Greisen would have something to say on that. 

The Case experiment is somewhat more modest 
since it involves a detector whi ch provides a neutri,no 
target of onl y about 5 tons (instead of 5000). Since 
ordinar y cosmic rays result in overwhe lmin g back
f, round, the equipment will be located in a salt mine 
2000 ft be low the surface , thus providing an attenua 
tion of about 10 6. 

As shown in Fig. A, the detector, a 200-liter 
liquid scintillator , will be enclosed in an iron con 
ver t er which is in turn surrounded by a large water 
Cerenkov anticoincidence detector. In v i ew of the 
high energies of the background muons and progeny, 
we expect the anticoincidence t o be quite effective. 
The r o le of the iron converter is to provide targets 
for the neutrinos, producing charged particles which 
reach the enclosed liquid scintillation detector. 

Phototubes 

Water Cerenkov 
detector 

( an ticoincid en ce) 

"'" 50 photatubes 

I ron converter 
(Fe shield ) 

200- liter liquid 
scinti I later 
detector 

Fig. A. Arrangement of neutrino detector. 
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Such a system is expected to have a residual back 
ground less than a few counts p er week, and so shou ld 
enable us to 8et an upper limit on the neutrino flux 
wit hin a factor of a few hundred from a conservative
l y estimat ed rate. 

Rosenfeld: I simp l y have a question for Leon Leder
man. His spark chamber, as he described it, seems 
so very attractive that I can't understand why he is 
stopping a t l 0 tons. 

L ederman: I knew this sort of question would come 
up in California . 

Rosenfeld: That's not a satisfactor y answer. 

Lederman: It takes a lot of work to get an additional 
factor of ten - -so much more floor space, many more 
components, and so on . A l so my fee ling, from ex 
perience, is that when you start looking at some of 
these events you may want to modify the detector 
rather radically. I think as a first step we will prob 
ably count 2 0 or so events per day, and if the inter
mediate boson exists we will have to ask Green to 
turn down the intensity of the machine. So it's a 
first s t ep. I am not sure that after 6 or 8 months we 
will think the spark chamber is really the idea l in 
strument . We might then want to do something e ls e. 
So whether to go from l 0 tons to l 00 tons is a ques 
tion of intuition, judgment, and so on. 

Parker: A question for any one of the designers of 
these experiments. I p r esume you want to ke ep your 
detector as close to the iron shi eld as possible, just 
for intensity purposes . In your calculation have you 
assumed that you are going to magnetize the iron of 
the shield? (If you make the shield a closed magnetic 
circuit you can deflect the muons.) 

Lederman: Yes, we've thought of this but the point is 
I wouldn't mind having a few f! mesons cornin g in, as 
Reines pointed out, just to make sure the equipment 
is working. Therefore we didn't design this shield 
to stop a ll the f! mesons by i onization loss . I think 
if we stop up to 1 8 - or 2 0-B ev f! mesons we can prob
ab l y permit the f! mesons of h i gher energy t o come 
into the chamber once in a while. The big thing , of 
course, is to have enough nuclear mean free paths, 
with enough of a safety factor, to stop the neutrons 
and, as you know, the a ttenuat ion of iron has some 
big holes at some ene r gies and t here are some long 
m-~~n free paths . When you write down a number like 
e you r ea lly are not sur e you know what to do, so 
for a l ot of this you have to wait and see. For exam 
p le , there is the va luable experience with Hahn's 
Freon chamber at CERN. In spite of an almost in 
finite thickness of concrete there were some n eutrons . 
One has to find out where these are corning from and 
try to see how to e lirninate them . 

Re ines: What was t he energy of these neut r ons? 

Rarnrn: If I remember cor r ectly there was , in these 
6000 photos, just one picture that couldn't be exp lained. 
There was no risk of confusing t his pictur e with a 
neutrino - induced event , but neither was it possib le to 
explain how the charged partie le got into the picture . 
Remembering that these 6000 pictures would be equiv 
alent to something like 20 pictures in a 500-liter cham
ber this illustrates why I am extreme l y cautious about 
extrapo lating the background infor mation. It may well · 
be that in hundreds of thousands of pictures many such 
unexplained tracks have to be analyzed seriously. If 
I could return again to my remarks about the cross 
section, I should add that these factors of 10 are very 
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impprtant, not only in the prediction of the cross sec
tion but also in the estimation of the neutrino flux. 
From the experimental point of view it is quite diffi 
cult to predict t he neutrino flux to within less than a 
factor of 10 , so I would consider t he present proposi
tion for detection with a bubble chamber at CERN to 
be rather marginal. If the neutrino flux, for example, 
we r e more feeble than you expect and the cross sec 
tion were on the low side of lo-38 cm2, then it could 
be that 5ou have a probabilit y of only one event in more 
than 10 pictures. Under the se circumstances I won 
der if one could distinguish this event from the back 
ground. In any case one is entering on a very- l ong
term experimental investigation. 

Peyrou: I wou ld like to stress the advantages of the 
Freon chamber in e liminating background. As we 
know, the Freon chamber detects electrons very we lL 
We don't know any nuclear reaction that can produce 
one {and only one) electron unless it is a neutrino 
interaction or a weak interaction. In fact if you find 
in the background events, one {and on ly one) e lectron, 
the bet is ve ry good that it comes from a neutrino 
interaction . It would be much more difficult if you 
had two sorts of neutrinos and you had only few events. 
It should be said that the detector can offer a very 
long path length for the secondary. Hence one can 
identify a f.1. meson produced in the interaction by 
showing that it subsequently trave ls several nuclear 
mean free paths in the chamber without interacting, 
and this again is sure proof that it is due to a neu
trino interaction. 

Reines: I'm reminded, in this conservative comment 
by Ramm, of the time some year s ago when we we r e 
wondering about such things, and we said, "Well, we 
don't think we can see this, but we think we might be 
able to push the cross section down to l0- 39 cm2," 
and ther e were p e op le who encouraged us in this. One 
of them, I believe, was Fermi. We were still four 
orders of magnitude from where the answer was ex
pected to b e. Well, we are grateful we were en
couraged to go ahead, because we didn't see how to 
go to the answer at that p oint. 

Cowan: I should like to argue a little bit with Greisen, 
in absentia, and I'll apologize to him when I see him. 
H e feels, I believe, that the cosmic flux of neutrinos 
is useless in the neutrino identity problem, and he 
bases this on his estimate of what the flux may be. 
If, however, I make some simplifying assumptions-
namely, if I assume the neutrinos are in fact identi
cal, and if I assume the energy spectrum is monot-
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onica lly decreasing as some function t o higher ener 
gie s--then, if one does succeed in seeing the neutri
nos from cosmic sources in a liquid scintillation de
tector one has some capability of testing these as
sumptions . As targets for the neutr i nos one has the 
free protons in hydrogen, the carbon nuclei, and the 
electrons. Interactions with protons would involve 
the nucleon-decay neutrino, interactions with elec
trons producing--say--muons would test the mu-decay 
neutrino. One can then change the target and change 
the relative density of protons and electrons and so 
get an indirect test of the assumptions. 

Alvarez : I would like to know, relative to whatPeyrou 
just said --I thought he suggested that if one saw an 
interaction in which an electron came out this was 
definitely not due to a strongly interacting particle 
but presumably from a neutrino. Was that correct? 

Peyrou : Mainly, yes. 

Alvarez: L e t me then caution you about the confusion 
that can be introduced by high-energy 6 rays pro
duced very close to a vertex. In our hydrogen cham 
ber photog raphs we have several examples of events 
which are otherwise normal except for the presence 
of an extra e le ctron . Of course if the e lectr on has 
sufficiently high energy, or there are no other charga:l 
tracks, then 6 rays can be ruled out. 

Yang : I would first like to make a remark concerning 
the identification. If the intermediate b oson exists, 
then the identification is presumably much simpler 
because what you would see wou ld be, say, a f.1. meson 
which comes from pair production with W in the 
Coulomb field of the target nucleus, and then one of 
the decay products of theW, say, the electron. So 
you could see an electron-f.L-meson pair. And if you 
identified that, I think it is fairly unambiguous to in
dicate perhaps that something like the neutrino produc
ti on of W is going on . I have one further remark 
concerning the estimates of the neutrino flux . If it is 
true that high~energy neutrinos are much more effi
cient than low-ener gy neutrinos, then, as pointed out 
by Fowler of England, the K-meson decay n eutrinos 
also contribute appreciably; it is known at CERN 
that the K-meson intensities are something like 10 or 
20o/o of that of the n meson. Since the K meson has 
a shorter lifetime, more would then decay; further
more, in the decay of the K meson the neutrino can 
get higher energies in the labor a tor y system than with 
the n-meson decay--higher by a factor of about 2. 
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Introduction 

The general design of the CERN proton synchro 
tron (CPS) was laid down 7 years ago, and many of 
the details, including the building layout, had to be 
fixed within the following year. At tha t time the 
Bevatron was not yet operating, antiprotons had not 
been discovered, K mesons had not been produced 
artificially, bubble tracks had not been seen in liquid 
hydrogen, and no one had h eard of separators, so the 
probl em of arranging the design and layout of the CPS 
to facilitate experiments had to be tackled in a state of 
complete ignorance even of the kind of physics that 
would b e done in 1960, not to speak of practical 
methods of experime ntation. 

Some of the advantages of strong-focusing accel
e r ator s as experimental tools could b e seen at the 
start , but mostly it is only recently that we have been 
able to see the potentialities of this type of accelerator 
compared with earlier ones. This paper attempts to 
describe our present thinking, after the first 9 months 
of operati on, and to outline some of our plans for the 
future. 

What follows is discussed with detailed reference 
to the CERN proton synchrotron, but most of it is 
applicable to strong -focusing proton accelerators in 
the same energy region, as the virtues of this type of 
machine come from rathe r basic physical properties, 
and not as a result of the d etails of design. Other 
accelerator projects either at lower or higher ener 
gies should take into account thes e basic consider 
ations, espec ially in discussion of apertures and fo 
cusing strength. 

Figure 1 shows the general l ayout of the CP3, with 
the two existing Experimental Halls, North and South, 
and also, in anticipation, the East Experimental Area 
now under construction. We have had to add this n ew 
target area, movable shie lding wall, concrete apron, 
and service buildings to be able to feed beams to a 
special building for two large hydrogen bubble cham 
bers, and later to a long beam path running right 
across the CERN site for some 600 meters. This new 
experimental area should be usable by the beginning 
of 196 2. Meanwhile the original buildings in the South 
Area have been suppl emented by a 10 - Mw generator 
house to power bending and focusing magnets, and 
more laboratory and workshop space. We also plan 
to extend the South H all by another 40 min 1961, to 
hold the maintenance and testing work now going on in 
the North Hall. 

The Accelerated Beam in the 

CERN Proton Synchrotron 

Magnet Cycles 

The range of po ssible magnet cycles within the 
supply limits of voltage , current, and mean power is 
shown rn Frg. 2. The over - all cycle time can be 
chosen most conveni ently in multiples of 1 second 
(to fit in with the repetition rate of the linear accel 
erator used for injection). The attainable peak en 
ergy then depends on the l ength of the "flat top" 

needed for target operation, and this can be chosen 
up to 0 . 5 s ec or more at the lower e nergies. 

The long "flat top" is valuable for counter expe ri
•nents in which the beams of secondary particles 
from the target can be made very intense, but where 
the counters have a limited rate. In this case, the 
total number of counts per minute is given directly 
by the total fl a t-top duration in this time- -i . e., the 
rnaximum targe t duty cycle --and the reciprocal of 
this is shown as a function of proton energy and flat 
top length in Fig. 3. In round figures, the target 
duty cycle can be as much as 50% at l 0 Gev proton 
energy, falling to 30o/o at 16 Ge v and 8 o/o at 25 Gev . 
At 28 Gev only a short flat top (approx 30 msec ) is 
possible. 

The rate of rise (or fall) of magnetic fie ld during 
the flat top is controllable by the suppl y vo ltage; 
rates of a few kgauss per s econd or less, of eithe r 
sign, are possible, and it is hoped that field sta
bilities in the l o/o region can be maintained in oper
a tion. 

The magnet-voltage ripple is well filtered during 
acceleratiOn, but the filter is switched out during the 
flat top. The r i pple is then characteristic of a 12-
phase rectifier supply a djusted for nearl y zero out
put voltage , with 600 - cps fundamental frequency and 

Fig. 1. General layout of the CERN proton 
synchrotron. 
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a ve ry spiky waveform of up to ± SO% of the peak for
ward voltage . 

T wo chains of timing pulses are distributed to 
control and counting rooms, one locked to the mag
net cycle a t about 10-msec spacing, the other at 
eve ry l 0 gauss rise in the field . Either chain can be 
counted by preset scalers to trigg e r gates , targets, 
etc . at a desir e d time or fie ld. 

T he Internal Proton Beam 

The ultimate limitation on the accelerated charge 
in a machine such as the CPS is not known for ce rtain, 
but probably it is the effect of transverse space
charge forces in the beam at the time it is injected 
into the synchrotron magnet. If so, the maximum 
possible charge per pulse in the CPS may be about 
2 • H} 2 protons, acco rding to such calculations as 
can be done without immense labor. At present 
(August 1960) the maximum obtained has been 3· l(f l 
protons under conditions whereby any large further 
increase s will have to come from improvements in 
the low-energy side of the injection rather than in the 
accelerator its e lf. At the moment the L inac accel
erates to 50 Mev about 45% of the protons injected 
from the 500-kv ion source, and the synchrotron 
proper takes 6 5% of the L inac output to the full ene r-
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gy, so not much improvement is possible there . 
After a few foreseen minor improvements have been 
made to the present equipment, it will require an in
crease of the preinjector current from 30 rna to 
about 150 rna of protons before the calculated space
charge limit in the synchrotron is reached. Experi
menters can thus hope for a slow increas e in accel
erated beam current ove r the next year or more, but 
probably nothing ve ry spectacular in the l ong run un
l e ss space-charge forces turn out to be less s erious 
th1ln feared. The minimum possible charge is about 
l 0 protons per pulse. The accelerated charge is 
measured by a special stable pickup electrode sys 
t ern feeding a digital voltmeter: the output is avail
able in the control and counting rooms, and can 
either be displaye d puls e by pulse, or integra t ed at 
will . 

The diameter of the beam as measured at high 
energies is about 8 mm, measured in a mid - focusing 
straight sector . This is somewhat but not much 
larger than that calculated from simple adiabatic 
damping of the injected-beam d iameter. 

The radial position of the beam during accele ration 
can be set by one of the adjustments in the beam-con 
trol system that generates the accelerating f r e quency; 
in principle the whole width of the vacuum chamber, 
say± 6 em, is available, but at high energies sat
uration effects in the magnet now limit the range to 
about +3, -4 em. Most of the saturation can be can
celed by currents in the pole -face windings, which 
are already in use to permit accel eration up to 28 
Gev, but which are not yet properly adjusted. This 
restricted radial range for the beam has had a sim
ilar effect on the radial range for target position, 
and on the availability of certain sec ondary beams, 
but this should disappear when the magnetic field has 
been properly corrected. The momentum of a dis
placed beam will va ry by 1% for each 3. l em· dis 
placement; conversely, in a rising or falling field the 
equilibrium orbit of unaccelerated protons will move 
in or out by 3. 1 em for 1% change in field. At top 
energy this means a maximum spiraling rate of 1/4 
c m/msec in the rising field , and less, pro rata, on 
the flat top. This rate is then about the maximum 
that can be provided by control of the radio frequency. 
It also shows that the movement of the beam due to 
power - supply ripple, whose peaks. last less than 1 
msec, will be in the region of 1 mm or less. 

The frequency used for acce l eration is twe nty times 
that of the revolution of the protons- - i . e. , a bout 10 
megacycles in the relativ istic region--so that the pro
tons are distributed in twenty bunches around the ma
chine 0 . 1 fJ.Sec apart . With the present phase -lock 
beam-control system used for controlling the radio 
frequency, ther e is ve ry little noise excitation of 
phase oscillations, such as one finds in programmed 
accelerators, and consequently the bunch width seems 
to be reduced at high energy to roughly that given by 
the adiabatic damping law, v iz. , about 30 deg in phase 
or 10 nsec. The corresponding momentum spread is 
approx 6 X 1 o-4, or 15 Mev. These two data have a 
great influence on target t echniques, as is discus sed 
in the next section. 

Internal Targets: Basic Principles 

The high energy and strong focusing of machines 
such as the CPS make it possible to hav e targets 
which are very desirab le from an experimenter ' s 
point of view. They can be small, efficient in their 
use of the proton b eam , and arranged to produce 
bur sts of secondary particles of duration from a 
fraction of a millisecond up to hundreds of milli-
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seconds w ith very little fine structur e likely to over
load count e rs or the ir a ssoc i ated e l ectronics . 

These po ssibilitie s d epend on the atomic and nu
c lear propertie s of target materials summa rized in 
Table I. Two important facts emerge , for operation 
at 2 5 Gev: 
(a} The proton e n e rgy l o ss due to ionization in the 
t arget b e fore a nuclear event occurs is on the 
average l e ss than 1% of the b ea1n ene rgy, which 
corr esponds to a displacement of the equilibrium 
orbit of l e ss than 3 em. 
(b ) The p robable b etatron o s cillation amplitude due 
to multiple scattering of a lmost all protons remains 
less than 3 em for light-element targets, s ay up to 
a lum inum. 

Table I 

Properties of T arget Materials 

1. Rate of Energy Loss for 25-Gev Protons 

Target 

H2(liquid} 
Be 

In Mev/g/cm2 In Mev/ em 

4.14 0.2 93 
1.71 3.17 

Al 1.58 4.26 
F e 1.44 11.2 
Pb 1.12 12.7 

2. Nuclear Mean Free Path (nmfp } 

Target 

H2 
Be 
Al 
Fe 
Pb 

A. Absorption 
only 
Units 

g/cm 2 Mev 

67 
78 

112 
140 
198 

277 
13 3 
177 
201 
226 

B. Absorption p lus 
diffraction scattering 

Units 

g/cm2 Mev 

42 174 
52 89 
75 118 
93 134 

13 2 151 

Absorption cross s ections a r e p r e liminar y r esults 
of actual measurements on CPS. Diffraction scat
t ering is estimated to be about 50% of absorption. 
Absorption plus s cattering will be relevant to t arget 
design. 

3 . Multiple Coulomb scattering: rms projected 
angl e for 1 nmfp (B), and vertical amplitud e i n 
synchrotron 

Z for target: 

In Rad D In Rad F 
Target (mrad} (em } (em} 

H2 0.49 1.1 0.8 
Be 0.53 1. 2 0.9 
Al 1. 03 2.3 1.7 
Fe l. 56 3.4 2.5 
Pb 2.77 6. 1 4 . 7 

These two facts, together with the 7 X 14-cm 
dimensions of the vacuum chamber , imply that if the 
magnetic field does not va r y appreciably during the 
operating time of a target, the protons will c ir c ulate 
in the machine, traversing the target from time to 
time, until they make a nuclear collision in the tar
get. If one count s elastic nuclear s cattering in the 
target as a useful event--since it will, in fact, pro
duce usable secondary beams of monoen erg etic pro
tons--the target efficiency will be near 100%. Thi s 
is quite general, and does not depend critically on 
the shape or position of the t a rget; about the worst 
that can happen to a proton before it die s in the tar
get is to start oscillating with an amplitude of 3 to 
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4 em about an orbit displaced 3 em inwards, and this 
orbit can b e contained in the chamber rather c om
fortably if the magnetic field confi guration is correct. 
In p ractice it is often poss ible to avoid these worst 
case s, a nd restrict the blow-up of the beam to 2 to 
3 em in diameter. Such po ssibilities will become 
important if the machine is run a t lower pe a k e nergy, 
since both orbit displacement and s catte r ing am
plitude vary as 1/E. 

The r e are, however, two general practical lim
itations of other kinds on the choi ce of target mat e 
rials and sizes , v i z. ·, heating effects and a relation 
between burst l ength and m inimum mass of the t ar r 
get. 

The energy dis sipated in a target on each machine 
cycle is due to ionization by the primary protons and 
by secondaries fro m nuclear events in the target , 
and to the energy of recoil particles stopping in the 
target. 

The first contribution is just the ionization energy 
loss per nuclear absorption l ength in the target ma
terial. The othe r two a r e more diffi cult to e st imate, 
and vary with target thickne ss. For thin targets, 
which are those like l y to be overheated , the ioni
zation from the fast secondary particles in an event 
co rresponds to tha t of only a few proton trave rs a ls, 
and is therefore negligible compar e d with that from 
the thousands of traversals of the protons them
selves. The slower secondaries are evaporation or 
r ecoil protons from the residual nuc leus, which have 
energies of a few Mev for light nuclei and which will 
therefore be absorbe d in any but the thinnest foil 
targets. But the total energy of the slow seconda ries 
is only a fraction of the m ain source of target heat
ing, the 100-Mev i onization loss fr om the primary 
protons. 

Taking 100 M ev per proton as a round figure, one 
comp utes the total h eat dissipation for a puls e of 
loll protons as 0 . 38 cal orie , l eading to a temper
a ture rise of approx 1/20 C X cm3 fo r most light 
elements. For a l uminum this indicates that targets 
1 em square with loll protons cannot be less than 
some 20 fL thick, or 10 kev, and smaller objects 
such as wires or point sources must be thicker still. 

The other limita tion can be shown by an example: 
suppose the beam a r ea is b after, s ay, half the 
beam has been absorbed , and that the target has 
area a , thickness d, and density p. Then the mean 
target thicknes s traversed per revolution of the pro
tons is about 

a 
b dp 

M 
b 

2 
g/cm 

2 
g/cm , 

provided the target is well inside the beam. 

If the absorption length is L in the targe t m a t eri 
al, the proton lifetime will be 

T "' b~ r evoluti ons in the machine . 

In practice the target burst length can be longer, if 
the target and beam positions are so c ontrolled tha t 
the protons are not all interacting all the time, but 
it cannot become much shorter than T as d efined 
above . This gives, forb= 2 cm2, L = 100 g/cm2, 
and M = 10 g (1. 5-cm cube of aluminum), 

T = 2 0 revolutions = 40 fLSec in CPS. 
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This is satisfactory, with a reasonable margin, 
for bubble chamber operation; provided the large 
target can be accepted. F or a more refined optical 
system, with a small target weighing onl y , say, 
50 mg , the minimum time for compl ete absorption 
of the beam goes up into the millisecond region, and 
this may be serious. 

The beam diameter that is relev ant t o both these 
problems is that which exists some time after the 
target begins to interact with the beam, and there
fore is determined both by multiple scattering and 
by energy loss in traversing the target. How these 
influence the beam diameter is a question of target 
geometry; the extreme cases are thos_e in which the 
target is small compared with the existing betatron 
oscillation amplitude, and in which either the trav
ersing proton is at maximum displaceme nt, with its 
equilibrium orbit far from the target, or. at zero 
displacement, with the equilibrium orbit passing 
through the target. In the first case, a small an
gular scattering will change the phase but not the 
amplitude of the existing oscillations, in the second, 
the scattering angl e adds directly to the slope of the 
trajectory, i. e. , c hanges the amplitude but not the 
phase. Conversely, the radial jump in equilibrium 
orbit due to energy loss in the target will be accom
panied by an equal change in betatron amplitude if 
the proton traverses the target at its maximum dis
placement, and by no c hange in amplitude if the tar
get is on the equilibrium orbit. 

The behavior in different practical case s is dis
cussed in the next section, but in general one can 
see that radially the oscillation amplitude will change 
because of ene rgy loss if the beam is grazing the 
target, and by multiple scattering if the. target is 
well buried in the beam. Vertically, there are no 
jumps in the equilibrium orbit, h e nce only scatter
ing can affect the motion, and, unless the target lies 
only above or below the beam, scattering will build 
up at the maximum rate. 

Internal Targets: Practical Operation 

Target systems mainly fall into one of two 
classes: 

Short-burst systems, for track chambers and 
other pulsed detectors. 
Long- burst systems, for counter experiments. 

The problems and solutions are so different in 
the two cases that they must be discussed separately. 

Short-Burst Syste ms 

The specifications for bubble chamber beams that 
have so far been set for CPS operations have been 
for: 
· Burst length: from less than I/ 4 to 1 msec, the 

longer time being permissible for propane chambers. 
· Timing jitter r e l ati ve to a trigger available 30 

msec before the burst: such that all the burst lies 
inside a defined interval of approx 1 msec. 
· Intensity: ranging between maximum available and 

one thousandth of this, and adjustable within rather 
close limits. 
· Target size: so far not critical, because no re

fined beam optics has been used on these beams; 
with separators, a source spot size of 1 mm square 
is called for in the near future. 
· Target position: to be adjustable over several 

centimeters radially without changing the other 
properties. 
· Unused protons (when a low-intensity beam is 

needed): should be us ed up on another target for a 
counter experiment a few msec later. 
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The technical problem is to bring a controllable 
fraction of the protons very rapidly onto a target, at 
a defined instant, without spoiling the r emainde r of 
the beam. Three solutions have been under devel
opment in CERN (and two have been operating during 
the past f ew months ); they are (a) the fast - moving 
target, the "fast flip"; (b) the radio-frequency knock
out, RFKO; (c) the fast magnetic kicker. 

(a ) Fast - moving target 

This is a very straightforward solution if only a 
small and previously defined intensity is needed; a 
small, narrow finger (e. g., of aluminum ) is flipped 
rapidly right ac ross the beam during acceleration, 
intercepting a small fraction of the protons en 
passant, but without doing damage to the remaining 
beam, which continues to be accelerated and is dis
posed of in any way desired. 

The fraction of the beam intercepted, if the tar
get moves fast enough, is 

TJ = A/rv L , 

and the burst length is T = D/v, 
where A= cross-sectional area of finger, T =rev
olution time of protons, v = finger velocity, L = 
absorption length of protons in target material, and 
D = proton beam diameter. 

This system has given a very satisfactory beam 
of elastically scattered protons with a fraction in
t e rcepted of about 7 X 1 o- 3 and a burst l ength of 200 
fLSec. The jitter depends on the beam position 1 s 
and target veloc it y ' s both being stable, but could be 
held easily within 1/2 msec . 

The maximum fraction of the beam that can be 
used depends partly on whether the necessarily heav
ier target can still travel fast enough (say 5000 em 
per s ec ) to give a short burst l ength, but it seems 
as though it could be as high as 5o/o . 

With this target there is bound to be a source 
movement of 1 to 2 em during the burst time, so that 
it cannot be used with a refined secondary- beam op
tical system unless low intensity is a llowable; thus 
it is restricted to para siting experiments in which 
only a small fraction of the beam is consumed. 

(b) Radio-frequency knockout 

A resonant magnetic kicker, the so-called "rf 
knockout, " was built into the CPS as a diagnostic 
tool for machine studi<':s. The 1-m-long kicker mag
net is excited to a field of about 30 gauss, at a fre
quency near 600 kc/s, adjusted to be in resonance 
with the radial betatron oscillations. The rate of 
growth- of oscillation amplitude is about 2 cm/100 
fLSec, and this is enough to swing the beam com
pletely into a thick target, e . g., a 1.5 - cm cube of 
aluminum, previously brought up close on the inside 
of the accelerating beam. The burst shape shows a 
rise time of a bout 100 fLS ec , followed by a near-ex
ponential fall of 200 fLS ec total length, due to the life
time of the protons traversing the target. 

Jitter in this system is due to variations in radial 
position of the beam on different pulses, which af
fect the betatron oscillation build-up time before the 
beam first hits the target, and- -much more serious-
the frequency of the betatron oscillations themselves: 
too large a radial jitter destroys the resonance con 
dition, a nd prevents any build-up at all. 
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The beam stability in the CPS at present is gen
erally bette r than I mm, and the stability of this rf
knockout target operation is good . It has run for 
periods of 10 to 20 hours on end with very little at
tention when the synchrotron was also running stably. 

With this system it is difficult to prevent the 
beam's being completely destroyed, though there is 
a possibility of using the beats of betatron amplitude 
excited off resonanc e to push the beam onto a thinner 
target for a short time and then to pull it off again 
ve ry soon after. 

Low-intensity bursts have , however, been gen
e rated by the rf knockout, by using two targets, a 
thick one and a thin one, in different straight sectors 
in the machine, so place d radially that the protons 
traverse both and divide their yield roughly in the 
ratio of the two targ e t thicknesses. Such a system 
is complicated to set up, and of course destroys the 
beam completely. 

(c) Fast magnetic kicker 

Swinging the beam sideways onto a target inside 
a single r evolution requires a ve ry much higher rate 
of build-up of e nergy in the kicker magnet, but this 
seems to be possibl e with the use of delay- line tech 
niques, and a scale model has been made and tested 
already which can be arranged to deflect any desired 
number of the 20 bunches in the machine, leav ing 
the others circulating unaffected. This may well 
become the final method for obtaining fai.rly high
intensity short bursts; lower intensities could still 
be produced by sharing a single bunch between a 
thick and a thin target. 

Long-Burst Systems 

The problem of generating a target burst suitable 
for counter experiments is complicated by the ex
istence of bunch structure in the normally acceler
ated proton beam. If such a beam hits a thin target, 
acceleration continues until the b eam is almost com 
plete ly eaten up by the target, the bunches and the 
corresponding fine structure in the burst remaining 
unitl the end. The target duty cycle in this case has 
been measured to be only IOo/o or even less, and the 
first step in making a suitable counter burst has been 
to operate with the radio frequency turned off, al
lowing the beam to de bunch before it starts to in
teract with the target. The debunching time, calcu
lated from the momentum spread in the bunche s, is 
about I 0 msec, compared with the available flat -top 
lengths of 50 to 500 msec. 

During the flat top, in practice, the field falls 
somewhat, making the beam spiral outwards, and it 
can thus be brought gently onto a thin foil target 
waiting just outside the initial beam position. The 
foil can b e sufficiently thin that the proton lifetime 
is a good fraction of a 50-msec flat-top l e ngth, so 
that the rate of arrival of the beam on the target is 
not critical in production of a long, smooth burst 
shape . 

Figures 4 and 5 show a foil mounted on a target 
assembly, and the typical waveforms associated 
with this type of operation, which has been standard 
for counter experiments on the CPS up till now, 
giving burst l engths of 30 to 40 msec. These target 
assemblies carry two moving fingers or foils and 
can be mounted across the vac uum chamber at the 
downstream end of any magnet unit. The fingers are 
pulled upright by solenoids e ither from the outside 
or the inside in about 25 msec and stand up as long 
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a s needed. The radial position of the finger, when 
up, is adjustable from the control room by remote 
control, by motors driving the whole rod carrying 
the m echanism across the vacuum chamber. The 
fast -flip mechanism mentioned earlier a lso mounts 
on one of thes e rods. Three improvements to this 
system are needed: 
(a ) to prolong the burst from approx 40 rns ec to 
approx 400 msec; (b) to make the target spot much 
smaller, from , say, I ern to 1 rnrn wide or even to 
I rnm square; (c) to avoid overheating with longer 
bursts and (later ) higher beam currents. 

Just to satisfy (a), a very thin foil or wire mesh 
targe t would suffice, with the rate of fall of field 
during the flat top adjusted so that the outward spi
ral remained about 2 em for all flat - top lengths. 
This would satisfy neither (b) nor (c), and we have 
to consider the b e hav ior of systems in which the 
target, tho u gh small, is quite thick (to give higher 
thermal capacity), and in whi ch the energy loss in 
one traver s a l is much higher than in a thin foil. 

·Fig. 4. Standard flip-up target assembly. 
Partial view of target unit, showing lower 

targe t head of 0. 01-mm A l in the "in" posi
tion, upper head of 0.2 - mm Al in the "out" 
position. Note white m icroswitch, which 
shows either of these positions. 

The indicated positions of the vacuum 
c h amber and the beam correspond to the 
standard mounting of the target. 

Fig. 5. Waveforms for flat-top operation 
of target for counter experiments. 
a. Magnet voltage. 
b. Target -in signal. 
c. Intensity of bunched beam (beam is 

debunched by remov ing action of rf accel 
eration upon reaching flat top). 

d. Signal from scintillation counter 
looking at target. The burst, of about 30 
msec duration, sta rts when spiraling -out 
beam reaches target, ends when beam has 
interacted in target or been scattered out of 
vacuum chamber. 
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There are several possible modes of operation, 
depending mainly on whether the beam is being 
moved radially outwards or inwards. In the former 
case the position of the equilibrium orbit of any pro
ton will, because of energy loss, jump inwards after 
each trave rsal, in the opposite direction to the gen
eral beam movement; in the latter , the jump will 
speed up the beam movement inwards. A target on 
the outside "repels 11 the beam, one on the inside 
"attracts" it. Since the energy loss makes the 
equilibrium orbit jump without moving the proton 
itself radially in the target, the "repulsion" will be 
accompanied by an equal increase in betatron am
plitude, and the "attraction" by a similar decrease 
in amplitude. The edge of the beam in the target, 
provided it has not entered deeply, will advance at 
the spiraling rate fixed for the beam in the absence 
of the target, regardless of the motion of the equi
librium orbit. 

Fig. 6. a, b. Burst shapes obtained with 
1/2-sec flat top and narrow target. 
c. Servotarget operation. 
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On first reaching the target the protons make 
traversals only rather infrequently, because of their 
existing betatron oscillation amplitude, but if the 
target is wide this "traversal fraction" increases 
continually as the equilibrium orbit approaches the 
target. With the target on the outside the "re
pulsive force" builds up if the beam tries to get too 
close, thus keeping the traversal fraction low and 
the proton life long. On the contrary, a target on 
the inside attracts the beam unstably into itself, and 
so leads to an increasing traversal fraction and 
shorter life. 

This is the reason for using the foil targets on 
the outside with a slightly falling flat top in normal 
operation for counter experiments on the CPS. 

With a radially narrow target--e. g ., a ve rtical 
wire--the trave rsal fraction does not increase 
steadily as the beam is pushed onto the target; as 
soon as protons start passing on the other side of 
the wire the number of hits falls, passing through 
a minimum when the equilibrium orbit is actually 
in the target, and then increasing again as the wire 
becomes tange nt to the other edge of the beam. A 
proton can thus have a much longer lifetime with 
such a narrow target than with a foil, and the rise 
in tr ave rsal fraction towards the end of the spiraling 
time can b e used (with appropriate spiraling rate, 
etc. ) to reduce the fall in target burst height as the 
b eam gets used up in the target. Figure 6a, b shows 
two burst shapes obtained during experiments with 
a flat top 1/2 sec long and a narrow t a rget. 

In this analysis, we have considered the move 
ments of the equilibrium orbit and the growth of 
betatron oscillations due to energy loss, but not the 
effects of scattering. As discussed earlier, at the 
beginning of this type of target burst, with the beam 
just grazing the target, radial scattering affects the 
phase rather than the amplitude of the b etatron 
oscillations, and so has no obvious effect. Later on, 
when the center of the beam has entered the target, 
the scattering starts to increase the beam diameter 
radially, thus r e ducing the traversal fraction some 
what and increasing the proton lifetime. Vertically, 
if the target covers the median plane, the scattering 
increase s the beam height from the start, up to the 
values given in Table I, if the simple Rossi formula 
is adequate. 

However, the control over burst shape and time 
by varying target geometry is not perfect, and is 
rather inflexible. To overcome this a type of op
eration called servo-target operation has been tested 
and seems promising. In this, the instantaneous 
output from a counter close to the target is used to 
control the rate at which the proton beam is brought 
onto the target, so enabling a uniform counting rate 
to be obtained. The simplest method of controlling 
the beam position is via the rf accelerating system, 
and it is this system which has been actually tried in 
practice. Figure 6c shows the resulting very square 
burst shape, some 200 msec long, and the accom
panying linear decrease in beam current. This 
system has the disadvantage that the beam remains 
bunched during the process, and so the effective 
burst time is only some 20 msec . Therefore we 
plan to try out a servo-target system during the flat 
top, using kicker magnets to put an adjustable "bump" 
in the closed orbit shape in the target area, and to 
control the excitation of these magnets from the 
counter signal. By this means we hope to avoid 
using very fragile and easily overheated targets, and 
to be able to have a long or short burst at will. 
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Another way of making the beam interact very 
gradually and smoothly with a robust target, and 
which will a llow the rf to remain on to stabilize the 
beam position, is to k eep the beam (with the help of 
the rf control system) circulating well away radially 
from the target, but to "spill" protons steadily from 
the bunches and let them spiral onto the target at a 
rate controlled, if necessary, by a counter signal. 
If the spiral time for drift between the circul ating 
beam and the target is reasonabl y long, there is hope 
that the arrival rate on the target will not show rf 
structure, but this point has not been confirmed in 
practice . 

Two types of spill-out have been tried so far. In 
the first, bunch width oscillations were excited by 
feeding a signal at twice the phase oscillation fre
quency (approx 600 cps) into the rf beam-control 
system, which should cause such oscillations to grow 
by a Mathieu-type instability. Probably because of 
nonlinearity of the phase oscillations this does not 
result in spilling the beam unless a large exc iting 
signal is used, and then the spill - out rate is strongly 
modulated at the exciting frequency. The second 
scheme is to spill protons by reducing the accel
erating voltage slowly through the threshold value, 
so diminishing steadily the phase-stable area to 
zero . This has not yet been tried in practice, but 
looks promising on paper, and should give an un
modulated spill-out rate. 

A final problem in the practical use of targets is 
that of ripple from the magnet power supply. As the 
photographs of burst shape show, there are some 
signs of ripple modulation of the secondary - beam 
intensity, but not of s er ious magnitude. This is 
because the target is usually covered by the beam 
to a depth of about a centimeter, so that the ripple 
oscillations in beam position of l mm or less are 
not able to alter greatly the number of protons 
trave rsing the target at any moment. 

With the wide range of target systems possible in 
the CPS, and the pressure for experimental space 
and time, we have been planning to use sharing 
schemes as much as possible, either by s ending 
different machine pulses onto diffe rent targets, by 
sharing the same pulse between targets a t different 
instants (e. g., the fast flipper for a bubble chamber 
beam, followed by a normal long counter burst), or 
by running the beam through two targets at the same 
time. The necessary equipment for s e tting the uec
essary trigger pulses and waveforms to run several 
t argets together in one of thes e ways is already 
partly built, but it will be some time before we 
shall have it fully operating. 

S econdary Beams 

The general layout of the machine in the target 
area is shown in Fig. 7. The magnet yokes hav e 
been so placed as t o allow a good fan of high-energy 
beams from targets in SS 1, 2 to reach the South Hall, 
together with larger-angle beams going into the 
present workshop, which will become an assembly 
area for apparatus needing feeble beam s when on 
test, as soon as the workshop can b e moved into a 
new building. 

The main low-energy experimental area will later 
be the North Hall, fed by target s in SS 6, 7, but now 
this is taken up entirely by machine maintenance and 
separator development. We hope to have new build
ings during 1961 to move this work into; until then 
the South Hall is the onl y available space for nuclear 
phy sics experiments. 
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Fig. 7. South target area. 

The layout of beam s in the halls, and facilities 
such as magnets and generators, are described in 
other contributions to this Conference , so that only 
the factors influencing the beginnings of beams are 
covered here. These factors are, essentially, the 
vacuum chamber and magnet geometry, and the e f 
fect of stray field. With a clear space of 2. 7 m down 
stream from the flip target position in SS 1, and a 
radial half width of the chamber of about 10 em (ove r 
flanges) , beams at angles down to 2 to 3 deg coul d 
emerge in the straight section if it were not for the 
fringi ng field of the following magnet. When this is 
taken into account (there are standard computer pro 
grams available for this), the effect is that the tar 
get radial position is shifted, by an amount depending 
on the energy and sign of the s econdary beam; typical 
results are shown in Fig. 8 . Beams that are affected 
in this way can still be set up, the targets being 
move d radially if it i s desired to use the same beam 
channel at different secondary particle energies; 
when the high-field behavior of the magnet has been 
properl y tr i mmed we hope it w ill be possible to have 
± 4 em available range of target position, but then it 
would b e impossible to take mor e than one beam at a 
time from a given target, if the target cannot be left 
fixed in one position. 

Clearl y it will be advantageous to use beams that 
avoid the fringing fields, perhaps with the help of a 
magnetic channel over the sensit ive region of the 
secondary beam if it can be made without upsetting 
the main magnet . So far, ignorance of the angular 
distribution of secondary- particle production at high 
energies and a desire to use the fringing fields for 
momentum analysis in the absence of enough beam 
transport have both held up progress here. 

The vac uum chamber inside the magnet gap is 
e lliptical, with l4 X 7 - cm axes, and made o i 2 - mm
thick stainles s steel. In preliminary experiments 
the absorption in this wall has been ignored for high
energy beams , b ut for a typical angle of 50 mra d the 
actual thickne ss will be 4 em, about one third of a 
nuclear mean free path, or three radiation lengths . 
This latter figure is much too much for proton ex 
periments, and a thin Mylar window has been fitted 
in the outer side of the chamber in SS l to r emove 
this trouble . A modified vac uum chamber for mag
net unit No l is being designed, which will continue 
this window for the length of that magnet, and also 
allow targets to be mounted in the actual magnet 
gap. 

Although secondary beams in the CPS are very 
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Fig. 8. Secondary trajectories in fringing 
fields. 

unobstructed magnetically and physically compared 
with those in older accelerators, the need to ob
s e rve at smaller a ngles nullifies some of this ad
vantage , and it may be worth while making ext rae
tion magnets which can be placed close to the vac 
uum chamber to catch and transmit with good optical 
properties secondary beams that would otherwise be 
unusable. This is a case in which e l ectrical in
efficiency and the trouble s of pulsed operation could 
be accepted, as in the case of magnets for ejecting 
the proton beam itself. 

Shie lding 

The main shielding between the target area and 
the experimental halls is baryt e -loaded concrete, 
p = 3. 5 g/ em 3, between floor leve l and 3 m height. 
Above this height the walls and the roof are normal 
concrete, or, over the tunnel, earth. The thickness 
at beam l evel of 5 to 6 m (approx 1900 g/cm2) pro 
vides normal radiation safety almost everywhere in 
the halls with beams of about loll protons/sec , if 
no channels are open through the shield. 

The movable shield consists of two layers of 
baryte blocks separated at beam lev el by a closely 
packed layer of 30 - cm-long steel billets of lO X lO
cm section standing on end. The upper layer of 
baryt e blocks can hang from the permanent roof of 
the shield, and channels can be made in the steel 
layer without mov ing large masses of concrete. 

The background radiation, besides neutrons of a 
few Mev, is mainly f.1 mesons of e nergies up to 
10 Gev or more, which have come through the shield 
from decaying fast 'IT mesons inside. The energy 
loss in the shield is only 4 to 5 Gev for normal inci 
dence, and to remove this muon background--which 
is about 10 particles/cm 2/pulse--as many pions as 
possible are killed close to the target by lead col
limators. The remaining muons near the wanted 
beam have to be slowed down to rest by running the 
beam through a concrete tunnel several meters long 
if they are troublesome. 

The top shield is at least 2 m of normal concrete 
or its earth equivalent everywhere, and this has 
been very successful in keeping down sky shine : in 
fact it has been quite satisfactory to operate bubble 
chambers with no top shielding at all. 

Measurements on the properties of shielding con-
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crete in the 25 -Gev scattered proton beam have 
shown reasonable agreement with what was assumed 
in calculating the shielding in 1954. The number of 
stars produced as a function of depth in the shield 
shows the usual increase and return to the surface 
value over the first 500 g/cm2, followed by an ex 
ponential absorption corresponding to an attenuation 
l ength of 140 g/cm2. 

Ejection 

Although only beams from internal targets have 
been used so far with the CPS, deve l op ;ne nt work 
on two s c h eme s for ejecting the major part of the 
proton beam has been going on for more than a year, 
and the necessary apparatus should be r e ady for 
t e st in the spring of 1 961, 

In both schemes the protons are kicked out of the 
machine by a s eptum magnet, i.e . , a C-shaped mag
net with one side of its winding made of a copper 
strip across the mouth of the gap. The l eakage field 
from such a magnet can be very small, so that it can 
be brought up close to the circulating beam without 
interfe rence. Protons can then be deflected into the 
high - field region behind the septum by any dev i ce 
that excites a betatron oscillation of 2 to 3 em am
plitude . 

For fast ejection, this can be done with the delay
line kicker magnet mentioned above , and the same 
possibilities exist of ejecting cleanly one or more 
bunches or the whol e revolution. The quality of the 
ejected beam should be as good as that of the circu
l ating b e am, since all the magnetic fields involved 
can b e rather uniform. This will help in reducing 
background when transporting the e j ect ed beam out
side the shielding, which could be a formidable prob
lem. 

For slow ejection--i.e. , over a period of 10 msec 
or more--originally a variant of the Piccioni e jector 
was considered, in which the beam was pushed slow
ly outwards onto an energy-losing target mounted 
3/4 X. upstream from the ejection magnet. Half a 
wave l e ngth after this target, those protons which 
had lost ene rgy in it would be displaced by a few 
millimeters, clear of the beam on the inside, and 
could pass through the gap of a small septum-type 
kicker magnet held just not touching the beam. The 
kick from this magnet would then take the protons 
into the gap of the main e j ector magnet, just as in 
the fast scheme. To avoid the difficulty of placing 
both t he energy-losing target and the small kicker 
ve ry precisely on either side of the beam, a simpler 
scheme may be tried first, using Coulomb scattering 
rather than energy loss in traversing a lip target 
mount e d on the main ejector magnet itself. If the 
magnet is brought up to touch the outside of the 
beam the angular scattering in one lip trave rsal be
comes a displacement away from the beam edge and 
into the gap of the septum magnet after one revolution 
round the machine, because there are 6 . 25 wave 
lengths of betatron oscillation per turn. Efficiency 
calculations indicate that perhaps lOo/o of the beam 
may b e eject ed in this way, which is comparabl e to 
the figure for the Piccioni-type system. The beam 
will, under favorable conditions, appear to come 
from a small object, the image of the lip 1/4 wave 
length upstream, so that the emittance of the beam 
should a lso be low in the case of the slow ejector . 

The limitation on burst length will come in two 
p laces: power supply and dissipation in the septum, 
and the problem of bringing the beam ve ry slowly 
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onto the lip, but still ensuring that protons traverse 
the lip fully, and so are scattered through a rea
sonably large angle in one traversal. 

The former problem can be solved for 100 msec 
or more burst length by paying more money for a 
bigger power supply and by intensive water-cooling 
of the septum winding itself. The second is more 
difficult , and is general to many types of e jector 
which rely on the passage of a proton through a tar
get to put it unequivocally into the e jection system 
rather than leaving it unchanged in the circulating 
beam. It may be necessary to have a double lip 
system to give a better "go-no go " discrimination 
with a very slowly moving beam, or to use a spill
out technique on the circulating beam to provide a 
small trickle of protons which can then spiral more 
rapidly onto the lip and so be cleanly dealt with. 

Conclusion: Possible Future Developments 

Until now experimental work with the CPS has 
been limited by lack of equipment, such as bending 
magnets and separators, and by the amount of time 
it has been possible to run the machine . We hope to 
operate in 1961 for 100 hr/week or perhaps more, 
and will begin to be better e quipped with heavy ap
paratus. The major work will be to develop targets 
suitable for highly refined secondary beams, and to 
prepare for the use of the big bubble chambers in 
the East Area, but apart from this we are consider
ing starting development work on an internal liquid 
hydrogen target, and also on a "bunch compressor." 

A hydrogen target inside the machine would have 
great advantages for studying rare production proc
esses, as all the c irculating protons would int e ract 
in what could be a small volume, both the utilization 
of protons and the efficiency of the detection optics 
being much higher than for an exte rnal target. For 
a burst l e ngth of, say, 200 msec, only a few milli
grams of hydrogen are necessary in the target, though 
they would all be evaporated by the heating effect. 
It looks possible, however, to make a usable target 
with about 1/2 em 3 of liquid hydrogen (35 mg) in a 
container with a sufficie ntly thin wall that only 10% 
of the protons would be lost there, and strong enough 
to stand atmospheric pressure. 
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The bunch compressor is a subsidiary rf accel 
erating cavi ty w ith a much higher frequency and volt
age than the present ones, which, if turned on judi
ciously at the end of the acceleration cycle, can bunch 
the protons much more tightly, down to a point where 
the target bursts are sufficiently narrow to enabl e 
counter experiment s to use arrival -time discrimi 
nation between different masses in the secondary 
beams. 

L onger-term p lans for the CPS, at present pure 
ly speculative , could include the addition of storage 
rings or even a high-field high-energy accelerator 
with the CPS as injector, operation with deuterons 
or e le ctrons in place of protons , or, more modest 
ly, a higher - energy injector to overcome space 
charge in the CPS. If the space-charge limit can b e 
r e ached with the pres e nt type of injector, multiturn 
injection is no solution to the high-current p r oblem, 
and is p ro;)ably ne ver likely to b e relevant to strong
focusing machine s. 
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A fairly recent speech given by Bradner at the 
American Physical Society ended on this sentence: 
"It is evident that we are still a long way from analyz-
ing all the good high-energy physics that exists in 
bubble chamher photos." This state of things of course 
cannot be tolerated, and that's what today 1 s session is 
about, in a general outline. Tomorrow we shall con
tinue in a more specialized meeting, to which every
body is welcome. On Friday a small group of fanatics 
will meet by invitation in order to swap some of their 
crazier ideas concerning future developments. 

This afternoon we shall deal mostly with techniques 
and ideas that are either in actual present-day use by 
physicists, or in actual existence as prototypes or de
tailed and realistic schemes. All these efforts may 
be viewed in a general framework of ends, means, and 
trends, and each of us may construct such a frame
work for himself. The following remarks are offered 
as an example. 

Systems available today are too slow. They can 
deal with a few tens of thousands of events per year, 
and their most optimistic developers hope to achieve, 
in a single laboratory, a capacity of some 100 to 150 
kiloevents per year . But a single laboratory mayhave 
a few bubble chambers in continuous use, and one cham
ber so used rna y yield up to a million events per year. 
Clearly the problem is that of speed, and since human 
attention and action introduce a rock-bottom bottleneck, 
speed can be achieved either by pouring in parallel 
through many bottlenecks, or by eliminating them al
together. Either vast armies of slaves armed with 
templates and desk calculators--maybe even strings 
of beads--or few people operating a lot of discriminat
ing and thinking machinery. The evolution is towards 
the elimination of humans , function by function. 

Let us see how the tasks are divided between the 
humans and the machinery in today' s practice , as it is 
going to be discussed mainly by Bradner and Gold
schmidt-Clermont. The initial store of information is 
a photograph, a two-dimensional array of black-or
white binary alternatives, most of them white (that is, 
empty). Among the black areas some are just blobs, 
some are tracks; but not even all the tracks are phys
ically interesting. A human looks at the picture, se
lects the events, records their shape and their location 
in the temporal sequence of film frames and spatially 
within the frame. In this stage, known as "search and 
sketching, 11 mechanical helps are few : a projector 
onto a screen, a moving stage or cross hair, maybe 
a punch for writing down figures on a card ready for 
the computer. 

The next stage is measuring: it feeds on humanly 
selected tracks and it produces cards or tape on which 
tracks appear as sets of numerical coordinates. Here 
the main performer is a machine. Once put on a track, 
it can to some extent see where it goes; a small el
ement of nonhuman seeing is already there, but a lot 
of human guidance and supervision is still necessary. 

Once the punched cards, or the magnetic tape or 
what not, are rea dy, the computer performs all these 
beautiful logical operations after which the physical 

information emerges in a form practically ready for 
the Physical Review Letters, and which, in spite of 
their emotional nicknames- -GUTS, FOG, HECK, and 
so on--are totally inhuman and therefore mercifully 
efficient. 

But the point worth stressing is this: the inhuman 
operation takes over at a point in the chain of opera
tions that is already pretty far removed from the orig
inal pictorial store. All, or nearly all, of the seeing 
is human; all of the selection is human. And yet, 
scanning devices, which are perfectly capable of trans
forming pictures into sequences of pulses, do exist; 
and selections from stored sequences are perfectly 
feasible. So the immediate solution seems to be : 
let's scan the picture, store its "black-and-white con
tent in the magnetic memory of the computer, and 
after that let the computer worry. 

What do we gain by this transfer from the photo to 
the computer memory? Well, a photo has no wiring 
behind it. And a physicist is quite ready to toss the 
whole recognition-and-selection problem into the lap 
of the programmer, and the computer logician. How
ever, this abdication is just a lazy dream. It cannot 
be done: for present-day computers a photo is just 
too rich a morsel to digest. If we want to define our 
black and white dots with an accuracy of 2.5 microns-
which is by no means excessive - -a square inch of film 
contains 100 million bits. Currently available com
puters offer up to about one million, the TX2 computer 
at the Lincoln Lab goes up to 2-1/2 million, Larc and 
Stretch-but why should we indulge in daydreaming? 
There is one way of reduci-ng these hundreds of mil 
lions: since black bits are far less numerous than 
white ones, it may pay to transfer black bits only, in 
a proper sequence and each with its individual coordi
nate. But even then-shall we transmit all blobs, all 
lines? Some selection seems still necessary before 
we get to the memory; and then, a totally nonhuman 
operation means that our machine must be capable of 
recognizing the truly relevant visual information. 

There is one snag about pattern-recognition ma
chinery, suitable'for bubble-chamber analysis: it 
does not e x ist. It is feasible--it is probably feasible
and today you will hear about it from McCormick, and 
also from Thorndike. Since the scanning device must 
discriminate, it must proceed under the direction of 
a computer; and since the computer has to see the 
picture, that is, to scan it, we see that scanning be
comes a complex process involving a feedback . How 
to organize this process, what sort of computer is 
necessary, or even how many computers, how to a
chieve accuracy in successive approximations -all 
these questions have already been considered, and the 
answers in the form of hardware may come within not 
too many years. Just now this coming race of think
ing machines is represented by just one baby, the TXO. 
A very brainy baby-but it has a lot to learn. Its 
keepers, at MIT and Lincoln, have some interesting 
ideas both on its present possibilities and on the whole 
concept of learning as it applies to computers; I hope 
we shall hear from them on Thursday and Friday. 

In the temporary absence of a radical solution, com-
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promise approaches are possible. An infant can be 
helped, in its attempts to walk, by a human mentor. 
It c a n be carried part of the way, so that only a short 
easy walk remains to be performed autonomously, or 
else it can be led all of the way. Thes_e two images 
correspond- - in my mind at least- - respective l y to the-
Reaper, originated by McCormick a nd developed here 
in Berkel ey, and the Flying-Spot Digitizer, developed 
by Hough a n d Powell at CERN . The Reaper is a scan
ning device which is put in operation a ft e r a suitabl e 
event has been found and the device has been centered 
on its vertex. From the scanned region, thus defined, 
only relatively few bla ck spots are transmitted to the 
magnetic storage , together with their polar coordi
n a tes; there is no feedback and the scanning follows 
a fixed routine . B ut the routine is such, and the cho
sen region is such, that most of the stored information 
is guaranteed to be relevant, and the filtering off of 
irre l evancies can be performed easily by the computer. 

In the Hough-Powell scheme, the scanning spot flies 
all over the picture, b ut transmission occurs only when 
it hits preselected tracks. The prese l ection is human, 
and its guidin ghand operates either through rough t rac
ings on an optical mask, as in the IEP-X te chnique 
followed at present, or as a set of roughly digitized 
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instructions, as in the forthcoming development antic
ipated un der the name of IEP-Y. In both schemes, 
Reaper and Hough-Powell, the human bottleneck occurs 
before the device takes over . The search - and-sketch
ing stage is shortened somewhat, but not decisively, 
since it r emains human; the measuring stage is s hort
ened very drastica lly, since it is ent irely inhuman. 
These devices are therefore promi si ng mo s tly i n s ta
ti s ti cal expe riments in which the chambe r acts as a 
11 seeing co unter 11

; for rarer and more sophi sticated 
event s , in w hich human search and evaluation have a 
greater rol e, their promise is less immediate . They 
offe r , however, a way towards further and gr adual 
extension of the nonhuman element in the evaluation 
process and th e r efore, no less than the more a mbi 
tious schemes that have been mentioned ear lie r, they 
provide an important part of the answer to Bradner 1 s 
anguished appeal. 

One last remark: 
High-energy physicists have be e n caught i n napping, 
and they have to act quickly . What they w ill initiate 
in the pattern-recognition fi e ld may yet connect w ith 
applications which h ave nothing t o do with high-energy 
p h ysics. This reminder i s meant to add some ad 
venturous flavor to our discussions . 
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Lawrence Radiation Laboratory 
Berkeley, California 

Introduction 

Our Chairman's excellent summary will simplify 
the problems of all of us in our presentations during 
the rest of the session. 

Today' s audience seems to be divided between those 
who would like to know what can be done with a modest 
budget of perhaps a half-million dollars a year, and 
those who would like to see what can be done toward 
developing a system to analyze data at 100 times the 
present maximum rate. 

_My_ task is to report on the present capability, and 
~o Indicate the ultimate limits on the existing systems, 
In order to set a basis for later talks. As our Chair
man has indicated, there will be detailed discussions 
for data-r_edu~tion specialists tomorrow and Friday. 
Hence will give a summary, rather than detailed in
formation. 

The procedure of making coordinate measurements 
on ~eparate views and then reconstructing events in 
digital computers was initiated because there was ur
gent need for a system to measure events at the rate 
of about 100 per day (it appeared that ~he existing meth
ods for cloud chamber analysis could not be modified 
to give this speed}, and we could foresee the need of 
greater accuracy than was possible with template fit
ting .• three -_dimensional reprojection, or other analog 
devices. Digital methods permit high measurement 
accuracy, and "easy" checks on the sizes of errors . 
Correction for optical- and magnetic-field distortions 
could also be made readily. 

As in cloud chamber work, it was considered very 
important to examine and keep a record of each event 
for future referral. A large part of the interest was 
in studying rare, new, or unexpected events. Note 
that this is still considered very important today, 
though some experiments involve so many thousand 
events that individual scrutiny is almost impossible. 

The arguments on speed and accuracy of analog 
methods may have been too pessimistic. Martin Block 
indicates that one physicist plus one graduate student 
and one technician can process twelve five-track e 
vents per day with Plano templates, and achieve ac 
curacies that match the accuracy of his chamber. Such 
methods of data analysis may have an important place 
in the_ physics carried out by small groups. Digital 
techniques are more expensive, though they may be 
nearly an order of magnitude faster. They are more 
objective, and more accurate for large chambers. 
But we will see that even the most ambitious exten-

. sions of the present digital-analysis systems cannot 
cope with the foreseeable demands. 

Present System 

The steps required in present large -volume anal
ysis systems are these. 
~a} Searching for events of interest. This operation 
IS commonly called "scanning." Some film is scanned 
a second time, to get a measure of scanning efficiency. 

(b) Recording fix_ed data, known parameters, tenta
tive identification, and instructions for mea suring 
events of interest. Called "sketching." 
(c) Measuring the x-y coordinates of fiducials and 
tracks , 
(d) Computing. (This subject will be discussed in de
tail by Arthur H. Rosenfeld, hence I will not treat it.} 
(e) Examining the output from the computer. This 
::equires a specialist, who decides whether the output 
IS reasonable and correct, and accordingly incorpo
rates it into the output data of the experiment, or 
sends it back for re-analysis as necessary. 

If the scanning personnel are expert and very alert, 
the first two steps can be carried out together . Other
wise a physicist does. the sketch operation. 

. Different groups divide their operations in slightly 
different ways, and use slightly different pieces of ap
paratus. But you will see that the costs and manpower 
requirements and failure rates are all similar. A 
quantitative comparison is difficult to make, because 
the problems differ so widely with complexity of e
vents. Some detailed comparisons will be made dur
ing the special data-reduction meetings tomorrow and 
Friday. Today I shall discuss mainly the status of 
data reduction in the large factory operation that most 
of you have seen upstairs in Building 50. I shall em 
phasize the bookkeeping problems that appear in han
dling large numbers of events. 

The flow diagram, Fig. 1, of an actual analysis in 
a large experiment is more complicated than the five 
steps listed above. Several scanning machines feed 
each measuring machine. A scan-and- sketch library 
is needed, to keep track of the rolls and frames, and 
of who did the scanning. A master list is necessary, 
so that any specific event can be recalled for further 
study . (Note again that this is fundamentally different 
from counter experiments, It may be the thing that 
finally limits the capability of very-high-speed data
handling systems.} 

Measuring includes several operations, as follows. 
(a) Finding the picture, and recording fixed data -such 
as instructions to the computer program. 
(b) Measuring fiducial marks. 
(c) Measuring tracks. 

The output from the measuring machine must be 
stored temporarily. Most measuring machines put 
out perforated tape or punched cards . This implies 
a paper-tape or punched-card library. The outputmay 
not be in the proper form for a computer. For ex
ample, the IBM-704 requires magnetic tape for effi
cient input. In the big Franckensteins, a tape-to-tape 
converter makes a library of rolls of magnetic tape 
from the perforated tape--and sometimes makes errors. 

The outputs from the track-reconstruction phase 
of the computing (PANG} and from the event -r econ
struction phase (KICK} must be examined. It is im
portant to keep records of errors in both of these 
~teps, before sending the events back for reprocess
mg. The successful analyses form another library. 
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Fig. 1. Present data-processing system 
for 72-inch hydrogen bubble chamber. 

. Ideally, the master list should be changed every 
time an event is sketched, measured, computed, or 
examined. At a minimum, the master list must be 
updated with information on each event aft er it has 
been examined. 

The Alvarez group found that one extremely com 
petent person could barely control a library of 20,000 ·· 
events processed at a r'lte of 100 per day. Automa
tion of library procedures is evidently necessary. 
Howard White and others have been developing library 
programs for use with computing machines. 

Bookkeeping is not the only possible bottleneck in 
the present systems. The following results of time 
studies indicate the limits for large-cross-section 
experiments and rare -event experiments. All num
ber s are given as average elapsed time, over several 
weeks of operation. The wide variation in complexity 
of events makes some of the data reliable only to a 
factor of two or three. 

The most consistent figure is the number of frames 
(stereo pairs, triplets, or quads} scanned per hour. 
Estimates by all groups lie between 100 and 200 frames 
per hour. The current associated-production experi
ment with the 72-inch hydrogen bubble chamber aver
ages 39 seconds per frame. Since some of the film 
must be rescanned it seems appropriate to quote l 
minute per frame. 

The "sketching" and master list together require 
about 5 minutes per event. 

Measuring times are subject to considP.rably more 
variation: The shortest time is quoted by Goldschmidt
Clermont, who found that very simple events could be 
measured on the "Baby IEP" in less than 3 minutes. 
At the other extreme , Goldschmidt -Clermont finds that 
high-energy interactions with many forward prongs 
cannot be measured reliably, even if 20 minutes or 
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half an hour is allott ed to the measurement. The 
Glaser Michigan groups require 8-1/2 to 9 minutes to 
study and measure a simple two-prong event in film 
for low-energy K+. The Berkeley Franckenstein time 
on the p events of Stevenson et a l. was 15 to 20 min
utes. Improvements in the Franckenstein have given 
a time of 10 minutes for single-V events, and 12 min
utes average for all types of events measured during 
August , 1960. Let us take 10 minutes as the round 
number to characterize measuring time. 

Computing times are short-about 1 minute per e 
vent - and are not a bottleneck after the computer pro
grams have been written and debugged. Rosenfeld will 
talk about the very large effort required to produce 
the programs . 

Many events fail to go through a well-debugged pro
gram. The errors range from mistakes, or careless
ness, to very subtle things like small scatterings that 
c a n scarcely be seen even upon re - examination of the 
pictures. Goldschmidt-Clermont, like most other 
workers , finds that 15 to 20 o/o of the events fail on the 
first at t empt. His errors appear equally divided a 
mong operator mistakes, measuring-machine failures, 
and program troubles. I believe that his "program 
troubles" include subtle errors made during the ten
tative identification of the event. The Glaser-Michi
gan groups find lO o/o errors, which can be attributed 
almost entirely to operator mistakes. The p run, 
mentioned above, averaged 15o/o errors. The present 
associated-production experiment averages 15o/o, thoug,. 
there was one week in which the rate was 30o/o . The 
detailed causes of failures in data reduction for the 
experiment are given in Table I. I am indebted to 
Bob West for help in collecting these figures. Opera
tor mistakes account for 60o/o of the failures. Mech
anism failures in the measuring machine and tape con 
verter account for 15 o/o . Program bugs account for 
10"/o. Almost all the rest can be att r ibuted to poor 
quality pictures. 

The number of operator mistakes is in good agree
ment with the observation that "humans make about 
one mistake per I 00 manipulations. " 

Table I 

Errors in processing data from associated - production 
run at 72-inch bubble chamber. 

Type of error 

Wrong indicative information 
No end-of-record punch 
Wrong deletion of mistake 
Fiducial coordinates (mistakes, 

and a program bug} 
Track extrapolation too close 

to stereo axis 
Wrong views chosen 
Invalid designation of event 

type 
Too many wrong coordinates 
Too many or too few coordi-

nate points 
Program errors 
Paper -tape punch 
Tape-to-tape converter 
Mistake in "sketch" 
End points of neutral track 
measured differently in the 
two views 

Number of errors 
in 1944 events 

5 
4 
8 

78 

19 
147 

8 
32 

16 
19 

2 
47 
72 

76 
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Examination of events after computation can require 
a negligible time, if failures can be discarded; or it 
can requir e l hour per event if each output needs to be 
scrutinized. In the p run, all events that failed were 
re-examined. The average time required to project 
the film, find the old records, discover what was wror:g, 
remeasure if necessary, and recompute wa-s one-half 
hour per eve nt . Since l5 o/o of the events failed, this 
examination time averaged 4.5 minutes for each event 
included in the experiment output data . 

Nahmin Horwitz has the most compl ete, and perhaps 
the most conservative, picture of the time that can be re
quir ed for re - examination. He h a s spent the summer 
working w ith 400 events. Each event was examined, 
regardless of whether it had failed or passed in com
puting. The average time was a little more than an 
hour p er event. 

The limits on the type of experiment that can be 
done w ith present equipment can be described in terms 
of cross sections in the following way: If a pure beam 
of 20 particles per Bevatron pulse is sent through the 
72-i nch hydrogen chamber 10 times per minute , an 
interaction of l mb cross section will occur once a 
minute . If 5 minutes is re q uir e d to "sketch" thee
vent, then one person working a s many hours as the 
chamber could sketch just fast enough to keep up with 
the data, on a l/5-mb experiment. A Franckenstein 
w ill be saturated at l/10 mb . (The cross section for 
associated production in the present run is about l/e 
mb ; hence events can be measured at only l/3 the 
r a te they accumulate.) Examination of l5 o/o of the com
puter output will saturate a person working the same 
numb e r of hours as the chamber on a l/4-mb cross
section experiment if l / 2 hr is spent per event . Ex
amination of the entire computer output will saturate 

Tabl e II 

Times requir e d for data-analy sis operations. 
The !'saturation cross sections" indicate the cr that 

will occupy one machine or man 24 hr/day if the 72-
inch hydrogen bubble chamber is used 24 hr/day, with 
about 20 tracks per picture, as it is now used on the 
associated-production run . The "saturation c ross 
s ection" for examining the computer output is l /30 
mb if all print-outs are examined, and l/4 mb if only 
l5 o/o of the print-outs are examined. 

Operation 

SCAN 
SKETCH 
Scan - and-
sketch library 

Master list 

MEASURE 
Paper-tape 
library 

Magnetic -tape 
library 

COMPUTE 
Magnetic -tape 
library 

Print-out 
l ibrary 

EXAMINE 
Master list 

Time (min) 
per machine 
or per man 

l per triad 
5 per event 

I 0 per event 

I/2 per event 

30 per event 
studied 

Saturation 
cross sec
tion 

(mb) 

l / 5 

l / 10 

2 

( 1/30 (all ) f. I /4 ( l5 o/o ) 
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the p e rson on a I/30-mb cross section, if l /2 hour is 
spent per eve nt. 
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Fig . 2 . Trends in analysis of data from 72-
inch hydrogen bubble chamber, Francken 
stein system. 

Computing, by comparison, is much more rapid. 
B ut still not fast enough. One IBM-704 machine can 
just keep up w ith a 2-mb cross -section experime nt. 
Non-strange -particle interactions have char a cteristic 
eros s sections of about 30 mb. 

T a ble II summarizes these saturation cr·oss sec 
tions. 

Attaching cost figures to the data-reduction opera 
tions leads to the conclusion that it is more expensive to 
find an event than to measure it , if the eros s section 
is less than a bout l/2 mb . This result should not be 
surprising, since we tried to develop an optimum sys
tem for analysis of strange-particle events tha t have 
a cross section of about l/3 mb. 

Possible Improvements in the System 

Intensive studies toward improving the system have 
been m a de in Berkeley by Margaret Alston, Jack 
Franck, J e rome Russell, Lynn Stevenson, and others. 
The following conclusions appear valid. 
Improv~d automation of measuring operations , in

cluding automati c frame finding, automatic transfer 
of fixed data, and automati c fiducial measurement, can 
reduce the measuring time onl y to 7 to 8 minutes. But 
such automation may reduce errors by a substantial 
amount , if the automatic mechanisms are very reli
able . These automatic devices are being developed. 
An attempt will be made to simplify or perhaps e ve n 
eliminate the sketching operation, by measuring all 
the tracks of events in all three views. 

Improved library procedures, making use of com
puting mach ines, shoul d reduce the time for re-exam
ination . Parts of the examination can be programmed, 
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too. Rosenfeld and Howard White p lan to discuss these 
programs lat e r in the Conference. 

A simple digital computer to control the flow of da ta, 
sequence the measuring projector operations, and 
rough-check the output of the measuring projector has 
been discussed. The usefulness is still being debated. 

As our Chairman has said, these improvements 
still leave the system woefully short of the rate tha t 
one would like . Analysis of 105 events per year seems 
to be possible by pushing the system. Rates larger 
than this will require automatic- -or at least aided-
scanning, as well as high- speed measuring and great
ly reduced fai lure rates. The problems are accentu
ated by the need to reduce the rate of nonrandom errors, 
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as greater statistical accuracy is sought. 

Figure 2 shows the trend of the analysis operation 
for the 72-inch hydrogen bubble chamber, on the as
sumption that there will not be a working system for 
very - high-speed analysis of all types of events in less 
than 5 years. Analysis of 105 event s per year will 
require 5 Franckensteins and 15 scanning projectors, 
operated by 54 technicians, and kept running by 15 
maintenance people. In addition, there will be super 
visors. Also there will be an unspecified number of 
physicists. The total number of people will be more 
tha n 100. But I do not believe there is any better way 
to analyze large numbers of events, unti l the sophis
ticated systems are matured. 
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General 

At the Conference on High-Energy Accelerators 
and Instrumentation held at CERN in 1959 the equip
ment and computing methods were described which 
are involved in measuring x and y coordinates on 
two or more stereo photogra phs, computing posi
tions, angles, and curvatures in space, and then 
applying the requirements of energy and momentum 
balance to check whether the measurements on a 
given interaction are consistent with one or more 
hypotheses as to the nature of the interaction. 1 

During the past year this procedure for the re
duction of bubble chamber data has been applied more 
extensively than before, and it is clear that such dig
ital techniques are replacing the analog and graphi
cal methods in use in the past. 

There has been a corresponding increase in use 
of digital computers, especially in large-scale ma
chines such as the IBM 704. This progress and the 
availability of such computers have led to consid
erable speculation concerning the gains to be real
iz e d from increased automation in data reduction in 
the future . Interest centers on more automatic ex
traction of information from magnetic-tape data li 
braries, mor e automatic measuring equipment, and 
the possible recognition of events of interest by a 
machine possessing the necessary logical capabilities 
for such decisions. 

The over - all objective in bubble chamber data re
duction is to obtain numerical results that are as 
highly accurate and pertinent to the physical prob
lem being studie d as possible, with a minimum ex
penditure of time and money in the process. (Ti_me 
and money of someone else being, of course, weighted 
less heav ily than one 1 s own. ) The following dis
c ussion relates to four areas in which progress seems 
to have been made during the past year. 

Commercial Measuring Projectors 

At the end of July the first measuring projector 
manufactured by Hermes Electronics Company was 
completed. This projector has been shipped to 
Ticho at the University of California at Los Angeles. 
An additional 17 will be used at other laboratories. 

The Hermes projector (see Fig . 1) provides 
m e asurements on each of three v iews ·of 35-mm or 
70-mm film . The maximum frame sizes are 31 by 
80 mm and 65 by 160 mm respectively. The image 
is projected with a magnification of about 12 X on a 
translucent screen about 60 crh square. The stage is 
positioned by x-y lead screws whose-position is 
sensed by rotary encoders and apptopriate transis
torized electronics. The coordinates may the n be 
recorded on punched cards or punched paper ta-pe . 
Provision is made for manual e ntry of identification 
data. In measuring a track position the stage is 
moved so as to position the track image at a reticle 
on the screen. The precise position of the track is 
sensed by an electronic unit whose output is dis-

playe d on a cathode-ray tube. Supe rposition of two 
scope traces indicates accurate centering. If de
sired, an error signal may be fed back to a servo 
centering system to provide automatic track cen
tering. The basic price on the original group of pro
j ectors was $ 47,000 each. 

Acceptanc e t ests on the first projector indicated 
the following performance: 

1. Reproduc ibility: spread of readings on typical 
bubble chamber tracks was ± 1 micron (lo-4 em). 

2. Backlash: maximum value observed was ± 2. 5 f-l• 
in most cases not more than ± 1. 51-'-· 

3. Linearity of scale: coordinate measurements 
along a 60,000 - 1-'- scale calibrated by the National 
Bureau of Standards are linea r within ± 1 1-'- · 

4. Calibration of scale : absolute lengths measured 
for a 60, 000-f-l scale agreed with known length within 
51-'-· 

5. 
line 

6. 
arc. 

Straightne ss of ways : measurement of a straight 
gave appar e nt deviations less than 2 1-'-· 
Perpendicularity of ways: within 2 seconds of 

Information on M easure ment Errors 

A large fraction of the practical problems in data 
reduction arise from errors in measurement . We 
can~ - for purposes of discussion, at least- - differ
entiate betwe e n "gross" errors and "refined" errors. 
Typical gross e rrors are operator mistakes such as 
measuring the wrong stereo views, measurements in 
the wrong order, wrong fiducial marks, nec e ssary 
code words left out, or digitizer malfunctions in
volving most significant digits, servo system not 
working right, or failur es in card or tape punches. 
Typical refined errors are: normal setting errors, 
backlash, Coulomb scattering of tracks, chamber 
distortions, inaccuracies in optical constants used 
for c omputation, digitizer mistakes in the least sig
nificant digit, and so on. 

Fig . 1. Measuring projector manufactured 
by Hermes Electronics Company. 



230 

Gross errors lead to results which usually are re
jected at some point in the data-reduction process, 
either by the computer program or by someone who 
notes that the answers s eem unreasonable. As a rule 
the measurement has to b e done over again, although 
many programs have more or l ess successful error
correcting provisions built in. Pres e nt experience 
usually involves a gross error in from l '}'o to lOo/o of 
the events measured. This is a time - consuming and 
annoying situation, and one feels uneasy a bout the 
possibility that a small number of gross e rrors may 
b e going through undetected. Better methods for de
te c ting and e liminating gross errors sooner would 
clearly be worth while. 

Refined errors will alw<.ys b e with us to some ex
t e nt . Some can be minimized; some, such as 
Coulomb scattering, a r e built in. In kinematic 
fitting programs, such as GUTS, knowledge of the 
e rrors is of v ita l importance, sinc e the er rors 
directly determine the goodnes s of fit. For each 
track an e rror matrix must b e supplied which t e lls 
GUTS by how much the parameters describing that 
track can b e va ried. If the track is described by the 
three parameters, x 1, x 2 , x3' defined as 

x
1 

""" angle with x axis in x, y plane, 

xz-"" tan (dip angle), 
- l 

x 3 """ [momentum component in x, y plane) , 

then the error matrix is the inver s e of the matrix, G, 
which defines the probability of finding a value xJ' x 2 , 
x 3' when the measured values are x

1
meas, x 2m as, 

x
3
meas; 

I 3/2 1/2 . 
3 

meas 
p(x

1
,x

2
,x

3
)=(l 21T) IGI expl-~ (x.-x . ) 

i,j=l 1 1 

X ( 1) 

It is conventional to compute the er ror-matrix 
elements (G-1 )· ., allowing for contributions from 
Coulomb scatte\ling and from a random measurement 
e rror, called E. In the latter are lumped all cham
ber distortions and other effects, even though they 
may not be much like a random measurement er ror . 
A typical expression for such a matrix element is 
given by 

-1 
(G l33 

L 
(2) 

(pl3c) 

where A 1 and A 2 are numerical cons tants, Lis the 
l ength of trac k, and p, 13, and c have their usual 
meaning. The first term is the contribution of meas
urement e rror , the second of Coulomb sca ttering. 

If dimensions are s caled to full size in the cham
ber, the r eproducibility of s etting on most measuring 
equipment e stablishe s a lowe r limit for e of 10 to 
20 f!· Backlash, imperfections of screws and ways, 
and distortion in the chamber itself make the e ffec 
tive value of f higher, perhaps 25 to 100 fl. · It is of 
interest to try to infer th e value of E from the r esults 
of measurements that have been made. One can try 
several approaches to this question: 

(a) D e t ermin e the scatter of individual measured 
points about the fitted curve , as in the parameter 
"a ." 

r6'lnetermine the apparent curvatur es of no-field 
tracks. If the particle momentum is high and the 
track short. the first term dominates in (G- 1)33 , 
and ..f(G-1) 33 is effective ly the curvature e rror. 

(c) D ete rmine the sprea d in measured momentum 
for beam tracks of well-defined momentum, in the 
same way. 
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(d) Determine the spread in measurements of cur
vatures and angles by repeated measurement of the 
same events. 

(e) Use error matrices calculated by assuming a 
given value of E and perform a kinematic fitting 
process with GUTS. 

2 The distribution of X can be predicted statistically. 
If the experimental X 2 distribution for a large num
b e r of measurements fits the prediction, the n the E 

assumed was realistic. Other consistency checks 
are also provided by the output of GUTS. 

The se approaches are by no means equivalent, 
since some sources of e rror are included in some 
but not in others. The last is the most comprehen
sive. 

Some information about the errors in data from 
the Brookhaven 20-inch chamber has been obtained 
by each of these approaches. Very rough numerical 
value s follow: 

(a) Value s o f a : approx 20 f!· 
(b) E from no-fflld tracks: approx 60 f!· 
(c) E from beam tracks: approx 40 f! • 
(d) E from r?eated measurements: approx 40 fl.· 
(e ) E from X distribution: le ss than 60 f! from 

BNL measurements; approx 35 fl. from Yale 
measurements. 

Unfortunately such numbe rs have no unive rsal valid
ity, and depend on the chamber, m ea suring e quip
ment, personnel, and operating conditions . 

Estimate s of Bubble Density 

The number of bubble s per unit length of track 
corresponds to d e nsity of ionization in a cloud cham 
ber or grain density in emulsions. Bubble density 
measures the velocity of the c harg e d partie!;!,' in 
volved, and the relationship is thought to be 

2 
m = B/13. (3) 

The constant B increases rapidly with increasing 
temperature, and large values of m lead to essen
tially continuous tracks. If, however, the operating 
temperature is kept low enough that particles with 
13 :::: 1 produce tracks with about 10 to 20 bubbles per 
centimeter, there is a clear difference between light 
ly and densely ionizing tracks. Such bubble density 
can be ve ry useful in the identification of tracks, 
and is widely used for that purpose. Pictures with 
such a low bubble density are somewhat harder to 
scan than those with more continuous tracks, and 
position measurements a little more difficult. In 
particular, accurate positions for zero-prong events 
cannot be obtained, so that use of low bubble density 
is not feasible for the traditional 1T- + p ~ !1. 0 + e 0 
exper iment. 

A more quantitative estimate of the bubble density 
can be obtained from a gap - length measurement 
using a maximum-likelihood e stimate , 

N 
m = N/ [ (i~l xi)- NxoJ . (4) 

Here the lengths xi of all gaps between bubbles are 
recorded for xi greater than a cutoff, x 0 and N is 
the tota l number of such gaps. The measurements, 
unfortunately, are very tedious. If measurements 
are made on the film the distances must be corrected 
for magnification and dip angle, which would be im
practical for steeply dipping tracks. In most cases 
m must be compared with a minimum track in the 
same picture, for example a beam track. This 
procedure is similar to that described by Peyrou. 3 
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This method has been used as an aid in classifying 
strange-particle production events in 2.85-Bev p-p 
collisions at Brookhaven, and has been found useful 
in ca s es in w hich ther e were kinematic ambiguities 
and v isua l e stima tes did not seem conclus i ve . Typ
ical re suits a re plotted in Fig . 2. 

3.0 

2.6 

2.2 

1.8 

1.4 

1.0 

0.6 L..._ ___ ____l ____ __l_ ____ _j_ ____ _j 

0 500 1000 1500 
MOMENTUM (Mev/ C) 

Fig. 2. A plot of bubble d e nsity as a func
tion of mom e ntum. The c urve s show 
B/J32 for pions , K mesons, and protons. 
Many of the tracks are K mesons, since 
most of the measure m e nts were m a d e to 
identify proton and K - meson s econdaries 
in the reaction p + p ..... i'i 0 + K+ + p. The 
e rror estimates shown are pure ly sta 
tistical. 
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In principle, information of this type might a lso 
be used in a GUTS-type fitting procedure to make 
the s e le ction of mass hypotheses more d efinitive . 
do not be lieve that this has yet be en done. It is in
t e r e sting to note that automatic measuring schemes 
such as Hough's IEP-X do prov ide information on 
which bubble density e stimates using Eq. (4) co uld 
b e based. Conventional d ens itome tri c methods 
could, no doubt, be used, but would r equire very 
good control ove r the photographic process. 

Automatic Sc a nning 

By using a cathode-ray tube whose spot position 
can be controlled by a computer it is pas sible to in 
spect a bubble c hamber picture e l ectronically. 
Wheth e r patterns representing events of interest 
can be r ecognized reliably and economically is un 
known a t pr e sent . 4 

An experimental investigation of this que stion has 
bee n started by Pless at MIT using the TXO com
puter. His general plan is to operate the bubble 
c hamber in such a way as to give easily recognizable 
continuous tracks with low bac kground in order to 
simplify the problem at the beginning. A local pat
t e rn of spots will be produced and, from the com 
bination of spots transmitte d by his n egative (bright 
field is used, so that tracks appear light on a dark 
background), the computer program will dete rmine 
whether a trac k segment is pres e nt and what its 
orientation is . At the beginning of a scanning s e 
quence , the local pattern is plac e d at va rious points 
across the chamber on the side where the beam 
enters. Whe n a trac k segment is encountered, the 
pattern is made to step along the direction of a track. 
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At any discontinuity in the track a s ea r c h is made to 
d e t e rmine whether it disappears , defle c ts, or 
branches in some way. Initial tests of the effective 
ness of such a program are now unde r way. 

An alternative, and more speculative, approach 
is to employ a s e lf-organizing program which es 
tablishe s its own criteria for recognizing the va r i ous 
patterns invo lved. 5 In a ce rta in s e ns e such a pro
gram "learns" how to recogniz e the patterns of in 
t e r est. At Brookhaven Sp inrad has shown that a 
fair l y good distinction can be made between highly 
idealized representations of s traight tracks and 
scatterings. 

The gen e ral p rocedure is a s follows . The pattern 
i s r epr esented as an array of yes-no signals, as 
shown by the blank squares in .Fig . 3. The program 
has an a ssortment of masks consisting of randomly 
chos e n sets of squares , such as tho s e of Fig. 4 . 
For each pattern to be recognized it computes, for 
each mask in its a ssortment, the number of squares 
that a r e yes in both the mask and the pattern. Call 
this number a i (.f>) for the ith mask and pattern P . 
For each mask there is a weighting factor Vi . 

--. 
M 

I! 
I 

Straight track Sca tter ing 

Fig. 3. Idealize d patte rns to b e dis-tinguished 
by a s elf - organizing pattern-recognition 
program. 

Fig. 4. Random patterns appropriate for 
masks to be used in a self-organizing 
pattern-recognition program. 

Conside r the figure of m e rit 

M(P ) = :E a . (P) V .. 
i 1 1 

(5) 

Suppose ther e is one set of weighting factors for 
straight lines, Vi(L ), and another s e t for scatter 
ings, v . (S ). The game is to make ~ a . (P ) V . (L ) 
la rge fo

1
r any patt e rn that is a line, 1ana 

1 

~ ai(P) Vi(S ) small, while ~ai(P) Vi (L ) is small for 
lny pattern that is a scatter\ng and :E ai (P) Vi (S ) 
large. 1 

The program "learns" by working out its own 
weighting factors V.(L) and V.(S). The general 
scheme is as follow

1
s: Start ~ith a constant value for 
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each Vi. The program compares a given pattern, 
PLl ' known to be a line, with each of its assortment 
of masks . Where agreement is good and ui (P 1 ) is 
l arge , the weighting factor ui i s increased, wf:ere 
small it is decreased. The crucial problem is to 
provide a rule for doing this which has the result 
that when done with many patterns known to be lines, 
the procedure develops a set of weightin g fact ors tha t 
select l ines. S imilarly a set of we ighting facto r s 
that select scatterings can be established. 

With a l 6X l 6 set of points and an assortment of 
256 masks , definite evidence was obtained of dis
crimination between patterns of the two kinds . The 
examples used, however, were so idealized that it 
would be premature to conclude at this point that such 
an experiment has anything to do with scanning bubble 
chambe r pictures. 
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Work carried out under cont r act with U. S. A t omic 
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Abstract 

A recent survey carried out in 13 European coun
tries showed that by the end of 1960, 34 laboratories 
would be using a total of 57 type-A projectors and 31 
digitized projectors of types B and C. The number 
of digitized projectors will almost double in 1961. 
when the commercially made instruments will be 
come available. 

Almost all laboratories make some use of digital 
computing . Methods of computation are gradually 
improving. 

As the number of measured events increases, the 
sorting out of the accumulated data is also progres
sively shifted to the computer. This will become 
more readily feasible as larger computers with mag
netic tape equipment are becoming more numerous. 

Several new ideas are reviewed: 

The use of a simplified digitized projector, and of 
preliminary computer operations , to improve the 
selection operations performed during the initial 
scanning. 

· A digitized stereoscopic projector, using polarized 
light to give to the observer the feeling of depth, in 
order to record directly the spatial coordinates of 
individual bubbles. 

· A development of the digitized protractor (Baby 
IEP), which will enable the observer to adjust a 
circle of variable curvature to the image of the track, 
and to digitize the track direction and radius of cur
vature . 

· A further development of the same method, in 
which the adjustabl e circle is generated on a cathode
ray tube. The superposition of the circle on the 
track is detected and displayed e l ectronically. 

European Data Processing 

Several European laboratories have been working 
for some years on bubble chamber data reduction, 
many others a re now entering the field. The activ 
ity closely resembles that which existed for many 
years for the technique of nuclear emulsions . It 
tends to follow the same pattern of individual labo
ratories grouping into very effective collaborations. 
A modest equipment used with ingenuity by numer
ous scanners, students, and physicists often pro
duces good results. But the equipment is also the 
object of a widespread effo rt, machines are built in 
local laborato ries, requests are grouped for com 
mercial production, use is made everywhere of 
digital computation. 

Instruments 

The first films were generously provided by 
American laboratories. The European accelerators 
and bubble chambers are now gradually becoming 
the main suppliers. In order to evaluate the demands 

for films to be expected in the future, CERN re
cently carried out a survey in its Member States , 
which can be summarized as follows. 1 

By the end of 1960, 37 laboratories will b e work
ing in 10 countries. and CERN, usually grouped into 
collaborations of three to five. They expect to have 
at their disposal 40 scanning tables, 57 projectors 
of type A (Brook)laven terminology), 28 digitized 
projectors of type B or B+, and 3 of type C. These 
numbers may be somewhat overestimated, tinted by 
the enthusiasm of the designers and some ignorance 
of the technical difficulties: the instruments are al
most all home - built. The relevant techniques of 
digital electronics are much less w idespread in 
Europe than in the United States; components and 
trained technicians are difficult to get. But the num
bers of instruments are expected to double in 1961 
when the standard digitized projectors are delivered 
by industry, adding up to 57 instruments of model 
B, B+, or C, with corresponding increases in the 
other classes. Taking the expect ed teething troubles 
into account, the total data-processing capacity may 
be conservatively estimated at several times 1 o5 
measured events per year in 1962. Scanning tables 
and digitized projectors of types B and C are also 
operating or under construction in Hungary 
(E. Fenyveb, private communicat ion) and Poland 
(M. Danysz, private communication). 

Three different film widths (35, 50, and 70 mm 
unperforated film) have been chosen by various bub
ble chamber builders; this unfortuna te diversity 
complicates appreciably the construction of scanning 
and measuring equipment. 

Almost all the activity closely follows a standard 
pattern. 2-6 The same agreement on the basic re
quirements of bubble chamber measurements that 
enables laboratories to join for placing industrial 
orders seems to govern the design of home-built 
devices. 

The digitized projectors are made to measure 
each stereoscopic view independently· and to record 
coordinate pairs on puncb,ed paper, with or without 
the help of a photoelectric scanning device displaying 
the track profile on an oscilloscope. The moir~ 
fringe gratings are often us ed as digitizers in asso 
ciation with the transistorized bidirectional high
speed counters manufactured by Ferranti, but some 
laboratories use commercial or even home-made ro
tary encoders. In a · few places, a small sacrifice 
in measuring accuracy has simplified the con
struction, while the apparatus still proves adequate 
for many types of experiments. Many ingenious 
solutions for the technical problems have been de
vised or adapted; some of them are illustrated by 
F igs . 1 through 5. Two furthe r examples are (a) a 
method of overcoming the difficulty of moving a 
mechanical stage at low speed, by discharging small 
condensers (by push-button) into the driving motors, 
thus providing small, quantized steps; 7 (b) a stage 
moved directly by hand, with viscous dash-pot 
stabilization for smooth setting, assisted by an auto-
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matic locating and digitizing device (ALADDIN) which 
measures and digitizes the distance of the track to 
the reference mark, and adds it to the stage co
ordinates b e fore punching. 8 Modest progress has 
been made in the automation of film transport for 
unperforated film . 9 

Most users have reported an appreciable gain in 
spee d, accuracy, and reliability of measurement 
over previous methods (templates, human reading 
of verniers) , in spite of occasional instrumental 
failures. The few places operating more than one 
digitized projector (CERN has four), are establish 
ing regular maintenance routines to improve the 
reliability of their instruments. 

There are two current European industrial sup
plies of digitized projectors: 

· SOM (Paris), which makes a Franckenstein-type 
instrument, hav ing closely followed the specifications 

Fig. l. ExampL of a digitized proje ctor: 
the instrume nt at the Universit y of 
Liv erpool. (P. Mason, private com
munication. ) 

Fig . 2. Example of a rotating -prism 
(sambatron) track detector (University 
of Birmingham). An optical signal 
deriv ed from the small lamp visible on 
the right generates a referenc e signal. 
(B. B. Culwick, S. J. Goldsack, and 
B. Tallini, private communication. ) 
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established by a European group along the lines laid 
down in Brookhaven; 

· A group of British firms (including Ferranti and 
Sogenique), working along the specifications of a 
British collaboration led by Imperial College. This 
measuring engine will handle a much larger film 
(70 X 240 mm) and, like the Berkeley 72 - inch meas 
uring machine, will project a full-size image of the 
whole chamber, as well as an enlarged portion of 
the section currently measured (Fig. 6 ). The stage 
is operated by high-accuracy hydraulic rams. 

Computation 

The use of electronic digital computation is now 
widespread for the geometric reconstruction of the 
events in space, and for the kinematic analysis. 

New geometry programs have been written to fit 
particular measuring instruments or computers, but 
no new method has been reported. The helix-fitting 
program dev eloped in CERN, which uses simultane
ously a ll data on all stereoscopic views of each e
vent, has been extensively tested, and completed to 
cover some singular cases. 10 

The kinematic programs also tend to follow clas
sical lines. Recently, a few laboratories have 
written, for their particular computers, versions of 
the least-squares f itting with constraints originally 
developed in Berkeley. 6, ll 

Very few laboratories (Bologna, CERN) are now 
faced with the problem of dealing with a really large 
number of measured and analyze d events; many will 
reach this situation in the near future. Programs 
able to read the accumulated kinematic data and to 
search, test, and di~play the required statistical 

Fig. 3. Images of tracks, and reference 
signal, produced by the detector shown 
on Fig. 2: (a) two tracks I 00 f! apart; 
(b) one centered track; (c) one trac k 
off center by 10 1.!; (d) t wo tr ac ks off 
c e nter. 
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quantities have been used in a modest way for 
specific experiments. 

But, to deal with really large numbers of events, 
a complete re-casting of the present data-reduction 
chains is necessary. Successful efforts have been 
made in a few places to secure the use of computers 
equipped with magnetic - tape input-output, to remove 
the difficulties encountered in this fie l d with punched 
tape. The processing of large numbers of events 
precludes the still large amount of human inter
vention used today in event labeling, mass assign 
ments, selection of interpretations, etc. A sys 
tematic study of radically more automatic methods 
has started recently in CERN. It is hoped to make 
the data-reduction chain completely automatic, while 
keeping enough flexibility to include possible future 
developments towards more automatic scanning and 
measurements. A first question is that of estab
lishing automatic links between the event topology 
and its possible interpretations (mostly by the use 
of the quantum-number conservation laws). A 
correct and systematic way to take into account the 
mass dependence of multiple scattering, while keep
ing small the number of attempted interpretations, 
has yet to be devised, although weighting functions 
to minimize the errors introduced by this phenomenon 
in the measurement of angles and curvatures have 
been computed. 12 Another problem to be faced is a 
search for the sources of systematic errors. As the 
number of measured events increases, and the sta
tistical errors are thus reduced, the biases intro 
duced by inefficiencies in scanning, angular depend 
ence of kinematic criteria, evaluation of measure
ment errors, etc., must be kept under a corre
spondingly precise check. 

The exchange of fully developed programs between 
laboratories having access to the same computers 
has started empirically for the Mercury, but it is 
hoped to encourage and further organize this tend 
ency for the IBM 709 and 7090 in the near future. 
The extent of the programming problems has not yet 
been understood by many laboratories, so that the 
progress of such collaboration is slowed down. 

Experiments 

There is, of course , a continuous interaction be 
tween the development of instruments and programs, 
and the experiments upon which they are brought to 
bear. Many of the developments already mentioned 
stem from actual use. Some additional comments 

Fig. 4. A track detector using a vibrating 
slit (University of Geneva). (R. Sanna, 
private communication. ) 
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may be made about two types of experiments chosen 
as examples. 

· Elastic pion- proton scattering. These experiments 
were performed in several laboratories, using quite 
different methods of measurement and computation, 
and involving numbers of events running well into the 
thousands. The fundamental problem is that of elim 
inating systematic errors. Biases arise in the scan
ning, and also from the criteria used to distinguish 
the elastic events from the inelastic. All criteria 
developed so far are sensitive, to some extent, to 
the orientation of the event in the chamber. In 
particular the methods based on a least-squares fit 
with constraints require a precise and difficult eval
uation of the measurement errors. Our experience 
indicates that the systematic errors and biases are 
known well enough at present (along lines roughly 
similar to those described by A. Thorndike in the 
preceding paper) to match the statistical errors for 
experiments involving up to roughly 10, 000 events. 
If experiments are made in the future with more 
numerous events, a more detailed investigation of 
the sources of errors and biases will be necessary. 

Run with 16 - Gev 1T-. This experiment was done as 

Fig . 5. IEP-III, a type-C digitizing projec
tor in use at CERN. 

Fig . 6: A model of the British measuring 
eng1ne. (C. C . Butler, private com
munication. ) 
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a collaboration between CERN, British groups, and 
Italian groups, some using digitized projectors, 
others manual measurements followed by digital 
computations. The identification of the decaying 
unstable particles, in particular the neutral ones, 
proved easier than expected, as they appear to be 
produced at relative ly low energy. The main diffi
culty encountered so far for their analysis is due to 
the lack of a suitable event -library program, in turn 
due in part to the inadequacy of the punched-paper 
input-output computers now available. Two to four 
scanning tables and one or two digitized projectors 
make a matched data - processing system, but manual 
bookkeeping is too slow. 

For the high-ene rgy interactions (jets) the me as
urement is a bottleneck. As the "length" (many 
tracks) of information collected on a given event 
increases , the probabilities of mechanical or elec
tronic failures increase correspondingly, and a still 
closer check of the instrument reliability is required. 
The observer loses much time in identification of the 
closely packed, almost straight tracks. Stereoscopic 
inversions are frequent and difficult to identify. An 
increase in measurement speed is expected from 
programs now under study to leave the identification 
of the corresponding tracks on the stereoscopic views 
to the computer, no longer requiring their individual 
labeling by the observer. 

New Devices 

Premeasurements 

In order to use efficiently the still rather slow 
digitized projectors, it is suggested that the event 
selection made at the scanning table be improved by 
using some initial low-accuracy but rapid d i gitized 
measurements, to be evaluated by a simplified com
puter program. A measuring instrument for this 
purpose should be handy to use, easy to adapt on any 
scanning table, and--if possible--cheap. 

The Ecole Polytechnique, Paris, is building such 
a device using two rotary digitizers placed at two 
corners of the scanning table. 13 The rotation of the 
digitizers is produced b y two wires, wound around 
the digitizer axis and spring - loaded, and attached to 
a common marker moved to the successive points to 
be recorded. The wires and digitizers define a bi
polar coordinate system. 

Thes e suggestions are attractive, but they must be 
judge d with respect to the additional bookkeeping re
quired and the biases that may be introduced in some 

Fig. 7. Baby IEP - 3: a self-adjusting en
larger to match bubble chamber tracks 
with a circular arc of adjustable radius. 16 

experiments by r ejection criteria based on low
accuracy measurements. 
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Fig. 8. Chrysantheme : Block diagram of 

the circuit generating a pattern of 
straight lines on a cathode-ray tube. 

Digitized Stereoscopic Projector 

A n ew digitized projector, using the observer's 
stereoscopic feeling of depth, is under construction 
at the Max Planck Institute in Munich. 14 It differs 
somewhat from the Dubna machine d escr ibed pre
viously, 15 in that polarized light is used on a me
tallic scre en. The three spatial coordinates of bub
bles are recorded together. Although the visual cen-' 
tering of the bubbles may involve more strain, an 
increase of over - all speed is expected from the si
multaneity of measurements. 

Baby IEP' s 

The successful us e of digitized protractors 16 for 
the measurement of straight tracks (no magnetic 
field) has encouraged further attempts at this semi
analog method. The problem is to find a suitable way 
to generat e an artificial track, of adjustable orien
tation and curvature , to be fitted visually to an image 
of the b u bble chamber track. Some initial tests were 
rr a de in CERN with a self-focusing enlarger (Fig. 7) 
projecting a circular a rc at variable magnification 
on a scanning table. They indicate that the eye is 
able to ascertain the angular adjustment to better 
than 0. l deg, and the curvature to a few per cent . 
The digital readouts of the angular and curvature ad
justments are under preparation. 

A novel method of generating a circular arc by 
use of a modified vers ion of the Blackett prism com -
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Fig. 10. Chrysantheme: expected display 
of the matching between the straight
line pat te rn a nd a stra ight tr ack on a 
monitoring oscilloscope . A: the track 
is well centered. B, C: the track i s 
p rogressively off center . 

pensator 17 h a s been studied in London and Birming 
ham. 18 It uses an ingenious combina tion of a prism 
and mirror, with lever linkages, t o introduce an 
adjustabl e curvature in the pro j ect e d image of a 
straight line. Conve rs e! y, the same optical device 
can b e inserted in the optica l path of the projector 
and a djusted by the o bs erver to compensate t h e track 
curvatur e until it appears to b e straight. The rela 
tive me rits of the two uses h ave still to be investi
gated. 

Chrysantheme 

An attempt is also in progress in CERN to gener 
a te a circular arc , to be matched to the trac ks, by 
electronic m eans, such a s a high-resolution cathode 
tube. 19 The electroni c spot scans suc cessive radial 
lines (10 24 per turn, 30 turns per second), which can 
b e given an adjustable cur vature in a flowe rlike pat 
t e rn (Figs . 8 and 9). The matching between the 
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scanni ng a r c and the track can b e detected by a pho
tomultiplie r and displayed on a monitoring oscillo 
scope (Fig . 10). It is h oped that the phototube sig 
nal can eventually be u s ed in a feedback loop for 
automatic adjustment . 

At p r esent, the st r a i ght-line - gene r ating c ircuits 
are working, but could b e t ested only on a sta ndard 
low -resolution cathode -ray tube (Fig. 11) . A better 
tube , the F erranti t ype 5/7 1, for whi ch the manu
facturer's specifications indicate a resolution of 
5000 lines, will be t es t ed shortly, and first att empts 
a t tr ack matching will then b e possibl e for straight 
line s. 

The p r oject is still far from a working system, 
l acking some fundamental feature s such as the abil
ity to r ecord coordinat es of points (apices, fiducials~ 
It is thought useful, however , to explore somewhat 
further the potentialities of an analo g approach . 

A l phabet ical IEP' s 

A r eview of the work in progress in Europe is not 
complete without mention of a promising develop 
ment in IEP-X and IEP- Y. 20 They represent the 
onl y a tt empt there a t tackling the fundamental prob 
l em of matching the d ata proces sing to the truly 
l a rge number of photog r a phs accumulated during the 
bubble chamber runs, by rnaking use of r adi call y new 
methods. The human inte rve ntion is r educed, the 
measur ements are made a t much higher speed, and 
much more r e l evant information is extracted from 
the photographs . A t the same time , the method p r o
vides a progressive evolution towards automatic 
pattern recognition. A separate report on the sub
ject is being presented (Pa p e r V I a. 5) . 

Acknowle dgments 

It is difficult t o give proper credit to·the original 
a utho r s, as information is transmitte d informa lly 
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Fig. 11. Chrysantheme: preliminary 
pattern photographed on a low -re solution 
oscilloscope. 
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VIa. 4. AUTOMATIC MEASURING DEVICE FOR BUBBLE CHAMBER PHOTOGRAPHS 

G. K. Bysheva , V. S. Kaftanov, L. L. Lichtenbaum, V. A. Milekhin, 
B . A. Moiseev , S. Ya. Nikitin, and 0. P. Fedotov 

Institute for Theoretical and Experimenta l Physics 
USSR Academy of Science, Moscow USSR 

Presented by S. Ya. Nikitin 

In the Institute for Theoretical and Experimental 
Physics of the USSR Academy of Science an automatic 
device for measuring of large series of bubble cham
b e r photographs has been designed. The general lay
out of the apparatus is sh<" n in Fig. l. 

Fig. 1. Automatic measuring device at In
stitute for Theoretical and Experimental 
Physics. 

It employs the method of approximate spectroscopy.
1 

The measurements of the coordinates of a number of 
points a long the tracks and of the fiducial marks are 
performed in an orthogonal coordinate system on at 
least two out of four stereoscopic views. The infor 
mation obtained is punched in digitized form on stand 
ard perforated cards or recorded on paper tape, de
pending on the computer used for further da ta reduc
tion. 

The principal optical scheme of the instrument is 
given in Figs. 2 and 3. The image on the film (a ) is 
projected by the lens (b) and the mirror (c) to the trans
lucent screen (d). A small part of the image (corre
sponding to a circle of about 0 .1 em on the film) is pro -

Fig. 2. Optical scheme of the measurin-g in
strument. 

j e cted by the semitransparent mirror (e) and the prisms 
(f) to the photocathode of an orthicon transmitting tube 
(g) which serves as a part of the automatic centering 
system. The same mirror (e) is used to project on 
the screen (d) the image of the cross hair. The mag
nification of the projector is about 20.5. The dimen
sions of the translucent screen are 100 x 20 em . 

Fig. 3. Interior of measuring instrument as 
represented in Fig. 2. 

The upper c a rriage of the film stage bears two rolls 
of film (Fig. 4). The film is fixed to the supporting 
glass of the frame by means of a vacuum holder. The 
film stage is moved in two perpendicular directions by 
means of two servomotors. The position of the film 
stage is measured by using Ferranti-type gratings with 
an error equal to 2.5 fi· 

The centering system was described earlier; the 
principle is as follows. Part of the track image is sent 
to the face of an orthican transmission tube, the beam 
of which is radially displ:- c~ :; t > cut out of the cathode 

Fig. 4. Film transport and stage mechanism. 
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of the tube an annular sensitive zone with an inner di
ameter about 1 em and about 0 . 5 em wide. The beam 
display is achieved by applying to the deflecting coils 
of the orthicon tube 400-cps sine waves , superimposed 
by a high-frequency modulation voltage . 

The track image generates two video signals, which 
appear in general at different phase angles lji 1 a nd ljl2 , 
the difference between them being zero when the tr aCk 
is proper ly centered. (Se e Fig. 5~ By measuring the 
phase .p

3
, it is possible to obtain the angle between 

the tange nt to the track and the x (or y) axis. The val
ue of the phase ljl

3 
makes it possibl e to generate the 

angular e rror signal, which changes the phases of both 
the sine - wave voltages applied to the deflecting coils 
of the orthicon tube, and to rotate the rotor of a sine
cosine transformer which controls the speeds of the 
film-stage motors. 

lj!l 

Track 

Fig. 5. Illustr a tion of method for finding 
track center. 

Actually a t wo - way demodulator is used which mem
orizes the reference voltage level at the moment of 
arrival of the video s i gnal from the orthicon tube. 

The reference voltage level is not changed until the 
next video signal arrives, i. e ., it does n o t change dur
ing half of the period of the reference voltage . Thus 
at the output of the demodulator we have in the general 
case a signal of which the mean value is proportional 
to the linear centering error a nd the amplitude to the 
angular error . If the track is properly centered and 
there is no angular error, both the mean value of the 
output signal and its am-plitude equal zero. The last 
fact is quite important as that makes th e system a
static, which gives it a considerable advantage . This 
advantag~ is that the system does not necessarily need 
a stable video signal, which may be difficult to get in 
measuring relativistic tr-acks with large gap l ength . 

The driving system of the instrument contains three 
amplifiers with a gain of &eOO, which control three 
servomotors . Two of them realize the motion of the 
film stage and the third is used to correct for the an
gular error. The time constant of the angular correc
tion circuit i s about 50 msec. The time constant of the 
servosys tem of the film stage is about 30 msec. The 
time constants of the servoloops a llow one to drive 
along. the track with a speed up to 2 mm/ sec on the 
film with a centering error les s than ± 2.5f1. The max
imum speed in manual operation is about 10 mm/sec 
on the film. 

The coordinate -re ading system consists of the Fer
ranti gra tings and the reversible trigger counters. 
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The information obtained from the reversible trigger 
counters is fed further to the input of the punched
card or punched-tape recorder. 

Each of the perforated cards contains the following 
information: film number, frame number, number of 
the event, number of the projection , track number, 
and number of the experiment. This information is re
corded by the operator in a Jecimal code on the key
board of the operator's desk (Figs . 6, 7). The number 
of the projection is recorded automatically by the posi
tion of the measuring stage over the projection lens. 
The operator's desk contain a device which makes it 
possible to find the right number of the frame auto
matically from a given catalogue number. An auto
matic measurement of the coordinates of the fiducial 
marks is provided; i.e., after manual centering at 
one of the fiducial marks the automatic following sys 
tern leads the film stage over a ll the fiducial marks 
automatica lly . 

The time needed for collecting the data for a five 
prong event is about 7 to 8 min. 
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Di scus sion (for VIa. 3 and VIa . 4) 

Bradner: How long, on the average , does it take to 
set up the fi lm on the ste-reographic projector? 

Fig . 6 . Operator's desk: viewing screen and 
keyboard panel. 
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Fig. 7 . Operator's panel. 
a. Track number. 
b. Projection number (view number) . 
c. Numerical sequence (picture number). 
d. Forward wind. 
e . Search se quence. 
f. Backward wind. 
g . E vent number 
h. Series number. 

Gottstein: Th e setting-up time is not much different 
from that on the Franckenstein. The time you save 
comes fr om measuring a long the tr ack only once rath
er than twice. 
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Brenner: I would like to ask Nikitin how he does his 
automatic fiducia l measuring. 

Nikitin: The region where the fiducial marks are is 
roughly known . After the first fiducial has been meas
ured the stage is a utoma tically moved to the second 
fiducial b y counting the required number on the revers
ible counter. Since the cross hair will automatically 
center on the fiducial if it i s within 0.5 mm on the film, 
accura t e a lignment is not neces sary. 

Rau (to Nikitin): How much time is aved by automatic 
frame fmd1ng and fiducial measuring? 

Nikitin: With automatic frame finding and fiducial 
measuring, a five -prong event requires 7 to 8 minutes, 
whereas without these fea t ures it takes 10 to 11 min
utes. 

Rau (to Golds chmidt-Clermont ): How much faster can 
you measure n-p scatterings with your Baby IEP's 
than with your l arger machine? 

Goldschmidt-Clermont: We have measured n-p scat
termg w1th thre e types of machines, with the Baby 
IEP's, with a manually driven hand-centering machine 
making only a few point s per track, and with the ma
chine that automatically centers and drives a long the 
track, namely, a Type C machine . 

The hand-centering machine takes 15 to 20o/o more 
time tha n the Baby IEP . The Type C machine requires 
twice as long as with the Baby IEP. But these meas 
urements were on tracks with magnetic field, so that 
one must make more accurate measurements. 
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Abstract 

A flying-spot digitizer has been developed capable 
of measuring the coordinates of individual bubble im
ages on bubble chamber photographs with an accuracy 
of about± 2 microns. A 30 X 30 mm image of l5-f1 
r eso lution may be measured in about 5 seconds . In 
the selection of coordinates corresponding to a de
sired event, the computer analyzing the event can be 
guided by rough digitizing done at the scanning table. 
Over-all systems using the new methods a r e described. 

Introduction 

Over the past year at CERN there have been three 
interconnected developments which, when coupled with 
a fourth which has resulted from interaction with 
American groups, give a possibility of apprec i abl e 
improvement in methods of analysis of bubble cham
ber pictures . 

The Flying-Spot Digitizer 

The first and most important of these develop
ments is a piece of hardware, a measuring machine 
which examines a bubble chamber negative with a 
fine spot of light. The spot cove r s the negative in a 
series of several thousand close-spaced parallel 
lines and digitizes the centers of individual bubble 
i mages with an accuracy of about ± 2 microns, or 
about the accuracy of a good measuring projector. 
All the bubble cent ers on a 30-mm-diameter bubble 
chamber image can be digitized this way in about 
5 seconds, and those on the long narrow image from 
the 72 - inch chamber in about 10 seconds . In the 
CERN inst rument the flying - spot scan lines are per
pendicular to the beam tracks. A second scan at 
right angles to the main scan can be generated with 
some additiona l trouble and called for when re quired. 
I will return to the flying-spot digitizer to describe 
its construction and operation at the end of the paper. 

Parallel Human Guidance 

The second de v elopment, also essential to the 
over -all method, is the idea of "parallel human guid
ance . " This means simply that in the selection of 
desired coordinates of tracks making up an event, 
out of the great mass of coordinates provided by the 
flying-spot digitizer, it is not necessary to insert 
human judgment serially between each measurement. 
Instead the judgment may be applied in parallel on 
the whole lot. 

The most useful means for parallel human guid 
ance appears now to be the following: as sum!" that a 
scanning table is equipped with a rough digitizer in 
the form of a physical cross hair which, when 
pushed to a point on the projected image, punches 

coordinates of that point, accurate, to say, ± l mm, 
onto an IBM card. Let the human scanner punch co
ordinates for the ends and an intermediate point of 
each track making up an event. If the IBM card is 
now taken to a computer , the computer can calculate 
parabolic curves for each track. Call these curves 
"roads. ""' If now the flying-spot digitizer reads in
to the computer all the coordinates from the picture, 
the compute r may, by making rough numerical com
parisons, select only those precision coordinates 
which "lie on a road," and in fact may group these 
coordinates road by road . 

The great advantage of rough digitizing for spec
ification of roads is flexibility. In initial use of the 
system sufficient rough coordinates can be provided 
for tight guidance of t he computer. Later, as good 
programs become avail abl e and are tested in prac
tice, the guidance may be relaxed, perhaps to the 
point of providing oHly c ne rough digitizing on the 
beam track responsible for an interaction plus one 
digitizing for track patterns related to the interacti on 
by a n eutral link. Goldschmidt - C l ermont has in 
fact suggested that the search for and measurement 
of many types of interaction initia t ed by beam tracks 
can be handled with no scanning-table guidance. 
This case is especiaTiy simple because i nitial tan 
gent information is available for the beam tracks. 

Information Content of a Bubble Chamber Picture 

The third development at CERN consisted in the 
discovery that the numbe r of bits r equired to speci
fy a typical bubble chamber picture is not l o8 to 
109, as often stated, but only a few t imes 106 This 
deve lopment is not vital for the guided -measurement 
phase of system development, but may be useful for 
the later pattern -recognition phases. 

The usual argument l eading t o a high bit count 
assumes that a bubble chamber picture is described 
by "Yes" or "No" in 2 X 2 - f1 cell s covering the pic 
tur e . However, if a bubble chamber pattern gives 
most l y Noes, the information is more economically 
stored as coordinates of the Yeses , and, more econ
omically still, as coordinates of bubble image cen 
t ers. If N is the average number of digitizings per 
scan line of a raster which exhausts the resolution 
of the chamber, the CERN 30 - cm hydrogen chamber 
requires storage for about 7 00 N 36 - bit words per 
picture and the 7 2-inch c h ambe r about 2000 N wg rds 
per p~cture. The assumption of N = 50 gives 10 and 
3 X l 0 bits in the two cases . 

Direct Data Connection 
to the I BM 7 09 and 7090 Compute rs 

The fourth and last development a ros e from d is 
cussions with Thorndike and Goldschmidt - Clermont 
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and consists of the possibility of really convenient 
transfer of coordinates from the flying-spot digitizer 
to the core store of either a 709 or 7090 IBM com 
puter. 

As most of you know, the 7090 h a s a 2-f.J.sec 
cycle time, a 32,000-word core store, and flexible 
i nput -output facilities. The 7 09 is similar but with 
a 12-f.J.S ec cycle time, and most operations proceed 
identically for the t wo machines except for the fac
tor of 6 in speed. 

At CERN the coordinate transfer was under de
velopment for the IBM 704, although the machine 
there will now be a 709 . With the 704 it seemed 
necessary to store coordinates from the digitizer on 
magnetic tape a s intermediate storage, so as to a
void tying up the computer during development work. 
A considerable electronic effort is required. 

So it is of considerable practica l importance that 
a standard accessory exists for the 709 and 7090, 
called the Direct Data Connection, which permits 
parallel input of the 36 bits making up one IBM word 
on each three machine cycles. For the 7090 in 
particular this input time is 6 f.J.Sec . Sinc e the fly 
ing-spot digitizer can digitize not more often than 
once each 3 f.J.S ec, and since each digitizing requires 
less than half an IBM word, the 7090 can accept data 
from the digitizer with no buffer store at all, and 
the electronics requireaoecomes ve ry small indeed. 

Data-Processing Systems 

Let me now summarize the discussion up to this 
point by showing a proposed system for processing 
bubble chamber pictures which makes use of these 
new developments . The system block diagram is 
shown in Fig. l. At the left of the diagram are 
shown a number of scanning table s operating in 
parallel, each to be equipped with a rough digitizer. 
The output of a scanning table is to be a punched 
IBM card which we call "identity card. " On the i
dentity card are to be the picture number, fixed in
formation such as the date and scanner number, and 
the rough coordinates giving a road m ap of whatever 
degree of explicitness is needed. 

The identity card is taken to the computer, and 
the bubble chamber film to the flying-spot digitizer, 
which is connected to the computer via the Direct 
Data Connection. The computer calculates the Fa r 
abolic roads. It also calls for the proper picture. 
The roads are used to select the significant data 
from the unwanted signals that come in from the 
flying-spot digitizer and to group the selected co 
ordinates road by road. The data are smoothed to 
r eject bad digitizings caused, e. g., by 6 r ays and 
crossing tracks . A subset of the large number of 
points available per track is selected for input to 
geometrical and kinematic programs such as PANG 
and KICK. 

Fig. l. Block diagram of proposed system 
for processing bubble chamber pictures. 
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The time for road selection has been estimated 
from a small trial program run on the Paris 704 by 
P. A. Bobillier. Assuming now a 7090, this time 
amounts to about half the read-in time of 10 seconds 
per stereo view appropriate for the 72-inch chamber 
film. It is proposed to use the residual time of 15 
seconds per stereo triple for PANG-KICK on the 
previous event, and this amount of 7 090 time is 
about right. 

The interleaving of PANG - KICK on the preceding 
event with road selection of input coordinates on the 
current event means that the computer is used at 
full efficiency. This observation has led Dr. 
Rosenfeld to suggest that there is no objection to 
slowing down the whole system by a factor of 6 to 
match the 709 . Such a system would measure and 
compute 7 2 - inch chamber events each 3 minutesand 
thus handle 150,000 events per year if the computer 
were used around the clock. 

For a scanning time of 20 minutes/ event, seven 
scanning tables manned around the clock could keep 
this pipeline full, or 20 scanning table s manned 8 
hr/day. For some events scanning time can be much 
l ess than 20 minutes per event , and it b ecomes cor
respondingly easier to saturate the 709 . 

With a 7090 computer the system can measure 
and compute a million events per year, but becomes 
entire ly scanning-table -limited, so that it is worth 
while then to work seriously on pattern recognition. 

To make some progress on the r erun problem 
Dr. Thorndike has suggested that the film, after 
running through the flying - spot digitizer, might pass 
to an adjacent scanning projector . If a reject is en
c ounter e d, the computer can display its idea of the 
event on a television screen for comparison with a 
physicist's idea of the event as he studies the pro 
jecte d image. In the 709 system, if rejects are 20% 
or less, the physicist will have, on the average, 15 
minutes per reject to de c ide what to do without be
coming a bottleneck in the system. 

Flying-Spot Digitize r Construction and Operation 

I would like to conclud e now by describing the 
construction of the CERN flying-spot digitizer and 
showing some experimental results . A few more 
details are contained in a paper by these same au
thors to appear in Nuovo cimento. This paper a l so 
contains some alternat ive system ideas. 

Figure 2 shows schematica lly the optical system 
of the digitizer . A mercury arc illuminates a me 
chanical flying-spot ge)lerator at an intermediate 
point in the systems . As appears more clearly in 

scheme to derive flying spot 

Fig. 2. Optical layout proposed for IEP - X. 
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the insert, the flying s pot is generated b y the inter 
section of a radial slit on a rotating disk with a s lit 
fixed in space, the fixed and moving slits separated 
by about 1/3 mm. The fixed slit is imaged by the 
objective l ens and a half-silvered mirror onto the 
film and also onto a precision grating very kindly 
supplied by the National Physical Laboratory of 
London. The scan is thus carried out along a line 
fixed in space, and to extend the scan over the entire 
image the film is displaced perpendicular to the scan 
line by a precision stage, to be digitized with the 
Ferranti moir~ fringe system. 

Figure 3 is a photograph of the rotating disk and 
fixed slit taken apart. A second fixed slit, visibl e 
in the photog r aph, is not used. 

Figure 4 is an over - all view of the room, to 
suggest the quantity of equipment involved. The in 
formation-handling electronics is contained in the 
small units to the right of the oscilloscope . For use 
of the Direct Data Connection to a computer, the tape 
unit is to be subtracted from the assembly and an 
amount of transistor circuitry about equal to that 
now existing must be a dded . 

Figure 5 shows the light-intensity modulation 
occurring as the spot image traverses a 22 -mm 
length of the grating, a length appropriate for the 
CERN 30-cm chamber image. The black level is 
indicated by the horizontal trace at the right of the 
picture, bright is downward, and the limits of the 
modulation correspond to the c l ear and opaque lines 
on the grating. 

Figure 6 is an expansion in time of the grating 
signal. Each period of the oscillation corresponds 
to 25.4 f.L and is traced in about 2.5 f.LSec. A fiducial 
pulse is generated on each period, and fixed-time 
delays are used to interpolate to a 5 - f.L least count. 
For future work the least count will be reducec to 
2 f.L• 

Figure 7 shows the response of a photomultiplier 
which looks at the spot intensity transmitted through 
the film channel without the film in place. Again the 
scan length is 22 mm. Most of the incidental modu
lation shown here is slow and is removed by a short 
time constant . 

The signal with the film in place is shown i n Fig. 8. 
The spikes of intermediate height correspond to rea
sonably direct hits on single bubbles and the large 
spike is caused by a fiducial mark . 

Again expanding the time scale, we see individual 
track passage signals in Fig. 9. Each horizontal main 
division on these oscillograms represents 1 f.LSec, and 
10 f.L on film. There are 72 passes across a minimum 
lT- track oriented roughly normal to the scan line. For 
successive oscillograms the scan line is displaced 15 
f.L perpendicular to itself. There are signals for good 
hits, gaps, and intermediate cases . The center of a 
bubble is defined instrumentally as the center -of - area 
point of the track passage signal, and the step rise 
visible on these photographs is generated a fixed time 
after the center -of - area point. The digitizing of a 
bubble image center is done by running the fiduCial 
and interpolation pulses from the gra ting through a 
gate to a fast counter . The gate is closed by the step 
rise of these photographs. 

The precision of the system as a digitizer is 
judged in two ways. T he first way is to displace the 
film parallel to the scan line while displaying the 
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F ig. 3. Rotating disk and fixed slit. 

Fig . 4. G e n e ral v iew of system equipment. 

Fig. 5. Light -intensity modulation during 
scanning sweep. 

Fig. 6 . Grating signal, expanded in time . 
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Fig. 10 . Digitization of a minimum track . 
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grating count for a given bubble continuous l y on the 
counter . The displacement over w hich the count 
changes from N to N + 1 (X 5f!) indi cates the "setting 
error" of the instrument , so to speak. 

A more stringent test is the digitizing of minimum 
tracks. The result of one of nine measurements of 
a partie ular minimum track is shown in Fig. 1 0. 
The limitation of 5 - fJ. l east count wa s partially re
moved by allowing the counter to measur e a 10 -peri od 

A more stringent test is the digitizing of minimum 
tracks. The r esult of one of nine measurement of a 
particular minimum track is shown in Fig . 10. The 
limitation of 5 -fJ. l eas t count was partially removed by 
a llowing the count er to measure a 10-peri od ave rage 
of the grating count . Near one extreme of a 5 -f! inter
val the count is sometimes larger by one count and 
near the other extreme it i s sometimes smaller by 
)ne count, so the 10-period ave rage interpolates crude
!.y between the 5 -fJ. in t ervals . The measur eme nts with 

genuine 2- fJ. leas t count shoul d not b e worse than 
ilese, but probably a l so will not be much better . 

The set of points in the fi gure represents the tra 
jectory of the minimum track . A linear term has been 
subtracted from th e data and the resulting curve plotted 
on a greatly expanded scale transverse to the track t o 
show t he scatter of points . Excluding the 6 r ay, the 
unsig ned deviation s fr om a smooth curve show an av 
erage of a bout 2 fJ. for each of the nine measurements. 

T o end on a cautionary note, it should be em 
phasized that the operation of the system depends 
on having adequate atten\lation as the flying spot 
crosses a bubble image. We will, in the near future, 
attempt to judge the more gene r a l applicability of 
these methods by working with film from several 
other chambers. 
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Footnot e 

* R oads were first v isua lized a s colored bands drawn 
directly on the bubble chamber n egative to instruct 
the flying s pot to digitize bubble image s occurring 
within the bands. Early in this game, L. Kowarski 
urged a more abst ract r e pres ent a tion of the roads , 
p roposin g a separate road carrie r prepared at the 
scanning table. In a slightly diffe rent connection, 
R. M c L eod had suggest e d rough c oordina t es as a 
method for instructing a measuring machine . The 
evol ution of these ideas in interaction with the flying
spot development led to the present proposed road 
s ystem. 
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A. Introdu c tion 

The Spiral Reader is a high-speed photographic 
film measuring projector fo r making precision meas
urements of bubble chamber nudear eve nts. The pro
jector equipment is in thr ee sections (see Fig. 1): 

(a) A digitized projection microscope used to pro
ject the desired nuclear interaction vertex imag e on a 
rotating scanning disk, 

(b) A rotati ng scanning assembly that digitally en
codes azimuths and radii of points along the track 
images, and 

(c) A buffer storage system for tr a nsferr i ng t h ese 
measurements to an output m agne tic tape suitabl e for 
subsequent processing by a general-purpose digita l 
computer. 

Fig . l. Spiral Reader --Phase II. 

The system was designed specifi cally for measuring 
numerous single- ve rtex multiprong star - type events . 
The large statistics analysis programs requi re a meas
urement accuracy of two to three microns on th e film 
as achieved by the conventional Franckenstein meas 
urin g projectors. 

B . Image Filter ing 

In the conventional measurement of a bubble cham
ber stereo - triad, an automatic track - centering pro
jection microscope such as the Francke nstein must dig
itize nearly 150 rectangular coordinate points, the op
erator selecting the trac ks to b e measured and the mi
croscope d i scriminating against nonr e levant features. 
Much of the time spent in th e measuring c an be avoided 
by a technique that minimizes the amount of presele c 
tion performed by the human operator. 

The Spiral Reader places much of the track event
discrimination burden upon a high- speed computer fil
tering program rather than on the operator of the meas
uring projector. in the present Spiral Reader, a ro
tating scanning device examines a circular fi eld of th e 
projected 72 -inch chamber image. The field includes 

16 in . in the chamber-- slightly l es s than the chamber 
w idth . 

The c oncept of the Spiral R eader demands filtering. 
We require a pattern signature that uniquely separates 
tracks emanating from an inte raction vertex from 
cros sing tracks, neighboring e l ec tron sp i rals, s cratch 
es on the film, and othe r noninteres t ing features . A 
projection of a trac k emanating from an i nteraction 
ver t ex is approximately a circular arc. Also, the ra
dius of curvature of this arc is , for high - energy nuclear 
particles, large compared with th e bubble chamber di
mensions. T he traj ec tory of a typ i cal track i s p l otted 
in Fig . 2. An analytical expression of this circular arc 
is 

R = 2p sine, 

therefore 8 =arc sin (R/2p). 

---Circular track 
trajectory 

Fig . 2 . Typical track trajectory. 

Our detection technique rests upon the observati on that 
for th e most interes ting pion inte ractions R is much 
greater than p. The refor e we c a n use a small angle 
of a pproximation for arc sin and write 

e "'R/2p or e "'CR. 

This approximately linear r e lationship between R and 
e for a typical high-mom entum trajectory prov ides the 
requisite signatur e d escr ibed above. The microscope 
uses a scanning disk that is opaque except for a set of 
identical radial slits, each of wh i ch is 12 bubbles long 
and a third of a bubble w id e , ins cr ibed at equal radial 
increments from th e center of th e disk along one radius. 
This disk, when rotated with its cen t er superimposed 
on the interaction vertex of a nuclear star, generates a 
sequence of pulses occurring at approximately equal 
inc rements of azimuthal angle. For a un i fo r mly rotat
ing disk, th e pulses are separated by almost equal in
crements of time. This pulse train can be digitally en
coded, the azimuthal measurements being transferr ed 
to the internal memory of a digital computer, where 
the computer c an be directed to filter th e star - pattern 
pulses from background pulses. The polar coordinate 
track measurements are not altered, but only selected 
from unwanted measurements. 

Figure 3 is of a typical interaction star; F ig. 4 shows 
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Fig. 3. Image as projected onto spir al scan 
ning plate. 
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Fig. 4. Spiral scan of bubble chambe r photo
graph -area of neg ative examined by scanning 
disc. 

the portion of the original negative examined by th e ro
tating assembly of slits on th e present reader. Figur e 
5 shows the analog pulse train gene rated by slits No. 1 
through No. 15 as the slits scan the projected image. 
(Slit l is the innermost slit, 15 the outermost.) Figur e 
6 is an enlargement of Fig. 5, emphasizing that portion 
of the pulse train generat e d by the two neighboring high
momentum prongs A and B. In the present scanning 
disk, slits No. 3 through No. 15 are radially equidis
tant; the linear dependence of the azimuthal angle ( or 
time) can be c learly seen for these two tracks. Note in 
particular how the angular increment depends on the 
curvature of the track . Further, we notice that a dust 
speck seen on Slit 9 generates noise puls e; a human ob
server normally suppresses much of this interfering 
noise. 

247 

We are now using only ve ry limited pulse-shape in
formation in the track- selection system. The azimuths 
of the leading and trailing edges of a track pulse are 
measured by storing the angles at which the pulse ex
c eeds a pr e s e t amplitude threshold. A digitized :eeak 
amplitude measurement of the pulse is re c orded to 1 
part in 16. The information from each pulse i s trans
£erred as two computer words to the IBM 704 . Th e 
format of these words includes loc ations for the slit 
(radius) number, a fifteen-bit azimuthal angl e, and th e 
lour-bit pulse amplitude. 

The FILTER program enters the digitized pulse 
measurements into memory banks in slit-number 
gr oups. Th e slit banks are systematically searched 
for sequences of pulses that satisfy a linear spiral 
relationship. Many pulse groups may not represent 
actual tracks. The program ultimately verifies o r re
j ects t rack candidates formed by background pulses. 
This testing is a comparison of track candidate s to a 
standard of geometric fit, uniformity of width , and 
pulse amplitude. A detailed discussion of thes e filter -

Slit Number 2 

Slit Number 3 

Slit Number 9 

Slit Number 15 

Fig. · 5. Spiral scan of bubbl e chamber photo 
graph as seen by the photomultipliers. 

Slit Number 

3 

6 

9 

12 

___ .....,. 15 

Fig. 6. Portion of pulse train from spiral 
scan of two high-momentum prongs, A and B. 



248 

ing techniques is to be found in a paper by Daphne J, 
Innes, FILTER--A Topological Pattern-Separation 
Computer Program, UCRL-9461, Nov. 1960 (to be 
published in the Proceedings of the Computer Con 
fer~nce, December 1960), 

The program is able to extrapolate the track search 
through l arge areas of obscuring b ackground features . 
Occasioaally gaps may occur in a track image . At a 
gap, a valid track w ill have no information in the cor
responding sl i t bank. The program will continue the 
search through the absence of one slit pulse . The 
search is terminated i f two or more sequential slits 
yield no pulses for a track. 

Dirt or other isolated features may create fal se 
tra.ck candidates, whose rejection has been described. 

The prototype Spiral Reader suffers several limita 
tions. The length of short tracks, of interest in de
termining particle momentum, can be determined only 
coarsely, as the scanning s lits are of finite length. 
Tracks w ith large curvatu re produce pulses w ith poor 
background- to-track ratios on the outer slits, as the 
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scanning direction i s not normal to the track at lar ge 
radial distances from the interaction vertex. All th e s e 
limitations can be r educed by employing a scanning 
disk having many short contiguous radial slits. 

C. Suggested Developmen t of the Instrument 

The FILTERprogram has successfull y separated 
many star -type interactions from typical background 
features . T he prototype Spiral Reader has proved 
that the scanning technique is capable of measur ing 
bubble chamber films . This Laboratory has begun de
sign of a new Spiral Reader. Its purpose will b e the 
measurement of thousands of s ingle-vertex inte r
actions. As these nuclear events occur in a l most ev 
ery frame, the new projector is planned to be a scan
ning - measuring device, allow ing an operator to meas 
ure an event at the time it is discovered. The Spiral 
Reader will probably measure 200,000 interactions 
each year. Filtering, geometric reconstruct i on, and 
kinematic analys is of these events w ill complete l y oc
cupy an IBM 709. It is believed that this instrument 
will make possible a stat i stical investigation of types 
of nuclear interacti ons hitherto difficult to achieve. 
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A. Introduction 

This paper discusses a completely automatic sys
tern from scanning to computing, in which the film 
reel coming from t he film-processing unit would be 
entered into a film transport much like a tape trans
port and examined under control of a fully digital sys
tem without human intervention, The time scale for 
development of such a syst e m might be five years . Sub
systems with partial human int e rvention , reduced proc
ess ing rates, etc. could be realized along the way. 
Such expedi ents are relatively obvious and need not be 
discussed here. 

The realization of an automatic data-processing 
system capable of processing one stereo triad ft·om 
the 7 2-inch hydrogen bubbl e chamber every 10 seconds 
requires three (largely separable) types of develop
m e nt: 
(a) film handling and film di gitizing, preferably by a 
digita l CRT, 
(b) programming, both pattern recognition and exten
sions of the present s ter eo r econstruction and kine
matic analysis programs; 
(c ) computer a daptation--efficient coupling of the dig
itally encoded bubble chamber negative into a commer
cially available scientific compute r. 

(b) 

We will not attempt here to remark on developments 
(a) and (c), but restrict our attention to the pattern-rec
ognition as.pects of the problem. 

Fig. 1. (a ) M i crophotograph of bubble c h am 
b e r tr ac k segment. 

B. The Digital Mesh 

We believe that 30 microns on the film (roughly l/2 
to 2/3 of a track width) is a reasonable resolution for 
scanning purposes. An example of a track segment 
digitized a t this resolution is shown in Fig. la together 
with a microphotograph of the original track (Fig . 1 b) . 
Scanning at lower r esolution introduces artifi c al stair
case discontinuities for tracks at ah angle to the X, Y 
scanning axes. On the other hand, for higher r esolu 
tion the library of digital c ross sections for typical 
tr acks becomes too vast and overburdens the computer 
with largely superfluous information. 

The three views, placed side by side (Fig. 2), form 
a pproximately a square. The resolution given above 
corresponds to a 4096-by-4096 digital mesh approxi 
mately at the limit of current CRT technology. In 
the discussion we assume that the digital scope has the 
function of a fixed-information random-access memory, 
appended to a digita l computer . The random- access 
requirement d er ives from the very high data content 
of the picture,l.6 X l07 bits . However, all but 2o/o of 
these bits are redundant; it is therefore better to use 
the film itself as the memory medium, and to inter 
rogate the scope memory on a statistical-sampling 
basis subject to program control. 

(b) Digital encoding of track segment. 

8x8 • 64 Macro Qrids In 
Fig. 2. Stereotriad to b e examined with 4096 -

by-4096 digital mesh. 
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Figure 3 displays a photograph of a four - prong star 
from the 72 - inch hydrogen bubble chamber p run. 
Figure 4 shows this image (at the same scale) digitized 
onto a 512 - by - 512 mesh, and then printed out on the 
high- speed character printer. l Figure 5 shows a dig 
ital playback of the contents of the computtr memory. 2 
Our experimentation to date has been restricted to this 
one digital "script. " 

Measurement requires a linear resolution four times 
that needed for scanning. Most easily, one can use 16 
mechanical translations of the basic 4096 - by-4096 dig
ital mesh, giving a resolution of 7 .5 f.L on the film. This 
is well within the root m e an scatter of individual bub 
bles. 

C. Divisions of the Automatic Scanning Problem 

The automatic scanning program divides naturally 
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into three principal subdivisions: the gestalt routine, 
the tracking routine, and the filter routine, 

Of these the filter routine is the eas iest to describe . 
The output of the tracking routing feeds the filter rou
tine a set of line segments, each segment listed by the 
Cartesian coordinates of its end points and a set of in
t ermediate coordinate pairs, and additional information 
d escribing the general quality of the segment. From 
one to as many as 32 segments may be generated in the 
machine for one human-recognized track; from one to 
three segments would normally be listed for average 
beam tracks. But before this stage of analysis is 
reached, a bubble chamber stereo triad has been re
duced to a listing of as many as 500 uncorrelated track 
segments. It is the function of the filter routine to se
lect those segments common to one track, to discard 
segments associated with electron spirals, and in gen
eral to cull from the prongs so constructed specified 

Fig. 3 . Four - prong p event, before digitizing. 
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interaction stars of interest. The filter routine struc
turally resembles the filter routine of the spiral reader, 
as illustrated below. 

There are three subdivis1ons of the automat1c scan
ning programs . It lS the function of the tracking rou 
tine to track on the input digital mesh and assemble 
the resultant line segments. But there has to be a 
starting point. The input to the routine consists of a 
set of recommended points to initiate tracking; the 
output, the segment coordinate banks in a format appro 
priate for the filter routine . A successful digital track
ing routine must be stable in the presence of noise 
from neighboring electron sp>rals, stray bubbles, gaps 
in the track, near-by crossing tracks--in other words, 
provide the equivalent of peripheral vision to avoid be
ing grossly misled. In general the line segments have 
only a short-range order; they are approximately 
straight. Long - range order, however--for example, 
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requiring that the tracking coordinates lie on a cubic 
curve--is not put in until the filter-program level is 
reached. This keeps the basic tracking routine sim
pler; 1t need not retain a long-range memory. 

The success of any tracking routine hinges greatly 
upon the point of initiation: Is it in a confuse d area? 
Is there an intersection very near by? etc. That rou
tine which can look at the original digital mesh of the 
digitally encoded bubble chamber negative and make 
optimal guesses of appropriate places to initiate track 
ing, as well as mark off regions of high confusion {e. g . , 
electron spirals, chamber walls, etc. ) we have chosen 
to call the gestalt routine. 

D. The Gestalt Routine 

The basic tool of the gestalt routine is the associ
ation map, where the original digital mesh is reduced 

Fig. 4. Antiproton event digitized on 512-by-512 mesh {high-speed printout). 



252 

Fig. 5 . Antiproton event, CRT playback 
photographed. 

e ightfold in both the x and y coordinates by assign 
ing one bit to each local 8 - by-8 square of the original 
digit a l mesh. For example, in our simulation studies, 
the 512 - by- 512 digital mesh of the original bubble cham
ber negative is r educed to a 64 - by-64 association map 
(or A map, as we shall call it). In general there is 
not only one A map, there are many. For example, 
the yes -no encoding. of the local 8- by - 8 grid can de
pend upon the number of ones, the number of zero-one 
pairs, the match to one or several prescribed patterns, 
or combinations of these qualities. In general, the en
coding of the 8-by-8 grid can be made dependent upon 
neighboring grids . For example, the threshold that is 
used with the count might b e made dependent upon the 
pattern of the eight nearest neighbors on some prior 
A map . 

The gestalt routine must make use of other tools 
as well. For example, we can throw small electron 
spirals onto a 64 - by-64 local grid and classify largely 
by zero - one pair counts. This count gives a measure 
of the ribbon l ength of the spiral. In general the gestalt 

{a) ................................................................. 
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::::::::::::;:: ::::::::::::::::::::::::::::::::::::::::::::::::: 
::::::::::::: :: :::::::::::::::::::: :: :::::;::::::::::::::::::::: 

:::::::::::::::::::::::::::::::::::::: :::: ::::::: :::: :::::::: ::: 
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Fig. 6. (a) A map constructed on basis of 
tota l co unt in 8-by-8 ce ll. 
(b) Initiation points of part (a). 
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routine is the l east understood and the refore most spec
ulative aspect of the automatic program. 

We see a natural evolution of the ges talt routine as 
follows: the fine- or full - resolution digital mesh of 
the original bubble chamber negatives feeds in parallel 
a stack of distinct digital association maps, normally 
one 8 - by - 8 micro grid of t he original mesh feeding one 
point of each reduced map . These maps can be con 
sidered as stacked upon one another as successive 
floors of a multilayer building. For example, one 
map might emphasize the boundaries of the chamber, 
another the region of high density of electron spirals , 
a third, the points of good quality for the initiation of 
tracking, a fourth, the tracks already r ecorded and 
understood. We see then the control routine as run
ning logical skewers vertically from floor to floor to 
evaluate new tracking tactics, or over - all reduction 
strategy. 

Figure 6a displays an A map made by using only 
the r elative number of zeros and ones within the 8-by-
8 cell. Threshold and cutoff values of the count are 
li sted above each picture. Figure 6b shows a set of 
i nitiation points generated by examining nearest neigh
boring cells on the basis of the A map , :E ig. 6a . The 
admissible patterns of neighboring cells used simulate 
a straight-line track segment. It is not expected that 
all initiation points can be thus found. R eliability of 
the program, however, dictates that easily recognized 
tracks b e recognized and tracked first and catalogued. 

Figure 7a displays an A map made by using the 
count of horizontal zero-one pairs within the basic 
8-by - 8 cell . Notice how beam tracks , though very 
weak in the original digital "script, "have been em
phasized. 

Figure 8a shows an A map made by insisting upon 
(a ) a high zero-one count, and (b) a high one count- 
that is, th e type of cells associated with tight electron 
spirals. The points of Fig. 8a can be matched 1 to 1 
with these confused types of areas of Fig. 4. 

The physical realization of these association maps 
imposes a great burden upon the flying - spot scanner. 
For exampl e , it would seem that every point in the 
picture would need be scanned at least once. Various 
digital photocircuits to construct these A maps in 

(a) (b) ................................................................. .. ................................ .. .. .... ...... ............... . .................. -........ _ ................................. . ................................................................ :::::::::::::::::::::::::::::::::::::::::::::::::::::::: :::::::: 
~::::::;:::::;:::::::::::::::::::::::::::::::::::;::::::::::::: :::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: 

~: :: :: ::: ::: : : :::: : : :: ... .. 

::::: ::::::::::::::: :::::: :::::: :::::::::::::::::::::::::::::::: 
::::::::::::::::::::::::::: ::::::::::: :::::::::::::::::::::::::: 

Fig. 7. (a) A map emphasizing beam tracks 
constructed an basis of horizontal zero- one 
pairs . (b) Initiation points of part (a). 
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Fig. 8. (a) A map emphasizing tight electron 
spirals constructed on high ze ro-one pa ir 
count and high total co unt. 
(b) Initiation points of part (a). 

parallel are not difficult to conceive , for example with 
diode matrices. Or alternatively, one can go analog : 
an approximate local count can be developed by de
focusing the spot and examining therefore a larger 
area with the photocell. Some combination of the dig
ital and analog procedures for examining the local 
microgrids might well be necessary. But that the 
maps themselves are necessary seems of little doubt. 

E. The Tracking Routine 

The gestalt routine provides the tracking routine 
with the coordinates· of an initiation point on a given 
track along with a rough orientation of the track. The 
tracking routine must then follow the track as far as 
possible, recording at intervals as it proceeds sets of 
coordinates on the track which can l ater constitute the 
"measurement " of the track. If an actual picture of 
the track were available that were free of noise and 
interference and that would allow the center of the 
track image to be determined, this would be a straight
forward arithmetic procedure. A second (then a third, 
etc. ) point on the track could be found by an ever wid
ening search, and as soon as a sufficient number of 
points had been discovered, high-order polynomials 
could b e fitted to them in order to extrapol ate to further 
points on the track. Only a very few parameters are 
needed to control such a procedure. 

However, with only a digitalized black and white 
representation of the picture available and in the face 
of gaps, noise, and interfering tracks, the above ideal 
procedure must be r eplac ed by one having more con
trolling parameters and greater d ecision-making abil
ity. 

The routine for doing this task that is currently 
under investigation can track in e ithe r sense in either 
the X or Y direction. A curved track can r equire 
intermediate changes in tracking mode. In tracking, 
the routine calls in for examination a 7- by-1 r aster 
(c a lled a wing ) lying orthogonal to the tracking direc
tion (Fig. 9). Such a wing can show 128 different con-

Fig. 9. (a) Monitoring printout of tracking 
routing, showing 7-by-l wing. 
(b) T racking bank of sli t -line entries . 
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figurations (black or white fo r each of the seven bits ). 
Each of these configurations l eads to a table entry 
which records a measure of quality (called firmness ) 
for the wing , a m e asure of track width, and a notation 
on whether or not approaching or interfering tracks 
should be guarded against. Histories of these quantities 
are recorded as the routine steps along the track. In 
addition t he number of successive times the wing fa i ls 
to find the track (gap zero count ) is recor d ed. T hese 
histories cover a duration of from three to e i ght steps. 
Via other tables, these histories control the tracking 
by increasing or decreasing the step length, calling 
for changes to different tracking senses or mod es, in 
creasing the size of the wing examined, setting up the 
criteria for the length of gap that must be observed in 
order for the track to be regarded as having ended, 
noting and deleting an interfering or crossing track, 
sett ing the order of the equation used to extrapolate 
the track, or even changing the t a bles u sed for the 
interpretation of subsequent wings . 

This organization allows great flexibility in the ad
justment of the tracking parameters and the behavior 
of the tracking program. By simpl e changes in the 
details of the par ameter tables the statistical and em
pirical results of experimental tracking runs can be 
incorporated into the program in order to impr ove its 
detailed behavior. 

F. The Filtering Routine 

Historically the technique developed for the filte r 
ing routine came from similar work for the spiral 
reader . Consider conceptually the bubble c hamber 
image scanned with a scanning disk of ve r y large radius, 
say seve ral chamber lengths . And imagine that the 
center of this scanning disk was located upstream some 
distance from the chamber . The outermost slits of 
this disk examine bands across the chamber approxi 
mately perpendicul ar to the beam direction . These 
bands approach a set of equidistant stripes of constant 
width running across the chamber. Then, just as in 
the reader program, all the pulses generated in each 
one of these bands might be recor ded in the slit table, 
one slit table for each band. An appropriate generali 
zation of the criterion- search technique of the spiral
reader filtering program m i ght seek out those pulses 
falling on a straight line, or (more generally)smoothly 
fitted by a cubic or quintic polynomial. The analog 
for the automatic scanning program of the slit, however, 
is the tracking routine that generates a line segment. 
We now artificially impose a parallel set of (mathemati 
cal) slit lines across the bubble chamber picture, each 
slit line s eparated from its neighbor by 16 mesh di 
visions, or 32 slit lines for the 512 - by - 5 1 2 mesh of 
Fig. 4. The tracking routine casts off the end points 
of each segment and all crossings of these slit lines , 
As we can have tracks running also nearly perpendic
ular to the beam tracks, this recording scheme must 
b e extended; we impose another set of imaginary slit 
lines perpendicular to the first set and again running 
at an interval of 16 mesh divisions . In general, tracks 
crossing a slit line are recorded there if they cross at 
an angle greater than 45 deg to that line. This Scotch 
plaid of X- parallel and Y -parallel slit lines in con
junction with the re c ording techniques of the tracking 
program provides the necessary generalization of the 
slits and slit-pulse tables of the reader program. 

In the search for a track candidate there is for the 
reader a natural starting point, mainly, at the inter 
action vertices--the center of the spiral. For the auto
m a ti c scanning program, on the other hand, there is 
no such natural starting point. In the reader the search 
is basically one-sided; one generates ·the search start 
ing at Slit l and works out toward the last slit. For 
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automati c scanni ng, howeve r , the search is inhe r e n t l y 
two - s i ded.Starting with any mid - chamber segment, 
one can generat e psued o - prong trees by search ing bot h 
in the pos i tive Y and i n the negative Y d i rection , a 
two - sided flowering of t he original segment. 

T h e two - sided flowering of a segment i n to a fami l y 
of psuedo prongs goes as follows: by scanning the slit 
lines in t he posit ive (say) Y d i rection, a full bundle of 
psuedo prongs is generated by i dentical t a bu l ating tech
niques such as used in the fi l ter program of the reader . 
Each psuedo prong in turn then gene r ates a new tree 
by the search - c r iterion technique, now examining the 
segments in the negative Y directi on. 

It is a l ways safer to extrapolate from a long seg
ment of good quality to a short segment than vice 
ve r sa -- the cone of search is narrower; one is l ess 
likely to generate fallacious track candidates. T here 
fo r e prior to all filtering action we grade a ll t rack seg
ment·s ·acco r d i ng to their l ength and quality of geometri c 
fit . Track segments a r e assigned a p r io r ity of attention : 
long, good - quality segments are awarded highest pr i 
ority; s h o r t s egments (e. g., e l ectron s p iral s ) are 
placed far down the tabl e. Our procedur e is as fo llows: 
we select i nitially the No. 1 priority segment, l et it 
flower into a family of psuedo prongs . We t hen take a 
No. 2 segment and l et it expand into a family of psuedo 
prongs, but terminate any such prong t hat m i ght con
tain segment No. 1. At the nth stage, segment No. n 
gene r ates a set of psuedo prongs, but any such psuedo 
prong containing a segment with designation greater 
than n is dis card ed - - i. e, , terminated and n ot a llowed 
to flower. Segments below a given threshol d val ue of 
quality are not in general examined unl ess speci fically 
requested by the gestalt routine . 

J ust as in the reader program, each psuedo prong 
has to be evaluated on the basis of its geometric X 2 

fit, the quality of the track segments composing it , the 
gaps, and- -·perhaps most important - - it must b e com
pared with its topological neighbors (for exampl e, other 
tracks of far better qual ity) , us i ng the same segments , 
The rai lroad sidi ng, crossbow, scissors, a n d intruder 
types of the reader filter program all reappear he r e 
with other topological var iants not yet classified. A 
gradual programming evolution will be requi red to deal 
with these various variants reliably for a high - statistics 
experiment. 

G. The Track- Associat ion Memory (TAM) 

An efficient search subroutine for the fi ltering sec 
tion of the automatic scanning program requi res some
thing better than the binary chop of the old r eader pro
gram. To list, track by track the "addresses 11 where 
the slit line crosses line segments is to l ose a ll geo 
metrical "feel" for where a given segment occurs in 
the chamber. This recording technique becomes very 
awkward (for highly curved tracks, for example, en
tries for contiguous segments of a track might be for 
Y slit number 15 and for X slit number 2 , ) There
fore, we have chosen to mentally subdivide o r partition 
the original digital mesh into a rectangular array of 
cells 16 by 16 centered about the intersections of the 
slit line of the Scotch plaid discussed above. Normally 
any line or track intersecting a slit line within one of 
these cells at an angle greater than 45 deg is recorded 
within the word in storage associated with that cell. 
The method of recording is a generalization to geo 
metrical two - dimensional arrays of the list memory 
structure introduced by Newell, Shaw, and Simmon. 
In its simplest form ther e are two entries per wo r k, 
assigned berths zero and one respectivel y. The entry 
tells us in a systematically encoded way which neigh-
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boring cells fore and aft contain respectively the pre
ceding and subsequent track entries, Difficulty arises 
when several independent track segments pass through 
the same cell. On such occasions each cell must ref
erence one or more overflow cells containing these 
further entries . 

To comprehend the principle us e d it is illustrative 
to consider these cells as the blocks of a great city 
map . Each track or track segment can be imagined to 
be a sewer pipe of distinct color -- red, blue, green-
laid under the city. Each city block, or cell, is con 
sidered to have a number of floors beneath it--the orig
inal or ground floor, the first basement, second base
ment, on and on. We now imagine the silly city ordi
nance that restricts us to have no more than one sewer 
pipe passing through any one basement of a block. Now 
imagine that the pipes are not painted or otherwis e iden
tifi e d but that the building inspector or city inspector 
still wishes to retrace the trajectory of one such pipe. 
Let us assume that from the orientation of the pipe with
in one cell he can guess which of the e ight neighboring 
cells the pipe came from or is going to. On the other 
hand, he will not in general know upon which neighbor
ing subfloor to look . To circumvent this ambiguity he 
relies on the following convention: all pipes shared in 
common by two neighboring blocks r e tain the same floor 
ordering, for example, three pipes comrpon to cells 
A and B might b e found at A, at subfloors 1, 3, and 
5; and B, found a t 2, 7, and 14. The inspector 
equipped with (i) the knowledge of which neighboring 
block the pipe enters or l eave s and (ii) the above order
ing convention can always retrace the trajectory of any 
pipe without requiring any distinguishing color or track 
number. If the city ordinance instead permitted 2, 3, 
or in general n pipes per floor , the same procedure 
could be generalized successfully provided that a con
ventional numbering of the pipe s of any one floor was 
always imposed. 

In like manner if a cell of our track-association 
memory faces overcrowding it circumvents this diffi
culty by building a subbasement- -that is, giving are
fill cell address. If then this first basement proves 
inadequate, that cell in turn references a second base
ment, and so on. Thes e refill cells comprise a buf
fer bank of approximately one quarter the number of 
the original cells. Present-day digital -computers are 

255 

not we ll organized for such a geometrical link mem
ory. However, it will quite likely prove advantageous 
to build a memory of this organization so that the pull
ing of a string of neighboring entries out of the mem
ory is done by one command and appropriate memory 
address circuitry. 

H . Summary 

The feasibility of automa tically scanning di git ally 
encoded bubble chamber negatives has b een suggested 
by preliminary s imu l ation programs. The computer 
requir ements to match the full data rate of the Berkeley 
72-inch chamber a r e consistent with machines curr ently 
becoming available, provided the computer is a u gment
ed with equipment for construction of the assoc iation 
maps of Sec . D . An interim solution is for a human 
operator to provide initi a tion points, t a king over the 
tracking and filtering routines (Sections E and F), but 
otherwise using the same digital CRT requir e d above . 

Footnotes 

l, We are p a rticularly indebted to Wesley A. Clark, 
Thomas Stockybiand, and H. "Phillip Peterson of 
Lincoln Laboratory for digitizing this picture for us 
with the TX- 2 digital CRT. 
2. The work herein r e port ed was done on the Illi ac 
at t he Digital Computer Labor atory, of Illinois , 
3. Future developments in processing bubble chamber 
data (summary of a me eting held Friday, September 
16, 1960, at Lawrence Radiation Laboratory, Berkeley), 
UCRL-9477, Jan, 1961. 

Added at Conclusion of Conference 

In a seminar on the Friday following the Confer
ence, on automatic scanning and measuring, Paul 
Merme lstein of MIT presented results of e l egant ex
periments on "The Computer Detection of Vertices in 
Pictures of Nuclear Reactions." Mermelstein ar
rived independently at a method in many ways e quiv
alent to the A map, a tracking routine, and a method 
of linking track s and tr ack segments. Unfortunately 
this excellent work became know n to the a uthors only 
in the course of the Conference. It is r eported in 
Futur e Deve lopments in Processing Bubble Chamber 
Data (summary of a meeting held Friday, September 
16, 1960, at Lawr e nce Radiation Laborator y , Berke
ley), UCRL-9477, Nov. 1961. --AHR 

Di scussion Following Papers VIa. 5 through VIa. 8 

(Fis cher presented a discussion of his Paper VI b . 6 on 
the spark chamber.) 

Thorndike (to McCormick): How does the accuracy of 
the Reaper compare with the Franckenstein? 
McCormick: The Baldwin disk is capable of giving an 
angular accuracy of 20 seconds of arc . We are using 
only half this accuracy, which corresponds to a least 
count of 2 . 5 f! accuracy on the film. This is compara
ble to the Franckenstein accuracy. So far systematic 
errors such as lens distortion have not been taken in
to account. 
Mermelstein (to McCormick) : In your tracking pro
cedure did you work with individual bits or with your 
groups of 8-by-8 bits? 
McCormick: We used a 7-by-1 wing oriented perpen
dicularly to the track. The wing could be oriented 
eithe r parallel or perpendicular depending upon the 
track. All seven bits of the wing are used to form the 
address of a word of 128 different patterns . Each of 
these patterns has a distinct reference and is treated 
differently in the program. 

By taking steps of one, these wings could be built 
into blocks. If the tracking has been successful then 

the rate can be increased. Using wings in this way we 
can get optimum tracking speed. 
Melkanov (to McCormick): Does the Filte r program 
use different views of an event to aid in the filtering 
process? 
McCormick: Not yet . It will of course help a great 
deal when we do. 
McCormick (to Hough) : When you examine one bub
ble at a time what is the signal-to-background r a tio 
and how do you subtract out the background? This 
signal-to-noise ratio is poor with both the spiral 
reader and the Franckenstein, where an average is 
taken over 10 bubbles . It should b e worse for the 
single-bubble case . 
Hough : In the CERN bubble chamber the contrast is 
very good and the attenuation of the light in passing 
through the bubble image varies between 15 and 20o/o, 
depending upon the optics. The noise in the bright 
part of the film represents about 3o/o attenuation, there
fore the signal-to-noise ratio is between 5:1 and 12 : 1. 
We are limited by the amount of light in the spot. It 
is assumed that by use of an electr on spot more light 
can be obtained, and thereby one can minimize the 
fluctuation caused by small numbers of photoelectrons , 
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Jerome A. Russell 

Lawr e n ce Radiation Laboratory 
Berkeley, California 

At eve r y lab orator y where bubble chamber film 
is being measured, there is great interest in a
chieving fully automatic s c anning and measuring 
techniques. As far-sighted as we may be, human 
operators still discover all the interesting events, and 
our best high-volume precision measurements are 
still being made by the semiautomatic Franckenstein 
projectors. 

Here at Berke ley we operate three small and two 
large measuring project9rs . We plan to build three 
additional large machines for measuring 72-inch
chamber film. R ecently , much of our effort has be e n 
toward improvement of these projectors. 

We are building an automatic frame - indexing and 
location device so that film may be indexed at any 
selected fram e number. The key to this system is a 
data "box" at the e nd of the third view on each of the 
7 2 -inch chamber films. The lower part of the data 
box is a black-and-clear binary - coded frame number 
matrix. While the film is moving through the trans
port, these matrices are searched by an ensemble of 
phototransistors. When the desired number is dis
covered , the film is stopped and indexed for subsequent 
m e asuring. Rectangular marks along an edge of the 
film assist the transport in indexing the frame within 
the platen. 

Before an event can be measured, it must be dis
covered by a technician. The scanning technicia n 
loc a tes the interesting event on a projection scanning 
table. He prepares a topological sketch of the event , 
writing down the serial number, the experiment num
ber, an event-type description, his name, the date, 
a nd other descriptive information. These sketch cards 
direct the measuring technician in his selection of the 
events to be measured . Within a frame, the operator 
must identify and select the combination of pr ongs in 
the event from the background or irrelevant event 
features. The measuring te c hni c i an ent e rs the de
criotive information on a data consol e . Much of his 
effort is merely transferring data from the sketch 
card to the m e asuring projector measurement-data 
tape. These manual op e rations are a source of many 
errors. 

We are d .evelopi ng a system to eliminate this manual 
transmission of data. In place of the manually pre
pared sketch card, the scanning technician will prepare 
a punched data card from a data console. This card 
will contain the serial numbe r, date, and other de
scriptive information which he formerly would have 
handwritten on the sketch card. For most events, the 
topological sketch can be replaced by an event-type 
descriptive number and automatic location of ver tices. 
The measuring projector operator will place this 
punched ca rd into a reader on the Franckenstein. 
The film will be s e arched for the frame of specifi e d 
serial number. All indicative data will be passed 
directly from the punched card to the output data 
tape . The measuring engine on the projector will 
travel to the vicinit y of the event vertex . The entire 
event measuring will be monitored and controlled by 

automatic equipment from the information on this 
scanning data card . 

Also, we are proposing to remove the burden of 
numbering the tracks from the scanning and measur
ing technicians. A track-unscrambling computer 
program, PREPANG, is being developed by Jam es 
Braley. For eac h track PREPANG chooses from the 
measurements of the three views that pair of meas
u re.ne.nts giving the best stereo reconstruction. The 
scanner and measurer n ee d not make a selection of 
the b e st two of the three views of a track. H e makes 
measurements on all views of a track. The punched 
scanning data cards form a master list of events. 
This master list is the directory of a LIBRARY data 
organization system. Malfunctions of the data 
handling equipment can b e detected more rapidly by 
r e ading the Franckenstein data tape immediately 
after it is punched. 

We hope that the addition of such system features 
will reduce the number of event remeasurements by 
minimizing error -producing routine technician tasks . 

Dr. Bruce McCormick has proposed a film-measur
ing device, the Spiral Reader, which minimizes the 
participation of human beings in selecting individual 
tracks of an event during measurement. The Alvarez 
group is developing a production model of the Spiral 
Reader . A photograph of the prototype model is shown 
in Fig. l. An image o' t' -e 1-· '· ble chamber event is 

Fig. l. Prototype model of Spiral Reader. 
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projected from the film down onto a rotating opaqu e 
scanning disk. A series of radial s lot s scans the image 
in annuli of s eve r a l radii. Figure 2 indicates these 
areas on a typical projected image. In the prototype 
Spiral Reader, light passing through each of these con
centric rings passes to a separate photomultiplier
there are 15 photomultipliers. Each slit is about one
third as wide as a n average bubble image and 10 bub
bles long. The photomultipliers detect variations in 
the image intensity as the slits rotate. An analog-to
digital rotary encoder, spinning with the scanning 
disk, provides azimuth measur ements of the image 
fe a tures. A track pulse location is defined by storing 
the radius and azimuth at which it is detected . An 
ensemble of such polar coordinate measurements can 
de scribe an entire event. The valid event measure
ments are separated from background features by a 
digital computer program. This program --FILTER, 
by Daphne Innes--begins its track-separation opera
tion by examining the pulse measurements in a very 
small area surrounding the event vertex . Pulse 
measurements lying on radial lines in this area form 
prongs which are extrapolated into search z ones of 
increas ing radii. Measurements in these zones are 
searched for pulses in the extrapolated areas. Each 
time an additional pulse is verified, it is combined 
with the previously discovered pulses of a prong to 
predict a new area for searching. In this fashion, a 
prong may be selected from the event vertex to its 
t ermination. Only actual measured data, unaltered 
by the program, are selected and passed to the sub
sequent geome tric reconstruction programs. As this 
prong-tracking and separation program has been suc
cessful, an operating model of the Sp iral Reader is 
being designed. 

This new measuring projector is a combined 

Fig. 2. Areas scanned on a typical pro
jected image. 

scanning and m easuring instrument. An operat cr 
sits at a projection scanning table, searching film 

257 

fo r interesting events. He superimposes the vertex 
image of a discovered event on an index mark on the 
table. The Spiral R e ader stores the polar coordinate 
measurements of background and event features in a 
15-inch-radius area about this ver t ex in 3 seconds . 
The operator makes fiducial measurements by reg
iste ring any two of the fiducial rake tines at the in
dex mark as if they were events . The fiducial loca 
tion is identified by the compute r program from the 
binar y coded gaps in the rake. 

The prototype Spiral Reader incorporates a sep
arate photomultiplier for each radial slit. If the slits 
are examined sequentially, only one photomultiplier 
is needed and the optical system can be simpler. 
This simplification slows the measuring operation, as 
the data are obtained in series. 

The video pulse of a track triggers an azimuth
and radius -m easuring system, caus ing the coordinate 
point to be stored in a magnetic -core buffer. Me as
uring triggers are gene rated by the leading and 
trailing edges of a track pulse by detecting digitally 
the pulse inflection point. A 16-bit Baldwin optical 
encoder measures the a zimuth. A quality function 
proportional to the area unde r a track pu ls e can yield 
relativ e ionization information within one event. If 
a prong ends within a slit, a comparison of this slit's 
pulse signal amplitude with the previous pulse ampli
tudes may provide more exact r ange information. 

The presence of var iations in film background 
complicat es the selection of track pulses in any 
scanning system. We have reduced the effect of back
ground variations by normalizing the individual track
signal amplitudes t o the ir surrounding area average 
densities . Frank Neu and I have built a mechanical 
line scanner, the Crawling Spot, which digitizes 
bubble chamber film for pattern-recognition computer 
program developments. This device samples fi lm 
images with a moving spot aperture whos e dimension 
is about the width of the track image. An area sur
rounding the scanning spot is sampled to provide 
local background density information. The track
signal amplitude can then be normalized to the back
ground. The two apertures cou ld be made by masked 
color-separation fi lter s if a flying spot of light were 
used. The scanning disk on the Spiral R eade r could 

·~ made with a wide blue strip surrounding the narrow 
scanning slit. A blue-sensitive photomultiplier would 
monitor local background inte nsity while a red- sen
sitive detector provided the track detail information . 

The Spiral Reader is expected to measure 
150,000 single-vertex events each year. The com
plete analysis of an event--FILTER, PREPANG, 
PANG, KICK--will use about 7 seconds on an IBM 709 
computer . Bubble chambe rs will produce tens of 
millions of stereo photographs each year. I believe 
that manual and semiautomatic event-measuring and 
data-processing systems are quite inade quate for the 
expected event production. Unless automatic me as
uring and even automatic scanning techniques are 
developed soon, much of the interesting physics in 
these photographs must be bypassed. 
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Arthur H. Rosenfeld 

Lawrence Radiation Laborator y 
Berkeley, California 

Introduction 

I want to give a brief summary of the Berke ley 
programs, their present strength~ and weaknesses, 
and where we are going in the next year. I must first 
explain that there ar e two large programs for anal yz
ing bubble chamber data;"the Powell and Alvarez groups 
have not ye t suc ceeded in combining their programs . 
By this I mean that they now provide most of the sam e 
features, and are growing together, but that as far as 
formats and details are concerned , they are completely 
distinct. 

The t wo systems are hard to compare (and have b een 
hard to combine), because we have managed to stay 
a bout half a generation out of phase. PANG and KICK, 
the present Al vare z group pair of 704 programs, got 
going on the 704 about a year ago; whereas FOG, 
CLOUDY, and FAIR, the Powell group's 704 programs, 
are just reaching completion. We are striving to stee r 
them tog e ther, but it is hard work . 

The two systems may be character ized as follows. 

Function 

Spatial reconstruction of 
individual tracks 

Combining and fitting tracks 
into vertices and chain of 
vertices 

Examining, editing, and 
reporting complete 
experiments 

Program 
Alvarez Powell 

CLOUDY
2 

The Powell programming activities have been l ed by 
HowardS. White. The Alvarez group effort was a 
crash program that inv olved most of the physicists and 
graduate students in the group and seve ral people not 
in our group, notably Horac e D. Taft and James N. 
Snyde r; also, recently, many programmers. Let me 
state further that there is no reason that I should be 
giving this talk instead of Howard White, or Frank Sol
mitz from our group, who has been actively directing 
and writing programs longer and more ably than Ihave . 
Th e thr ee of us just flipped a coin, and here I am . 

Some historical difference in emphasis is still ap
parent between th e Alva rez and Powell systems . With 
a hydrogen chamber we felt that the first thing we 
wanted (after track r ec onstruction) was a program that 
would do kinematic fits and use this fitted information 
to test competing hypotheses for multive rtex events. 
In fact KICK was written explicitly for our first few
thousand-event experiment (with K-). We were willing 
to postpone wr iting "library" programs to account for 
the flow of each event through the system and to merely 
generate "histogram"-type information. By contrast, 
for a propane chamber the ability to fit multiver tex 
hypotheses is less useful, and White at first felt he 
should concentrate on such things as Q- v alue calcula-

tions and the development of a working librar y system. 
No w we are writing library programs; and the Powell 
grouils currently testing its n ew multivertex fitting 
routine . 

I would say the strength of PANG and KICK is that 
they have now processed about 10,000 events (about 10 
expe riments at approximately 1000 events each) andwe 
know they can handle experiments at the 1000- event 
level, but we w ill need better accounting and EXAMIN 
routines to cut down bookkeeping for larger experi
ments. 

The FOG - CLOUDY-FAIR system is, as far as I 
know, the only system designed to handle experiments 
comprising 10,000 to 100,000 e v e nts . I will mention 
its features belo w . 

System 

Th e basic procedures are by now pretty wdl known. 
I described them in my talk at th e conference equiva
lent to this one at CERN last year, and feel that tore
peat them in any detail wo uld suggest that little has 
happene d since th e n, which is not true, so l e t me be 
brie f. Let me take as an example the event sketched 
on the left in Fig. 1. 

" -', 2,7T 

' ' ' ..... , 

Fig. 1. E ve nt Type 9 0. 

Left: direct A inter
pretation 

VertexB: A-'IT-+p 

Fitting S equence: B , 
then A 

Right: z:. 0 - chain 

Vertex A: K-+p~~+'IT- +p 

0 
V e rtex C: Z:, -A+'{ 

Vertex B:A 'IT-+p 

0 
The length of the Z:, 
"track" is exaggerated ~ 

Fitting Sequence: B, 
then simultaneous AC. 
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Spatial Reconstruction 

Th e first thing is to feed into the computer the meas
ured points on each track, and to establish track 4 as 
joining vert ic es A and B. Also one must assign masses 
to each track, s ince the helical sp iral followed by a 
particle slowing down in a magnetic field depends on the 
mass. The Alvarez group chooses to do this with one 
"Event Type" number (in this case 90) inserted at the 
Franckenstein and a look-up table in its programs; the 
Powell group also has provisions for inserting this in
formation separately on a punched card, called the As
signment Request Card, which the 704 can merge with 
the measurements . 

Th e first step is to reconstruct the tracks in space . 
PANG and FOG both do this by fitting to the measured 
points the paramets'r s of the helical spiral, using a 
least- squares fit. They both w rite a binary tape de
scribing tre "variables" of each fitted track. By "var 
iables" I mean thr ee central values ( e ss entially momen
tum and two angles) and the nonzero terms in their 3-
by- 3 variance matrix . 

Kinematic Fits to Hypotheses 

This bina ry tape is next read by KICK or CLOUDY. 
L et me take KICK as an example, since I am more 
familiar with it. You might think that KICK would con
sult the equations of conservation of four-momentum at 
both vertices, and then, treating the track variable 
from PANG as measured data, adjust these var iables 
until th ey simultaneously satisfied these eight conser
vation e quations . This was too ambitious for both 
KICK and CLOUDY until the last few months. Inste ad 
Frank Solmitz and Horac e Taft conce ived (and Taft 
wrote) GUTS , a least-squares routine which conserves 
four-momentum at a single vertex. We called it GUTS 
b ecause it was designed to be the guts of KICK; how
ever, it is a c los e d subroutine available to anyone. 
Ever since GUTS started working a little over a year 
ago, we have been talking about writing SUPERGUTS, 
which would do the same job for a multivertex hypoth
esis . Last winter P e ter B e rge and Fr e d Safier w rote 

Event - Type Deck 

Even.r_._]L_ ___ --, 

-<----
reject'---,-------' 

Event-type control · 
1ubroutine which 
c:ont:rob all subaequent 
logic. (Pattern of fiow 
arie11 c.oneiderably with 

~-------t•:v~on~t~t~~·-,-~--_j rejec:tL... ______ __,I 

Evenr-------14--------{-;;::::::;;::-;:::::;~=::-;::=::::~ 
..c----
reject ..... ______ __. 

Fig. 2. Over-all Flow . Process ing sub
routines are drawn at the left, the control 
subprogram at the right. 

259 

the two most needed two-vertex routines, but we don't 
yet have a general library of multivertex subroutines. 
Then this summer we have had pleasant collaboration 
w ith vis itors from CERN and Br ookhaven. They and 
some of us from th e two groups here managed to get 
together and agree on the specifications for such a 
multivertex GUTS, which is now being written as a 
joint project, called FIT. 

But bac k to the pres e nt. KICK transfers some of 
the PANG variables into processing banks, one bank 
for each track. By means of the type-90 control sub
program we then ask it to take the data for the tracks 
participating in ver t ex B, and fit th em to the hypothesis 
that it is a A decay. If GUTS gets a satisfactory x 2 

for this fit, KICK writes these improved variabl es over 
the earlier ones in the frocessing banks. If GUTS 
finds no satisfactory X , KICK reports a " Hypothe sis 
Reje ct." 

GUTS must next be instructed to take the informa
tion in the banl~ s of the tracks participating in ve rtex 
A, and fit it to the hypothes is K- + d- A+,.-+ p. We 
can show, both theoretically and experimentally, that 
this procedure of fitting the vertices sequentially, in
stead of making a simultaneous over -all fit, gives the 
same final fit for the vertex that is fitted last, i.e ., 
for all the tracks at this terminal ve rt ex (in our ex
ample, vertex A) . If we ne e d also the best fit for the 
tracks at vertex B we repeat th e w hole operation , but 
this tim e taking A first, then B. You can see that this 
is t e dious, and that an over -all fit w ill be welcome . 

Next let us suppose the event was really th e three
vertex sequence at the right of Fig. 1. In this case 
GUTS likely found a large X 2 when it first tried vertex 
A, assuming that the A was produced directly . We 
must then instruc0 it to manufac tu:'Qe some dummy 
track banks for !: and y and try !: production i~stead , 
th en fit ver tex C to see if it is consistent with !: decay. 
(Actually this 2:0 problem occurs so frequently that 
B erge wrote a GUTS fit JJlass called 2C ZL2V("two
constraint zero-length :E two-vertex") to fit A and C 
simultaneously). 

Control Subprograms 

How is all this organized within the computer? 
KICK and CLOUDY are both collections of"processing 
subroutines." Thus in KICK we have routines called 
"VERT" (which uses GUTS to fit a specified vertex), 
"SWIM" (which transforms variables from one end of 
a track to the other), and "REPORT" (which writes the 
results on a binary tape for later page output or pro
gram examination) . 

The actual flow of operations is then controlled by 
the separate control subprogram, one for each event 
typ e, which we write and change as the need for them 
occurs. This organization is illustrated in Fig. 2. A 
typical control subprogram for KICK is about 100 IBM 
instructions, and takes about 1 man-day to write and 
code-check. 

Let me give you an example of what is involved in 
writing an event-type subprogram. The other night 
Peter B e rge, Al Brenner, and I suddenly decided we 
wanted to study the pion contaminat ion in our current 
K- beam. We sketched about 20 two -prong events as 
event Type 49, and wrote the event type 49 subprogram 
for KICK . At our beam energy we felt we should con
sider nine possible hypotheses for a,.- or K making a 
two-prong star: 

( 1) K 

(2 ) K 

+ p, 

+ p + 
0 ,. ' 
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( 3) K + p =9 K + + 
+ 

n lT • 
0 - 0;.. + + lT-). ( 4 ) K + p =9 K t p +" (K lT 

(5) K + p =9 lT + fl.+ lT+ (fl.;... lT- + p), 

( 6 ) K +p=9lT + . :E
0

+"+ ( !1./+ lT + p ) , 

(7) lT + p =9 lT + p. 

( 8) lT + p ===5> lT + p + 
0 

lT • 

(9) lT + p =9 lT + n + 
+ 

lT 

Control Subprogram 49, which tell s KICK to test 
these nine h ypotheses and write appropr iate reports, 
had taken us 83 words and most of the evening by the 
time that we actually punched the instructions on cards. 
The next morning we as sembled the subprogram into 
the collection of other event-type subprograms. Ac
tually in 83 words of coding I had succeeded in making 
two mistakes, one of which we caught right on the 704. 
Th e other we didn't catch until we l ooked at the first 
printouts. But the second try gave us sat isfacto ry out
put. 

Th e extra features of the FOG-CLOUDY-FAIR sys
tem, compared w ith PANG- KICK, are shown in Fig. 3, 
whi ch I borrowed from Howard White. The only feature 
that I have time to describe her e is that of the library 
tape, on which all the events so far processed are kept 
in serial-number order. The input and output formats 
of a ll the FOG tapes are the same. If White wants to 
reprocess a single remeasured event, he can read 
through the whole previous FOG librar y until h e comes 
to the event to be reprocessed, at the same time copy 
ing the library onto an updated output tape. The new 
input data are then processed, and new output wr itten 
on the output tape. At the same time an up-to-date 
summary is wr itten by the 704. A 2400 -foot library 
tape holds about 1000 events, and can be read and up
dated by the 704 in 7 minutes. At one stage White does 
find it convenient to switch formats, so it is not true 
that every program can update the output of every other 
program, but all FOG programs can read FOG output, 
and all CLOUDY and FAIR programs can r ead CLOUDY 
output. 

Rates and Costs 

Suppose a small physics group wanted to process a 
1000-event exper iment. What would it cos t in time, 
technicians, exasperation, and computer bills? I as
sum e the film is scanned alr eady and the team has ac
cess to a measuring projector. I would like to give 
enough figures to show that it will still take about 1 /Z 
man-year of physicist time (a ssuming each physicist 

Fig. 3. FOG, CLOUDY, FAIR System. 
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has the help of about 1 graduate student and 1 to Z 
technicians), and about~OOO worth of time on an ed
ucationally discounted IBM 704, 709, or 7090. In ad 
dition, if our physicist do es not already know about 
the programs and a littl e about computers, h e should 
also travel at l east as far as the nearest place where 
some of these programs are in use and spend perhaps 
a week r e ading wr ite-ups and printouts and asking 
questions. However, th e programs of the Alvarez and 
Powe ll Groups are so widel y in use that th i s no longer 
calls for travel very far. Incidentally, the physicist 
can now get film adequately copied by a Xerox process 
which improves the contrast, does not seem to intro
duce distortion, and costs no more than the original 
bubble film~ 

First let m e deal with the computer time. An e d
ucationally discounted 704 or 709 costs about $1/min. 
Both the Alvarez and Powell systems take about 1/Z 
minute per event; but I woul d count on using 1 minute 
fo r an event when planning, because I suggest you 
should doubl e the 1 /Z minute to a llow for library work . 
The 1 /Z -minute figure i s for r e al production, assuming 
you have already processed perhaps 10'1o of the exp er i
m ent and kno w exactly what you want to do . But in ad 
dition we spend a lot of time in "short shots" to test 
out event - typ e subprograms , to check input variances, 
and so on. 

In the Alvarez Group we find that we use about 1 
hour / week per physic ist and graduate student in short 
shots, and about the same p er programmer for de
bugging. T h is is fortunate, because it means you can 
just count heads and call it hours, without having to 
de c ide whether some p eople are programming or doing 
physics at a given time. 

My formula then calls for 10 00 minutes = 16 hours 
$1000 of production time, p lus at least another 16 
h ours in short shots and code checking. 

Rejects and Failures 

Tabl e I gives some fairly typical experience with 
the 15-inch chamber. I chose the 15-inch because i t 
has been used for several low - energy experiments in 
which events have to fit some hypothesis. 

Specifically Tabl e I is based on low-energy K + d 
reactions and may be a little worse than typical be
cause the chambe r operates marginally on deuterium 
with appreciable optical distortion. It may be a little 
better than typical high-energy experiments in the 
sense that I hav e chosen events that are highly over
determined--namely, the "type 90" event discussed in 
the previous example. Ther e ar e only four possible 
hypotheses, i. e., th e two twofold ambiguities m en 
tioned in the table. 

Tabl e I demonstrates how sensitive failure rates 
can b e to picture quality . After repairs and remeas
urements, m2st of the events finally have p.roperly . 
distributed X , but about 5"/o li e in a flat ta1l extendmg 
to lar ge X 2 and most likely resulting from plural and 
single scatterings. In propane the situation will be 
wo rs e; however, White has inserted a kink-finding-and
patching routine which reduces the population in the 
flat tail to below 1 Oo/o. 

Table I shows that all but a few percent of the events 
can be fairly unambigously assigned to one of the four 
hypotheses; however, one should not th e refore assume 
that KICK or CLOUDY can a l ways do so well, for at 
l east two reasons. 

(a) For r e lativ istic particles, mass separation is 
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Table I. Program Rejects and Failures 
Based on sample of 400 events in 15-inch chamber, filled with deuterium 

Nahmin Horwitz's "Type 90" two - vertex, K + d ~(A/'£0 ) + rr- + p 
Four hypotheses : A vs ('£

0
- A+ y ); KS(K Stops) vs KF (K interacts in flight) 

About 19'/o have sketch or measurement mistake s which are rej ected by PANG; must be remeasured. After perhaps 470 measure
ments, all 400 events are on the PANG output tape, and are KICKED, with the following results : 

About 3/4 (316) give satisfactory unambiguous fits, leaving about 100 which need special attention. 
Failure Action taken (after looking at film again) _R_e_s_ul_t _________ _ 

22 ::tttributable to more subtle 
sketch or measurement mistakes 
than are detected by PANG . 

R emeasured. "All" fit 

12 fail curvature tests 
early in KICK. 

Blamed on turbulence, distortion, and poor 
adjustment of errors for short tracks. Repeat 
KICK, with threshold parameters relaxed. 

"All" fit 

10 no-hypothesis fits. Blamed mainly on poor picture quality. Look for unbiased selection 
criteria ~ accept 

20 unambi,.uous but 
too high x . 

10 (half of them) blamed on unrealistic Adjust PANG parameter 
PANG error parameter for two-point tracks, 
and inadequate error equation for neutrals; 
rest may be plural and single scatterings . 

~ accept 

14 unresolved (i.e., 
more than one hypothes is fits) 

7 (half of them) can be separated statistically 
by r e:'IJuiring reasonable angular distribution 
for '£ decay . A few more can be removed by 
better selection; a few cannot be resolved. 

Total: 78 KICK rejects or failures 
6 11 Zoo-ons 11 Awaiting hypothesis assignment . 

T otal: 84 

hard, in fact in the extreme relativistic limit s e pa
ration is impossible. Thus cop.sider trying to separate 
small-angle 1T-p and K-p s catterings, in which the p 
recoils at about 90 deg (lab) , with negligible energy. 
The kinematics reduces to conservation of transverse 
momentum, and clearly there is no way to separate 
1T from K. 

(b). If extra ,.
0

•s are made, the programs have a 
much harder time. 

How many physicist hou.r s are needed to under stand 
and c ur e the rejects and failur es? I have received 
answers varying from 10 minutes to an hour. It still 
takes hard work; thus it has taken Horwitz, helped by 
one graduate student and 1/2 technician, all summer 
to process the majority of the 400 events described in 
Table I. William+ Chinowsky has spent the summer 
processing 600 K + p interactions. Slater, ~tork, and 
Ticho at UCLA have processed about 1000 K +devents. 
As you might guess, although we who are directly in 
the Alvarez Group should do better (we are more ex
perienced), we actually do worse because we dilute our 
efforts trying to improve the system and advising our 
colleagues. 

Current Work 

White will speak tornorro~or comment now on 
Powell Group work. As for the Alvarez Group: 

PANG will eventually be changed to deal with three 
views, so that sketching can become more automatic. 
Other automatic sketching features must be added. 
Library routines are being developed, mainly by Bill 
Humphrey, Dave Johns on, George Kalbfleisch, and 
Ron Ross. 

HECK 

The new rnultivertex fitting program will consist 
of FIT embedded into a more automatic version of 
KICK, and called HECK, which stands for Hypothesis 
and Event Checking with Kinematics. As the name 
implies, a whole chain will be treated at one time, and 

it will have many automatic features, so that an event
type subprogram can be reduced to just a few code 
words. HECK will instruct FIT fir-st to check each 
vertex separately and save the results for starting 
values for the over-all fit, which will not be made 
until the preliminary fits show that the over -all fit can 
succeed. We have flow diagrams, and J osh Kopp, who 
has been working on HECK for about a month, has pre
pared a paper d i scus sing it. 7 

Howard White is already at work on programs that 
look at the event topology and generate the appropriate 
code words ior HECK . 

Within a year or so we should be able to put all the 
programs together and just about eliminate the people 
from the system . A good thing, too- -this is about the 
only way we will be able to keep up with the forth
corning flood of measurements. 

Finally let me mention programming needs on which 
nobody is yet working very hard: 

(a) I would very much like to see a Monte Carlo 
generator, to h e lp us test for biases in the system, and 
to plan experiments. Gerald R. Lynch, in fact, is cur
rently using a specialized Monte Carlo program and is 
willing to supervise its generalization if we can ever 
find a spare programme r. 

rou~l t:eit~o~~:~o~~h ~:~~:!!e~- ~ e~ :i:;d ;pt~t l~~ t t~ -x2 

two additional sources of information on velocity: \ 
( 1) bubble count, and ( 2 ) data on any 5 rays longer than 
perhaps 2 ern. 

Footnotes and References 

1. Alvarez Physics Group Memos 111 and 115. 
2. HowardS. White, Buckman, Hall, Hurwitz, Meis
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UCRL-9457, Aug. 1960; HowardS. White, Data Proc-
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directly to a helical spiral (see Solmitz's ta lk in the 
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Data (Proceedings of a Conference held Thursday Sep 
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Th e paper appearing below was given during a small two-day conference immediately 
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VIa . 10 . SPATIAL RECONSTRUCTION OF PARTICLE TRACKS IN BUBBLE CHAMBERS 

Frank T . Solmitz 

L awrence Radiation Laboratory 
Berkeley, California 

Introduction 

First of all, I would like to make a comment more 
or less along the lines of what Goldschmidt-Clermont 
suggested yesterday. In this game, there is so much 
oral communication between everyone everywhere 
that it is almost impossible to give the right credits 
for ideas. This seems to me a very fortunate state of 
affairs, because most of the ideas in this field are not 
of Nobel Prize caliber, and I think it is good to be able 
to exchange ideas freely and not worry too much about 
who gets credit for what. Yet I find that even after 
you have been in this business for a while, you still 
feel a little hurt if you do not get credit for some idea 
that you think you had first. On the other hand, after 
a while there is a certain amount of compensation-
you start getting credit for ideas you never had. 

In thinking about this t a lk, I started with the idea 
that the problem of space reconstruction or geometry 
is now so well understood by practically everyone that 
what I should do is give a survey of all the programs 
that have been written. I then found that it is very 
difficult to round up enough people to figure out what 
has been done. So instead, I will try to describe the 
various methods I know about and discuss their var
ious pros a nd cons. 

General 

First of all let me say that when we talk about the 
problem of geometry in stereo reconstruction, we have 
already made a decision . This was discus sed two 
years ago at the bubble chamber meeting at CERN. It 
has been our feeling all along- -I would say it is the 
sort of thing you do intuitively--that you should break 
down the problem into stages. If you were to try to do 
the whole problem at once, you might have a string of 
events in the bubble chamber and you might start, say 
(for the purpose of this discussion), with certain x, y 
coordinates on the bubble chamber film both of tracks 
and of fiducial marks . You could, in principle, de
scribe the string of events by certain parameters that 
are constrained by physical laws, then work out the 
orbits of the particles for these parameters, and pro
ject these orbits onto the film and try to do least
squares fits to everything . This process no one has 
tried, so far as I know. One convenient breakdown 
(and this is the one we chose) is where you consider 
as one phase of the analyses the orbit of a single 
charged track in the bubble chamber and you want to 
find out the parameters of this single track from the 
film measurement. It is this first phase of the break
down that I will confine myself to. 

I think some people- -at lea st those I talked to who 

h ave not worked on this problem- -are presently as 
little puzzled that there should be any discussion at all. 
It sounds like a very well-defined problem and why 
don't you just go ahead and do it. Once it was done, 
there wouldn't seem to be any alternative. This isn't 
quite true, and the reason is that even this p ar t of the 
analysis is sufficiently complicated by verious factors 
that to do a complete computation that is statistically 
correct in every respect would be absolutely prohibi
tive. Let me just point out that in dealing with the 
optics you have the proble m of conical projection, you 
have the problem of the refraction of the rays, then the 
rays have to lie on the orbit; the orbit is described by 
a helix in some approximation if you have a constant 
magnetic fi eld . You must then allow for the variation 
of the magnetic field, energy loss, and multiple scat
tering. Even though you take all this into account ther e 
are still some other factors, namely the optical param
eters of the system and the fiducial measurements, 
which are reflected in the parameters that you get for 
the track. These are the complicating factors, the 
reasons why I fell that one has to make compromises. 
Some people make more and some fewer c ompromises. 

Single-Track Methods 

A. The Method Used at Berkeley 

Let me first recapitulate the method that we use 
here in Berkeley . I think it is the one most wide
spread method, at least in the basic idea, which is to 
break down into two distinct phases the problem of 
getting the parameters of the space curve from the film 
measurements. 

The first phase is a purely geometrical one; that is, 
from the measurements on the film y.ou try to construct 
representative points in space without any knowledge 
of the nature of the orbit . You use only the stereo ge
ometry of the problem to try to describe the orbit in 
space. Now, one thing you all know is that it is in gen
eral prohibitively difficult--at least if you measure with 
a Franckenstein type of device- -to identify bubble im
ages from two or more views; therefore you have to 
make some sort of interpola tion in order to get rep
resentative points in space. 

This two-stage method may be described as follows. 
Suppose you take the image of one track in two views 
and you take a point measured on the first view . You 
know that a ray corresponding to this point represents 
a line in the chamber. Projected onto the second view, 
this line becomes a line in the second view. Thus the 
line in the second view corresponds to a point in the 
first view. If there are no refractive effects, this is a 
straight line, and if there are refractive effects it de-
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viates slightly from a straight line. What you do now 
is somehow find the intersection of this projected line 
with the track image in that view. There are a number 
of ways of doing this; you can put a straight line through 
the two nearest points on the track image or fit a curve 
through the entire track image and find the intersection. 
Both of these are currently being used. From this 
intersection you can construct a point in space. You 
then proceed to get a series of points in space, using 
one view as a sort of principal view and interpolating 
to find corresponding points in the second view. You 
can then turn around and repeat the process, using the 
second view as the principal view. 

If you have three views, there are six ways of doing 
this; if you have four views, as we do, there are even 
twelve ways. This becomes a rather horrible pros
pect, and what we have done is to compromise by cut
ting it down rather drastically. We use for each track 
just one pair of v i ews and do the process both ways. 
Other people have taken slightly different courses, 
since there is considerable room for choice, once you 
have the space points. I don 1t want to say very much 
about this; you can use various fitting methods. One 
was described by Horace Taft; the one currently used 
at Berkeley is fairly similar except that it starts with 
a parabola rather than a circle in projection. 

What are the advantages of this approach? One ad 
vantage is that breaking the problem into these two 
phases introduces a certain simplicity. You do the 
optical reconstruction only once. You do it quite care 
fully; that is, you put in the refraction effect exactly, 
without too much computation. Once you have the space 
points you can carry out some fairly fancy fitting pro
cedure which i s not time-consuming, as Taft pointed 
out. Thus you get something that is fairly simple, 
fast, and still quite good as far as taking care of the 
various effects is concerned. 

There are certain disadvantages, as indicated ear
lier. Having all these possible view combinations 
makes you sort of nervous. This i s because you are 
not using a statistically correct, really completely con
sistent procedure, since you are using the same infor
mation over several times. For instance, if you pro 
ceed from View 1 to View 2 and then from View 2 to 
View 1, you are using the same points over. To get 
the uncertainties in the representative space points 
from the measurement error is quite tricky. Also 
they are correlated in rather horrible ways which leave 
you a littly uneasy . Another difficul ty arises if you 
have to extrapolate and the curve is not a very simple 
one . Owing to conical projection and to energy-loss 
effects the curve can have fairly complex shapes, and 
you hesitate to extrapolate . You also want to get the un
certainties in the parameters that describe the orbit, 
and this turns out to be rather tedious. Thus there are 
good r.easons for trying to look for other methods. 

B. The "Ultimate" Method 

There is another way, which I first heard outlined 
as a possibility by a group at Chicago . I think that Bob 
Adair and Larry Latrunya are also doing something 
similar . Let me describe this method in abstraction 
rather than say it is someone 1 s program. Let me call 
this the ultimate method at least for this phase. I will 
say later why it isn't even ultimate. Let us suppose 
that you have by some system arrived at a first-approx
imation orbit in space. You can describe the orbit of 
a particle losing energy in a magnetic field by five pa 
rameters if you neglect mulitple scattering. If you take 
a standard plane then you have to specify where the 
orbit cuts the plane, then you must specify the mo-
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mentum and the direction . There is the mass, which 
assume is known or at least quantized in the sense 
that you can assign a mass and therefore put in the 
energy loss. You can take a large number of repre
sentative points on the orbit, project them back onto 
each one of the film planes, and hence get a large 
number of construction points on each film plane . 
Then you can find the distances of closest approach of 
the constructed points and the measured points, cal
culate for all points and all films a x2, namely the 
sums of squares of these distances. This gives you a 
x2 representing these particular values of the five 
parameters . Now you can vary the parameters a little, 
i.e., change the position and direction and momentum 
a little,and do the thin~ over again and see if you get 
a larger or smaller X . If you have a fair l y sophis
ticated hunting method you can find a minimum for the 
x2 

would expect this to be extremely time-consuming . 
You can make some compromise by not calculating the 
exact orbit of the particle in the magnetic field but by 
approximating it with a helix and then making correc
tions . Th e reason I say it is more time -consuming is 
that the sort of thing I described firs t must be used as 
a first approximation to this method. I hope this point 
is clear, that you must get some approximate helix in 
any case. The method has the beauty of being elegant, 
and there is no problem of extrapolation. You can use 
points on all views in a completely natural way. After 
you have explored this x2 function in five dimensions 
the uncertainties and correlations between the param
eters naturally drop out of the method. 

This is not ultimate, i n the sense that it has not put 
in anything about the fiducials, and you should really 
let these wander around, too. Also, we find that if 
you deal with fairly long tracks , the multipl e Coulomb 
scattering is really the dominant source of error, and 
this effect is n 1t taken care of in the method. I think 
one would like to use some of the advantages of this 
method but do some compromising . 

There are advantages if you don 1t go back to the 
film. If you have a point on the film, it is very easy 
to get a ray in space. If you have a point in space 
(I am now talking about the case where there are re
fractive media between the lens and the space you ar e 
dealing with), it is hard to try to figure out the corr e 
sponding point on the film . You get a higher-order 
equation. Also, to describe the orbi t in space is rea
sonably simple: to describe its projection onto the 
film is another story. You must do it numerically un
less you want to make some rather gruesome approx
imations. 

C. The CERN Compromise 

One idea, which I think originated with the CERN 
group (Goldschmidt-Cle r mont and workers), is to do 
something like what I just discus sed, but not to go b a ck 
to the film for each iteration. If you h a ve a collec tion 
of points on the film, you can c alc ulate a c orresponding 
collection of rays in space . These rays are straight 
lines in th e liquid (as long as the liquid is uniform in 
index you hope the light tr a vel s in a straight line). Now 
you want to find a helix, or a n orbit differing slightly 
from a helix, whic h comes close to all these straight 
lines. If you have a point with its uncertainty on the 
film, it generates a sma ll c one in spa ce rather than 
just a straight line . You w a nt to use some sort of 
least-squares criterion to make the helix c ome close' 
to these cones. First of all one could say calculate the 
sums of squares of the distan c e s of closest approach 
of the lines from the helix and minimize this f~Jnction. 
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This is rather hard, since you get messy transcenden
tal equations . Now as far as I understand the method 
that has b een programmed by Moorehead a t CERN, 
they describe each point that co rresponds to a ray by 
two intersecting planes. You can choose these planes 
so that one is described by an equation in x and z , 
the other by an equation in y and z. If you take a 
short piece of the helix near the ray , it either inter 
sects the two planes in two points or - -if the helix 
passes right through the ray--it intersects in only one 
point. Then they take the angular difference, on the 
helix, between these two intersections and try mini
mizing the sum of squares of these angul ar differences. 
This then gives a criterion for getting close in some 
sense. If the equations are simple, you can expand 
them and do a leas t squares. 

I think that, since you do (for simplicity) m ake a 
special choice of the axis, you introduce some sort of 
structure which may not be desirable, depending on the 
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orientation of the track. You must deal with special 
cases in a special way. I can see that this m ethod can 
be modified without much complication to take care of 
such special cases, or you could make the choice of 
the coordi nate axis different, depending on where the 
track happens to b e . 

Conclusion 

In summary, -I hope I h ave shown that to do the 
problem completel y correctly is not really sensible. 
Let me add that if it takes 10 times or 100 times as 
long (computing time) to get maybe 2 or 3"/o more in
formation out of the data, you are certainly not willing 
to do it and h ence you must make compromises. There 
is a great divergence as to how y ou can solve this 
problem, which I think will continue. I hope we will 
also continue to talk about this problem so that we can 
l earn from one another. 



VIb. 1. T H E MICROWAVE DISCHARGE CHAMB E R --A NEW TYPE OF PARTICLE DETECTOR 

* Shuj i Fukui, Satio H ayak awa , T a k ashige Tsukishima, and Hideo Nukush ina 

Physical Institute, F ac ulty of Science , 
Nagoya Unive rsity , Nagoya, Japan 

R ecently Fukui a nd Miyamoto 1 have d eveloped the 
discharge chamber as a detector to d ete rmine t ra jec
t ories of ionizing particle s. This d evice is b a s ed on 
ga seous dis c harges simila r to t hose in the Conver si 
counte r , 2 and is operated by a trigger e d de puls e. 
In spite of it s me rits in m a ny respects , the d e dis
charge chamber has the d i sadvantage of giving only 
the pro j ection of a particle trajectory on a plane. To 
overcome this inconveni ence , we suggested that the 
discharge c hambe r may b e operat e d by a triggered 
pulsed microwave fi e ld. 3 

From our expe riences with the de dis charge cham 
ber, the microwave chamber is expected to h ave the 
follow ing advant age s a s a particle trajectory detector: 

(a ) Less distortion of the tra jectory than in ex 
pansion chambers. 

(b) Shorter sensitive time; the sensitive time is as 
sho rt a s several microseconds, so that coincidence 
technique s with othe r high-speed e l ectronic circuits 
can be introduced. 

(c) Simpl e construction and easy operation with 
moderate cost. 

Concerning the high-frequenc y gas -dis charge phe
nomena , the e ffective strength, E e , of the microwave 
field is r e la ted to the applied fie ld, E, b y 

2 
v 

m 

where E is the rms value of the applied field, w its 
angular fr e quen cy, and vm the fr e quency of collisions 
for momentum tra nsfer. According to our e xpe ri
ences with the de chamber, a gas mixture of N e and 
(0.1 to 0.5)o/o A at a tmospheric pressure requires a 
value of E e as high as a few kv/ em to produce a vis 
ible trac k. Unde r these conditions the value of vm 
in this gas mixtur e is estimated, from knowledge of 
the results of microwave discharge experiments, to 
b e of the order of lOl2jsec. 4 As the applied fre
que ncy is 3,000 Me, vm >> w holds, l eading to the 
conclusion that the microwave discharge can be ex
amined in a manner analogous to that for the de f i eld. 

In order to obtain a visible track of 1 mm width, 
the pulsed microwave field should satisfy the follow
ing conditions: 

( 1) The field should be applied with minimum de
lay, that is b e fore electrons fr eed by an ionizing par
ticle have diffused away from their initial positions. 
Because of this requirement the time delay between 
the passage of a particle and the application of the 
microwave pulse should b e less than Z f.LSec. 

(2) The field should produce gas multiplication and 
create a great enough number of exc ited atoms to e 
mit sufficient luminescence for the photograph ex
posure. However , the r egion in which the e lectrons 
os c illate should be limited to a range as smal~ as 
l mm and the background luminescence produced by 
photoelectrons should be suppressed. 
Because of the se requirements, the field strength 
should be raised to a few times the bre akdown v olt-

age . The dur ation o f the a pplied pulse should be a s 
sho rt a s 0. 1 f.LS ec . 

As l ong as a microwave circuit (waveguide) is useQ. 
the v olume of the discharge chamber is effect ively 
limit e d to a s pecified dimension smaller than the ac 
tual cross section of the waveguid e, b ecaus e the 
strength of the high - frequency fi e ld i n the waveguide 
is m a ximum at the center of the flat portion a nd zero 
at both sides of the waveguide. The operating con
dition is a lso affected by the c hoic e of wave length. 

A preliminary test of this new d et ector was car
rie d out with a C-band magnetron, QK 235, operating 
a t 5.4 em wave l e ngth (5,550 Me ) and maximum p eak 
power of 250 kw. The inne r dimension of the wave
guide used is 4. 7 X 2. 2 em, and the us eful chamber 
size is limited to a bo ut 3 em at the center portion of 
the wave guide . 

Experiments in the S band we r e a lso carried out by 
using a magnetron, type 5586, operating at l 0. 7 em 
wave length and maximum peak power of l Mw. In 
this case, the inner dimension of the waveguide is 
7.2 X 3.4 em and the effective width of the detecting 
chamber is limited to about 5 em. 

A glass tube filled with a mixtur e of neon and ar
gon is ins e rte d in the main line of a t ee waveguide 
through which the microwave power is f e d from the 
magnetron oscillator to the dummy load, and the 
branc h line of the t ee is short-circuited by a thin me
t a llic plate at a half-wave -length distance from the 
side of the main line. This structure makes it pas
sible to observe the interior of the main line contain
ing the chamber without disturbing the flow of micro
wave power or causing any r e flection. Figure 1 shows 
the block diagram of the microwave discharge cham
b e r, and the details of the t ee section containing the 
dis c harge chambe r are illustrated in Fig. 2. 

For the H 10 (TE1ol propagation mode, the rms 
value of the electric field strength in a traveling wave 
is r e l ated to the power flowing through the waveguide 
by 

Fig. 1. Block diagram of the microwave 
discharge chamber. 
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p = s f..g/" 

where 1;, is the intrinsic impedance of the medium, 
f..g the ~gujde - wave - length and a and b the width and 
the height of the waveguide, respectively. 

Several kinds of glass tubes filled with the gas 
mixture at vario.us pressures were prepared and 
tested. A peak power of about 600 kw gave the opti 
mum display for trajectory detection. The pulse 
duration was 0.1 j.LSec throughout the experiment, 
The maximum rms electric fi e ld in the S - band wave 
guide is estimated to be 3.7 kv/cm by substituting 
the waveguide dimensions and the values f..g = 16.0 em 
and 1;, = 377 ohms in the foregoing equation. Fairly 
good agreement has thus been obtained between the 
conditions for the de and for the microwave dis 
c harges. Two examples of cosmic ray tracks are 
shown in Figs. 3 and 4. They reveal the expected 
features in their brightness and widths. 

Comparing the particle tracks displayed by the 
microwave field and those in the de case, one sees 
that the former contains a considerable number of 
background spots, as shown in Fig. 5. Although the 
mechanism of the creation of these background dis
charges has not yet been studied fully by the authors, 
one of the possible sources of these background lumi 
nescences may be photoelectrons produced by photons 
emitted from excited gas atoms. Addition of quench 
ing vapor such as alcohol to the chamber would be one 

' 
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of the possible ways of suppressing thes e photo e lec 
trons and thus the background luminescence . 

The recovery time of the microwave discharge 
chamber is longer than for the de case. This can be 
explained qualitatively as follows: With de, a finite 
drift path is necessary for an electron to attain a suf
ficient magnitude of multiplication and produce a lu 
minescent discharge or/that even a discharge bridges 
the electrodes. Thus electrons in the vicinity of the 
positive electrode can not produce a discharge. In 
the microwave case, on the other hand, multiplication 
takes place in a very small region around the original 
electrons. Thus, any electron in any position in the 
chamber can cause the discharge. The chamber does 
not recover at all unless all electrons diffuse away or 
are swept out. Application of a sweeping field to the 
chamber would reduce the recovery time. 

Footnotes and References 

'' Japan Radio Co., Ltd., Mitaka, Japan 

1. S. Fukui and S. Miyamoto, Nuovo cimento 11, 113 
(1959). 

2 . M. Conversi and A. Gozzini, Nuovo cimento 2, 
189 (1955); M. Conversi, S. Focardi, C. Franz1netti, 
A. Gozzini, and P. Murtas, Suppl. Nuovo cimento ~· 
234 (1956). 

3, S. Fukui and S. Hayakawa, J. Phys. Soc. Japan 
15, 532 (1960) . 

4. S. C. Brown, Basic Data of Pla sma Physics {The 
Technology Press, John Wiley and Sons, Inc., New 
York, 1959). 

Discussion 

Penman: Why do these tracks look like a series of 
dots? 

Fukui: We have, in fact, no way of knowing whether 
the track represents a single particle or a shower. 
If it is a single particle then the dots extraneous to 
the track might be due to cascades from delayed pho 
tons. The appearance of the track itself may be due 
both to the nonuniform {sinusoidal) field of the wave 
guide and to statistical e ffects in the electron cas
cades. 

Quercia: What is the time interval between trigger 
ing and discharge of the magnetron or the power in
side of the cavity? 

Fukui: 0.5 1-l sec . 

. ' 
·, 

.~ • 

Fig. 3, Cosmic -ray track. Fig. 4. Cosmic-ray track. 
Fig . 5. Cosmic - r ay track and 

background luminescences. 
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Lederman: What is the ratio of power causing break
down with and without passage of a particle through 
the chamber? 

Fukui: The power of the magnetron is 600 k w with. 
Without, 1 megawatt at a gas pressure of 60 e m Hg. 
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Hutchinson: To give us some idea of the light ava~l
able would you tell us the f value of your lens ? 

Fukui: The aperture of the lens was f/3 . 5 . We used 
a Japanese film called SSS. It is ver y similar to the 
American film, XXX. 



VI. b. 2. THE APPEARANCE OF A DISCHARGE IN A FLAT CONTROLLED COUNTER 
ALONG A PARTICLE TRACK 

A. A. Tyapkin 

Joint Institute for Nuclear Research 
Dubna, USSR 

During investigation of the gas -discharge cham
ber, the Japanese physicists Fukui and Miyamoto 1 

observed an interesting phenomenon -namely the 
appearance of a discharge along the ionizing particle 
track in those cases in which the angle between di
rection of its movement and the direction of the e lee
trical fi e ld in the counter is less than 30 deg. In
vestigation of such a type of discharge and clarifica
tion of the necessary conditions for its appearance 
are important for development of gas -discharge cham
bers with high space resolution . 

Investigations carried out in Dubna with a cham
ber filled with neon up to 600 mm Hg and contaminated 
with argon in different proportions showed that the 
most favorable conditions for the appearance of a 
discharge along the particle track are at 0.5o/o con
centration of argon. Dolgoshein, Borisov, Luchkov, 
Reschetin and Ushokov of the Engineering Physics 
Institute (Moscow) determined that it is possible to 
observe the discharge along the particle track up to 
the limiting angle of 40 deg in a chambe r filled with 
argon and alcohol up to the pressure of 0.5 atm. 
This g roup determined that, with the increase of the 
rise time of the high-voltage pulse in consequence of 
shifting the e lectron column to the e lectrode, the dis
charge parallel to the particle track appeared only in 
the part of the gas gap near the anode . 

Considering the formation of discharge channels 
along the ionizing partie le track, one should keep in 
mind that, because of low initial elect ron density, the 
discharge takes place in the initial stage only in the 
direction of the electrical field, and after that only 
with the development of separate e lectron cascades, 
effected by the positive ion field; these may close into 
one discharge clame l, inclined to the field direction. 
Still, before the mechanism of the development of 
such discharge is ascertained, the role of the initial 
ionization increase becomes evident . It is clear that 
for heavier rare gases and greater pressures the dis
charge along the particle track must appear at large 
angles between the particle trajectory and the direc
tion of the electric field. 

Argon contamination in neon also affects the in
crease of the initial number of cascades. In neon, 
under the pressure of 1 atm, the relativistic particle 
with minimum ionization produces only 12 ion pairs 
per em of track. Under the influence of the increas
ing vo ltage applied to the electrodes, initial electrons 
move toward the anode, producing effectively metas
table neon atoms . Subsequently , for sufficiently high 
e lectric field, and when gas ionization by electronic 
shock begins, these electrons provide origins for cas
cade development . In the presence of argon contami
nation relatively few neon metastable atoms have time 

to co llide with argon atoms and ionize them before the 
time of appearance of the ionization by electronic 
shock. It is this that leads to a substantial increase of 
the number of cascades . 

The idea of the utilization of high-frequency fie Ids 
in the chamber filled with a Penning -type mixture 
seems quite natural in this connection. In fact, the 
conditions for discharge development a long the track 
of the ionizing particle would be much more favorable 
if the electrons under the influence of the high-fre
quency field (which is not sufficient for cascade de 
ve lopment bye lectroni c shock) produced neon m eta 
stable atoms before the start of the main high-volt
age pulse . Thus the ionization a long the particle 
track cou ld be increased tens of times. 

According to the estimates, it was found that a 
high-frequency field of 100 megacycles and amplitude 
3 kv is needed for this purpose. 

Gas gaps of flat counters, investigated by Fukui 
and Miyamoto, were separated from the conducting 
e lectrodes by glass plates. As the discharge devel
ops in the gas, the glass-plate capacity is charged, 
which that leads to the decrease of the natural field. 
When enough separate cascades have developed 
throughout the chamber to dissipate sufficient power, 
the decrease of the external electric field affects the 
formation of the discharge channel inclined to the 
field direction. 

Reference 

1. S . Fukui and Miyamoto, Nuovo cimento 1, 114 
(1959). 

Discussion 

Roberts: Is there some expe rimental evidence about 
the formation of metastable atoms as discharge cen
ters? For example, can they b e quenc hed by colli
sions of the second kind, by introducing a foreign gas? 

Tyapkin: Only a f ew additions of argon were investi
gated. In all cases the addition of argon was 1% or 
less. At such small concentrations of argon its 
effect on the discharge can b e explained only by the 
presence of the metastable states of neon. 

Wenzel: What particular changes in the performance 
of the argon chamber were obtained by the addition 
of alcohol? 

Tyapkin: As was shown at the Engineering Physics 
Institute (Moscow), the addition of the alcohol has the 
effect of narrowing the discharge track . 



VI. b. 3 . STUDIES OF A NEON-FILLED SPARK CHAMBER 

Jam es W . Cronin and George Renninger 

P a lmer Physic a l Labor a t o r y , Princeton Unive rsit y 
Princeton, New J e rse y 

Pr e sente d by J a mes W. Cronin 

Introduc tion 

Cranshaw and DeB ee r[ have described parallel
p late sp a rk counters which have us ed a pulsed elec 
tric fi e ld following the passage of an ionizing particle . 
Rec ently a similar device known as a "dis charge 
c hamber" w as described b y Fukui and Mi yamoto. 2 
The present d eve l opment has the latter wo rk as its 
practical origin . 

D esc ription of Apparatus 

The chamber consists of 19 l / 4-in. -thick plates 
spaced 3/8 in. apart. The plates ar e made of alumi
num which has been copper plated and polishe d. The 
size of eac h plate is 7 X 9 in. ; the e d ges ar e rounded 
to a l /8 -in. radius. A photograph of the chamber is 
shown in Fig. l. The plate s are c riss cross e d so 
that the useful area is ? X 7 in. Alte rnate plates are 
connect e d to common bus lines which ~ass through the 
base plat e b y means of "Ceramaseal" elec trica l 
feedthr oughs . The entire chamber has an active v ol
ume of 7X7Xl2 in. The chamber is e nclosed in an 
aluminum box . Neoprene gaskets are used . 

Fig. l. Photograph of chamber on base 
without cover. 

The chamber is viewed at right angles through two 
6X l2-in . Herculite windows . Figure 2 is a schematic 
v iew of the optical system . A 12 X 6 -in. c y lindrical 
lens is placed above each Herculite window. The cam
era lens is placed at the focal point of the lucite lens, 
which provides for the regions between all plates to be 
seen by the camera. The intensity of the sparks is 
sufficient to saturate Kodak Tri-X film at a lens c 
pening of f/8 . Fiducial points were obtained by puls
ing on light sources after each high- vo ltage pulse . By 
means of mirrors the two orthogonal images were 
placed side by side on a single film . 

The chamber was filled with neon at a pressure of 

1.3 atm. The neon was 99 .5 % pure; the principal im
purities were other noble gas es. Dur ing ~he tests d e 
scribed below the chamber was pulsed 10 times with
o ut the n ecessit y of replacing the gas. 

CHAMB ER 
PLATES 

CYLINDRI CAL LENS 

CAMERA LENS 

Fig . 2. Schematic v iew of optical system. 
Above: e nd view; below: action of cylin 
drical le n s. 

The c hamber was puls e d by a 5C22 h ydroge n thyra 
tron contained in a coaxial housing . A schematic dia
gr am of the pulser is shown in Fig. 3. A capacity of 
2.5 X lo- 9 farad was disc.har g ed into the chamber ca
pacity of approximately 6 X lo-10 farad. A resistance 
of 50 ohms was placed in paralle l with the c hamber . 
The sequence of events in operation is shown in Fig. 
4. The passage of a particle through counters in 
front of and behind the chambe r trigge rs the high
vo ltage pulse. There is a delay of approximately 
0.25 fJ.Sec between the particle passage and the 

HIGH-VOLTAGE 

CMAAGING SUPPLY 

Fig. 3. Coaxial pulser. (Conde nsers are 
Mallory type HV 20035 U . ) 
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Fig. 4. Sequence of operation of spark chamber. 

high-voltage pulse. The thyratron is driven by an 
EFP-60 pulser similar to one described by Coffin 
et al. 4 A 400-volt 0.2-flsec pulse was applied to the 
grid of the 5C2·2. The delay time in firing the thyra
tron was further reduced by app lying a positive bias 
to the grid. The bias was set at a leve l just be low the 
point of free running of the thyratron . Biasing the 
grid in this fashion reduced the delay by approx 0.1 
flSec. The pulse on the chamber had a rise time of 
about 15 nanosec. The pulse decayed with the charac
teristic time RC::: 0.1 f!Sec. When sparks occur the 
duration of the pulse is reduced to approx 50 nsec. 

Performance of Apparatus 

During the summer of 1960 the chamber was ex 
posed to a "parasite" beam at the Berkeley B evatron. 
The beam was produced in a field-free section at an 

Fig. 5. Spark trail of ionizing particle pass
ing normal to the plates. 
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angle of 45 deg to the incident proton beam. The mo
mentum and sign of charge of the particles cou ld be 
varied . 

Figure 5 shows a spark trail of an ionizing particle 
passing normal to the plates . The width of the sparks 
is approx 1.5 mm. The measurement of efficiency of 
the chamber vs pulse vo lta ge is shown in Fig. 6. In 
the measurement of efficiencies we have assumed that 
the probability for each gap to fire is independent of 
the others. Most of the subsequent measurements 
have been car ried out with a 10-kv pu lse applied to 
the chamber. 

We found no marked difference in efficiency for 
minimum partie le s and three-times-minimum parti
cles. 
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Fig. 6. Efficiency of chamber vs pulse 
voltage. 

We have generally used de clearing fields during 
most of the runs. The addition of a clearing field 
permits us to adjust the sensitive time of the cham
ber over a wide range. Th.e efficiency of the cham
ber vs delay of the high-voltage pulse with clearing 
field as a parameter was measured at the beginning 
of operation and also after 105 pulses. The detailed 
properties of the chamber changed quite markedly 
although the quality of the spark trails was quite ex
cellent whenever the chamber was adjusted for full 
efficiency. Figure 7 shows the clearing field prop
erties at the beginning of operation, and Fig. 8 shows 
the results of the same measurements at the end of 
the runs. The general features are the same : (a) 
the sensitive time for zero clearing fields is > 10 
f!Sec; (b) in each case there exists a clearir.g field 
for which the sensitive time is a minimum . The 
minimum sensitive time changed from 1.3 f!Sec to 
0.5 f!Sec. Since we did not make any detailed meas
urements during the course of the 105 pu lses, we do 
not know in what manner these changes took place. 
It is our impression that the major change in clear
ing-field properties occurred rather early in the 
testing period. 
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Fig. 7. Efficiency of chamber as a function 
of delay and clearing field at beginning of 
run. 

The dead time of the chamber was found to be 
<= 15 msec. The limitation on this measurement 
was the recovery of the power supply . 
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Fig. 8. Efficiency of chamber as a function 
of delay and clearing Held at end of run . 
Inset shows the variation of sensitive t ime 
with clearing field. 
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We placed the chamber in an intense beam; the 
integrated flux was approx 105 particles. Peak rates 
were approx 106/sec. The clearing field was set for 
a sensitive time of 0 .5 f1Sec. The chamber was pulsed 
at various times throughout the spill and showed full 
efficiency in every case. At the peak rates the num
her of double tracks was very few and consistent with 
a sensitive time of 0 .5 f1Sec. There seems to be no 
pile-tp effect of residual ionization, at least at rates 
of 10 /sec over 0 . 1 sec. 

Figure 9 shows a scattering of a 300-Mev proton 
in one of the plates. When the particle makes an 
angle with the normal to the plates, the sparks show 
some tendency to follow the path of the partie le. The 
angle of scattering for this event can be measured to 
an accuracy of± 1 deg. Figure 10 shows a large 
angle proton scattering 50 deg. The accuracy to which 
this angle can be measured is ± 3 deg. 

Fig. 9. Scattering of 300 - Mev proton. 

Fig . 10. Large-angle scattering of proton. 
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The chamber has a natural use as an analyzer for 
proton polarization. A description of a crude proton 
polarization experirrent with the chamber is given in 
Appendix A. 

Figure ll shows a two-prong production event 
which was obtained when the chamber was triggered 
b y an anticoincidence counter behind it. There appears 
to be no difficu lt y in producing two sparks in a sing le 
gap as long as the two ion trails are produced simul
taneously, e . g., the two ion trails are produced with 
in a time short compared with the sensitive time. If 
two tracks are produced with a time separation more 
comparable to the sensitive time, the more recent 
track is found with full e ffi cie nc y while the older track 
is often se e n inefficiently . 

F igure 12 gives one an idea of the r es olution ca 
pabilities in the x, y plane ( z is the direction normal 
to the plates}. A seco"ndary track is em itted at an 
angle of approx 3 deg to the initial track. Two sparks 
whose separation i s slightly greater than a spark 
width are resolved. 

Figure 13 is an example of a more detailed event 
that can be observed. It is a n+ charge exchange: 
n + + nucleus - nO . One of the y' s converts down
stream into an electron-positron pair. 

Summary 

The spark chamber should find many uses in com 
bination with c ounters to form a system with both good 
time resolution and good spatial resolution. The short 
sensitive time allows the chamber to be operated in 
re~ions where the instantaneous flux is as high as 
10 O/sec . The resolution in the x, y plane is better 
than 2 mm; 2 - mm spacing of thin plates would produce 
a device with 2-mm resolution in all three dimensions. 
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Appendix A 

We made an effort to analyze proton polarization 
by means of scattering in the aluminum plates of the 
chamber. A polarized proton beam was produced by 
scattering a 260-Mev unpolarized proton beam through 
14 + 4 deg by a 20-g Al target. The scattered particles 
entered the spark chamber. Some 1000 second scat
terings were f ound in the plates with scattering angles 
> 7.5 deg. Of these, some 450 had residual energies 
> l 00 Mev (determined b y residual range). We me as
ured the product P1 P 2 , whe_:: e P 1 is the initial 
polarization of the b eam and P 2 is th~ asymmetry 
expected for a lOO o/o polarized beam. P 2 is an aver 
age over the angular range 7.5 to 35 deg and over the 
energy range 200 to 100 Mev. We found P 1 P 2 = 
+ 0.25 ±0.07. For the cases in which the residual 
energy was < 100 Mev, the ana l yzing power is ex
pected to be very poor; w e found P1P2 = +0.06 ±0.06. 

The effect is consistent with what is expecte d from 
tre available data5 when the proper averages are taken 
over the energy and angular dependence of the polar
ization. The first scattered beam contained a sig
nificant number of inelastic scatterings which further 
diluted the polarization. We do not consider the meas
urement ve r y satisfactory, but the difficult y stemmed 
from sources other than any malfunction of the spark 
chamber itself. 

Footnotes and References 

l. T. E. Cranshaw and J. F . De Beer, Nuovo cirnento 
5, 1107 (1957) . 

"""2. S. Fukui and S. Miyamoto, Nuovo cirnento ll, 113 
(1959). 
3. Manufactured by Cerarnaseal Inc., New Lebanon 
Station, N .Y., P . 0. Box 25. 

Fig. 12. Two -prong event, showing resolution. 
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Discussion 
Roberts: Is there any way for identifying particles by 
track characteristics? 

Cronin: We looked for differences in clearing-field 
cur;:;e8 for minimum and three-times-minimum ioniz
ing particles. No marked differences were observed 
by us. We feel that this device will be useful only in 
applications wherein other detectors identify the parti
cles. 

Ramm: What is the maximum number of tracks you 
can have in the chamber at one time? 

Cronin: The maximum we have seen is three . The 
difficulty is that the sensitive time is very short. 
Three tracks were seen when using the rapid beam 
ejector of the Bevatron. 

Quercia: For what angle of the particle trajectory 
does one observe sparks at an angle to the field? 

Cronin: The deviation begins to occur at any angle 
away from normal incidence. The effect is small for 
small angles of entrance but increases with angle un
til at 45 deg the observed tracks are a smear of fine 
spark filaments . 

I I 
I I 
I I 
I I 
l I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 

I I 
II I 
I I ., 

II 

Fi~. 13. Charge -exchange event, 
Tf t nucleus - TfO. 
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In planning an experiment, it was necessary to de
vise a counter-controlled chamber having good time 
resolution. In addition, the experiment required a 
low average density of materia l to keep down back
ground, The only device with the possibility of sat
isfying both these r e quirements is the discharge 
chamber. We have therefore undertaken a program 
of building and testing discharge chambers using thin 
foils as plates. 

The main problem in constructing a thin - foil cham
ber is treating the edges of the plates in a manner 
that will eliminate extraneous sparking due to the 
high electric fields at the foil edges. One method of 
accomplishing this is to construct the individual 
plates by gluing one foil to each side of a tubular 
framework, The space inside such a hollow plate is 
then wasted as far as tracing the path of the particle 
is concerned. Since a large fraction of the chamber 
volume is inside the plate, much useful information 
is lost. 

The method we chose was to bring the foils out 
through ·the chamber walls. Since the potential dif
ference needed to cause a discharge in air is much 
greater than that needed for neon, it was hoped that 
a neon-filled chamber could be operated to give good 
tracks without sparking on the edges of the foils. Ex
periments quickly established that for a chamber 
filled with neon to atmospheric pressure there was 
no sparking at a potential sufficient to give good 
tracks when 0. 0025-cm-thick plates were used. 

The operating conditions for the chambe r are sim
ilar to those found by other experimenters. For a 
1-cm plate spacing and 1.1 atmospheres of neon, the 
chamber produces good tracks with a pulse voltage of 
from 6000 to 9000 v and a pulse width of 0.1 f!Sec. 
For a constant clearing voltage of around 100 v ap
plied to the plates, the chamber has lOOo/o efficiency 
for discharge along a particle path if the time be
tween passage of the particle and the peak of the 

Fig. l. One section of a thin-foil discharge 
chamber. 

pulsed voltage is 0.2 f!Sec. The efficiency is zero 
with this clearing voltage if the delay is O. 5 f!Sec or 
longer, 

A number of chambers using various foil thick
nesses, plate spacings, and types of material have 
been constructed. The largest of these has a usable 
plate area of 35 X 35 em and a plate spacing of 1 em. 
Figure 1 shows one section of this chamber, which 
has six gaps. Two similar sections are being con
structed. The plates are 0.010-cm copper. The 
chamber walls are lucite strips. The whole chamber 
is cemented together with epoxy. The only critical 
factors in the construction are uniform gap spacing 
and good cleaning. 

While working with discharg e chambers, one of 
us (DIM) also investigated another possibility. The 
major defect of the usual discharge chamber is that 
the discharge does not follow the particle path but 
instead tends to go perpendicular to the plates. This 
is especially troublesome if the particle is going 
almost parallel to the plate. If the discharge could 
be localized by using a very-high-frequency pulsed 
field, more complete information about the particle 
path would be available. Some experiments were 
done using a 3000-Mc field, When a particle pas sed 
through the chamber, a puls e of microwave power 
was delivered to a cylindrical cavity oscillating in 
the circularly polarized TE111 mode. The rise time 
on the microwave pulse was about 0.1 f!Sec. A dis
charge was seen along the particle path although it 
tended to be somewhat diffuse. It has not be e n pos
sible to completely explore as yet the effect of vary
ing gas pressure, ris e time, etc., because of the 
limitation of available microwave power. Although 
the particular geometry used does not seem to give 
much promise for use in experiments, other geom
etries, possibly employing traveling waves or a low
Q system rather than a cavity, might be useful. Un
fortunately the amount of microwave power needed 
for a large chamber, although within the range of 
present oscillator tubes, is rather formidable. 

Disc ussion 

Piccioni: Could the microwave chamber be improved 
w ith the use of image amplifiers s o you would not 
have to force the breakdown? 

Meyer: I think the real problem is to ge t a much 
faster -rising pulse. We we re limited because the 
Q of the cavity made it take about l 0-7 sec to build 
up. If the time constant could be improved to , say, 
lo-B sec, the discharge would be finished and the 
cavity quenched before photons were emitted in large 
quantities from the atoms fiJ;st ionized . 

Deutsch: What is the minimum time delay between 
pulsing and re-pulsing without obtaining spurious 
discharge in de chambers? 

Meye r: Approximately 10 millis econds , but we have 
not measured it accurately. (See dis cussion of paper 
VI b. 5 . ) 
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Berkel ey, California 

Pr.esented by Bruce C ork 

Abstract 

A spark chamber ha s been construc t ed of seven alu
minum plates, each 1/2 in. thick, separated by 1/4 -
in. gaps . Using this device permits the trajectory of 
a charged particle to be observed by detecting the light 
produced by a spark dischar ge between the plates wh e n 
a high-voltage puls e is applied to alternate pl ates . The 
efficiency of this ch a mber has b een measured for high
energy charged particles produced at th e B evatron. 
Wh en the chamber is filled w ith 1 atm of neon or argon, 
the efficiency p e r gap is greater than 99% if a l/4iJ.s ec 
pulse of g r eater than 10 k v for neon or 15 k v for a rgon 
i s applied to the plates within 1/3 f!.S ec after the c har !<ed 
parti cle t r averses the gap between the plates, M ul 
tiple tracks, such a s those produced by a nuclear re
action in the plate s, can e asily be photographed. The 
recovery tim e of the chamber, aft er a spark d i scharge 
between th e plates, is approximately 10 msec. The 
s en sitive time is of the order of 10 f!. Sec unl ess a clear
ing fi eld is applied to one set of the plates. With a 
clearing fi e ld of app rox imate! y 160 v /em, the sensitive 
tim e is r edu<sed to less than 1/2 f!.S ec. When the c ham
ber had 4Xl0 particles inc ide nt on it in 0.1 sec, three 
tracks per trigger we r e some tim es observed, in agree
m ent with the m easured sensitive time. Th e chamber 
also fun c tione d with a magnetic fi eld of 13 kgauss par
allel to th e plates. The tracks were d i spl aced by an 
amount proportional to the magnetic field . In addition, 
if a high clearing field, E , wa s applied and if a long 
tim e was allowed to e lap se before the high- voltage 
p uls e was applied, the sparks in a lte r nat e gaps were 
displaced in opposite d ir ec tion s by an amount pr opor
tional to E XB . Both the mom entum and the tim e of 
traver sal, r e lative to the time of applied vol t a ge, c o uld 
be determined in this manner. 

Certain kinds of exper im ents in high-energy physics 
could ben e fit fr om the use of a charged-particle detec
tor with h igh spatial resolution combined with short 
tim e r esolution. At present, the former character istic 
is found in bubble chambers and photographic emulsions, 
the latter in scintillation and C erenkov count e rs. A 
discharge chambe r that has both thes e proper ties h as 
been described by Crtnshaw and De B eer 1 and also b y 
Fukui and Miyam oto . This paper describes a similar 
device which has been tested in a beam of high - energy 
par ticles from the Bevatron. 

Th e spark chambe r is s hown in Fig . 1; a block di
agram of the elec tronics is shown in Fig . 2. A charged 
particle that passes through counte r telescope c 1 c2 c3 
also passes throu gh the spark chamber in a direction 
approximately normal to the plates. The r esults re
ported here have be e n obtained w ith a chamb e r con
taining argon; the sensitive area was 6 by 6 in. A min
imum-ionizing particl e produc es about 30 ion pairs in 
n eon in each 1/4-in. gap . A coincidence in the count
e r telescope triggers an EFP60 d i sc riminator circuit, 
whi ch in turn triggers a 6 130 hydrogen thyratron. 
This applies a 2 -kv pulse to a 5949 thyratron, which 
in turn applies a pulse of up to 28 k v to alternate plates 
of the c hamber. The ris e time of this latter pulse is 
25 mfJ.sec . Within 0.1 f!.Se c of th e application of this 
pulse, a spark discharge oc c u r s in each gap at the 

point where the parti cle passed . With the help of a mir
ror, 90-deg stereo photographs of the discharge were 
r ecorded on Tri-X f ilm in a single camera. The aper
ture was f/ 11 with the c am e r a 5 f t away. Some typical 
pictur es are reproduced in Fig. 3 . In order to obtaip. 
good time resolution, a constant clearing field was 
maintained between th e plates; electrons from the tra
versed of off-time particles wer e thereby swept out. 

Th e time resolution was measured by delaying the 
application of the high voltage to the plates. The min 
i m um time between the p a ssage of the par ticl e and the 
arr ival of the high-voltage pulse at the chamb er was 
0 .3 fl. sec; most of this was due to th e triggering delay 
of the thyratrons. Figur e 4 shows the var iation of ef
ficiency of a s in gl e gap in argon as a function of addi
tional delay fo r various clearing f i e l ds. The curve s 
show that it is possible to achieve a resolution time of 
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Fig. 1. Diagram of th e spark chamber. 
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Fig. 2. Block diagram o f e l ectronics. Hy
dr o gen thy ratrons 1 and 2 are Kuthe typ e 
6130 and 59 49, r esp ectivel y. 
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(a) 

Fig. 3. Typical photographs obta ined with 
the spark chamber. 

(a) Two particles passing through the 
chamber. One has interacted in a plate . 
M inimum - ionizing particles enter from 
the left . 

(b) Two particles passing through the 
chamber obliquely, one at 36 deg, the 
other at 25 deg to the normal to the plates. 

0.5 f.LSe c with an effi c i ency b e tter than 99"/o. Th e effi
c i ency for sparks to appear in all six gaps was always 
approximatel y the sixth power of th e effi c i ency of 
singl e gap, showing that th e gaps behaved independently. 
Similar curves ar e obta ined wh en the chamber is filled 
with neon or helium. 

Th e curves of Fig. 4 were obtained w ith the clearing 
field in the opposite direction to the pulsed field. With 
the clearing field in this dir ecti on, the e l ec trons--which 
initiate the dischar ge - -are swept towards on e plate. 
There i s th en suffi cient room for development of spark 
breakdown in an electron avalanc h e moving towards the 
other plate. With a clearing field of th e same magni
tud e in the other direction, h i gh efficiency was not pos 
sible because of the nonzero distance required for the 
development of a spark. 3 This distanc e d ecreases w ith 
increasing amplitude of th e high- voltag e pulse ; when the 
voltage is low e nough for the breakdown distance to be 
comparable to the gap w idth, the effi c iency i s reduced. 
This effect is shown in Fig. 5. 

The recove r y tim e of th e chamber was measured by 
triggering the chamber w i th two particles occurring a 
fixed time apart. The results are summarized in Fig . 
6. These cur ves we r e not controlled by th e recovery 
of the high-voltage suppTy;at 4 msec delay, the high 
voltage had recovered to a level at which the efficiency 
i s 60o/o. 

An attempt was made to find a clear ing field that 
woul d g ive a low effi c ienc y for particles w ith minimum 
i onization and high efficiency for densely ionizing par
ticles. With a clearing field of 4 7 v and a delay of 0 . 6 
f.LSec in neon, the efficiency was 60o/o for minimum ion
i zation and BOo/o for three tim es minimum ionization. 

With all parameters held fix ed, it was found that the 
.resolving time of the chamber increased during a period 
of several days after evacuatin g and refilling the chatrl:er. 
Most of the change occurred in the first few hours after 
the chamber was filled . This effect was presumably due 
to the change in concentration of some impurity . The 
resolving time was r es tor ed to the initial value by an 
increase in the clearing field. Addition of 1/2% oxygEn 
or 5"/o carbon d i oxide did not affect the efficiency appre
c iailly. Gr eater quantities did reduce the effic i ency, 
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presumably by r educing the probability that an e l ectron 
would survive until the high-voltage pulse was applied. 
The se added impur itie s did not affect the r ec overy time . 
Addition of a small amount (approx 1/5% ) of argon to 
neon did not have any marked effect on the brightnes s 
of the spark, nor on the time resolution . In th e l /4 -
in. gap, no t endency was seen for the spar k in a single 
gap to follow the track of the particle for tracks at 
angles up to 45 deg to the n o r mal to the plates; w ith 
angles greater than th i s, multipl e sparks occurr e d. 
One of the pictures in Fig. 3 shows the appearance of 
such a track. In tests w ith a 1/2 -in. gap some sparks 
d id parti ally follow the particles in the sam e way as 
shown in th e r esults of Fukui and Miyamoto, 2 but the 
effect did not appear cons i stently. 

Th e estimate of the resolving time obtained as de 
scr i~ed above was confirmed by t ests in a beam of 
4Xl0 particle s per sec; approximatel y three tracks per 
trigger were observed in the chamber . This result, 
together w i th observation of interaction events in the 
plates leading to secondary particles, shows that there 
is no loss of e ffi c i ency when several particles are de
tected at once. 

Wh en the chambe r was placed in a m agnetic field 
perpendicular to the particle traj ectory, the sparks in 
alternate gaps were displaced in opposite directions, as 
in Fig. 7 . Th e d i rection of displacement was -EXB, 
the clearing field . This i s due to the familiar cycroidal 
motion of th e electrons in the crossed fields, modified 
by the presence of the gas . This situation is s imila r 
to that used by Townsend in his measurements of ionic 
mobilities . 4 With a clearing field of 8 0 v/cm, a delay 
of l f.LSec, and a magnetic fi e ld of 13 kgauss, the rel-
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Fig . 4. Efficiency of a single 1/4-in . gap in 
l atm of argon as a function of delay in 
applicat i on of the high-voltage pulse. The 
ze r o of the delay a xis i s the time at whi ch 
th e particle passed through the chamber. 
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ative displacement in successive gaps was about 1 em. 
This displacement is proportional to the lapse of time 
between pas sage of the particle and application of the 
high voltage. It is conceivable that this effect could be 
used to reject accidental particles; an out-of-time 
track would have an incorrect displacement. The time 
resolution might be made as short as 0.1 f.LSec in this 
way. The efficiency of the chamber was still greater 
than 99% in a magnetic field of 17 .5 kgauss. 

Gases of ordinary purity were us ed; welder's argon, 
for example, was found to be quite satisfactory. For 
this reason values of electron mobilities that can be 
deduced fro.m this work should not necessarily agree 
with published values. It is well known that minute 
~~anti~ies of impurities have drastic effects on mobil 
ltle s. 

It is concluded that it is possible to construct a spark 
chamber which has much better spatial resolution than 
any practical counter array and a time resolution of l ess 
than 0.5 f.LSec. Its use could greatly simplify an exper
iment in which accurate observation of a rare event in 
an int ense flux of particles is required. 

It is a pleasure to thank Professor James Cronin 
of Princeton University for many helpful discussions. 

Footnotes and References 

* Work done under the auspices of the U.S . Atomic 
Energy Commission. 

tOn leave from the National Institute for Research 
in Nuclear Science, Harwell, Engl and. 
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Discussion 

Piccioni: Can the dead time of these chambers be re
duced by applying a h igher bias? 

Cork: We have n!)t explored this possibility . 

Roberts: One woul d expect that dead time would de
pend to some extent on the total charge passing 
through the chamber. Have you any evidence that 
this happens? 

Cork: No . We did not consider it important to study 
this. For some accelerators this might be a prob
lem, but at the Bevatron we don ' t think it is. 

McDaniel: Is the dead time of the spark chamber in 
the nature of a loss of sensitivity or is it such that a 
spurious discharge starts due to an old discharge? 

C ork: The dead time is that period during which all 
ora- f raction of the gaps do not fire. F or example, 
at 7 msec, about 50o/o.of the gaps fire. 

Quercia: What are the possibilities of making larger 
dev1ces and compensating increased capacity by plac
ing inductances between the plates so as to effectively 
form del ay lines? 

Cronin: We have tried this at Princeton on a small 
chamber. The variation in the intensity of the spa :des 
corresponds to the direction of the delay. That is, 
those sparks at the end were less bright than those at 
the start. We felt that the pulse was being attenuated 
and that this accounted for the variation observed. 

Cork: There is an alternative answer to Querc i a 1 s 
question, and that is to simply suppl y a considerable 
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current instead of trying to make the plates into a de
lay line. It has been shown that an air spark gap can 
be triggered i n about 40 nsec, and you can probably 
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get a million amperes out of such a device. S o on 
this basis alone you can think in terms of very great 
areas if you wish. 
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Presented by Joachim Fischer 

Abstract 

This is a preliminary report on a pulsed-parallel
plate conducting-glass spark counter, which has been 
used to record successive particle tracks during pe 
riods of about 1 millisecond. It has been found pos
sible to reignite a spark in its old location together 
with new sparks induced by successive particles. 

In experiments using pulsed-beam particle accel
erators it is often desirable to locate the position of 
several successive selected particles during a sin
gle beam burst, as, for example, in track labeling 
of selected bubble chamber tracks. Pulsed spark 
chambers are easily adapted for such applications if 
one avoids the limitations due to their long recovery 
times. 

One method we have developed, which employs 
spark counters to record the location of successive 
particles, is shown in Fig. l. Here the beam trav
erses a selective counter telescope an:la multicell 
spark chamber whose cells are fired in sequence. 
Each cell of the spark chamber is connecte·d to its 
own hv trigger circuit, and to a pulse-distribution 
system which permits the sequential firing of cir
cuits only one at a time. An accelerator signal may 
be used to reset the system, which consists of flip 
flops that lower the bias of the trigger-tube grids with 
the exception of the one to be fired. 

Fig . 1. Use of spark counters for recording 
location of successive particles. 

Another method to locate rapidly successive par
ticles is not to wait for the chamber to recover after 
the first spark, but to re-pulse it after passage of a 
subsequent selected particle under the assumption 
that a new spark at the new track location would be 
formed, in addition to a probable refiring of the pre
vious spark. 

In order to test the feasibility of this method a 
chamber composed of an aluminum and a conductive
glass plate which permits a face view was constructed. 
Face view rather than side view is required for non
ambigious two-coordinate information if more than 
one spark is involved. 

Glass electrodes are known to inhibit spurious 
sparks . The resistance of the glass, of 200 to 4000 
ohms per square , was thought to be advantageous in 
this application because it would limit the discharge 
current, giving a thinner spark, and reduce the num 
ber of ions formed. The glass r e sistanc e would also 
tend to isolate one spark from an othe r . The cross
sectional view of two circular chambers us e ci in this 
investigation is shown in Fig. 2. In these de signs 
the distance along the insulation has been made longer 
than the gap width. The gap was about l/8 in . , be
cause such a short gap would accelerate ion clearing 
and limit diffusion and yet provide sufficie nt ion pairs 
in particle tracks for reliab le sparking in the denser 
gases. 

Most tests were run with argon of commercial 
technical grade at atmospheric pressure flowing 
through the chamber. Neon and helium were also 
tried, 

The rectang ular hv pulse applie d for reliable 
sparking in argon was about 5 t c 10 kv and of about 
0.1 IJ.Sec duration. The time dela y between passage 
of a partie le and the hv pulse maximum was estimated 
to be less than 0.2 IJ.Sec, which includes photomultiplier 
transit times. 

The clearing field was about 20 to 40 volts, which 
permitted a high sparking efficiency at a delay time 
of about 0.2 f1Sec. 

The influenc e of a second hv pulse on a spark was 
then investigated. 

A spark was first initiated following a cosmic ray 
through the. chamber as indicated b y a scintillation
counter telescope signal. Following this spark an
other artificial hv pulse was applied after delays vary
ing from microseconds to hundreds of milliseconds. 

Observation of the current flow through the cham-
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Fig. 2. Cross -sectional view of circular 
spark chambers, 
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ber and visual observation of the sparks indicated 
that reignition of the spark at the origina l position did 
occur for delay times of up to l msec for argon and 
about 0.5 msec for neon. For longer delays, double 
or multiple sparking did occur, with a spatial sepa
ration between sparks. No sparks were produced by 
the second pulse when the delay was of the order of 
0.1 second. 

Pending further investigation, the localized re
ignition of a spark may be due to metastable atoms 
and (or) a combination of several effects: 

(a) After the collection of the electrons in a fraction 
of a microsecond, the positive ions are still in the 
near locale of the spark. The high concentration of 
positive ions forms a virtual anode which results in 
a reduced effective gap. 

(b) The motion of these ions due to the clearing field 
and the hv pulse may provide electrons due to colli
sion with the e l ectrodes and gas atoms. 

(c) The original spark forms a localized hot spot on 
the electrodes which may result in localized electron 
emission. 

The time constant of these effects and the continuous 
process of ion diffusion eventually gives rise to mul
tiple nonlocalized sparks. A further time delay results 
in complete recovery of the chamber. The gas density 
and the gap width may be used to control the influence 
of diffusion on the localized reignition time. 

F ol lowing these observations of localized reignition 
of a spark, an additional test was performed at the 
Cosmotron to see whe ther the hv pulse triggered by 
a second particle t raversing the chamber within l 
msec would not only reignite the old spark but also 
give rise to a new spark. 

Figure 3 shows the experimental arrangement for 
this test. A beam of about 700-Mev/c charged par
ticles traversed a counter telescope and spark cham
ber. A 45-deg thin mirror may be used to locate 
the camera outside the beam. The telescope was 
gated on for 3/4 msec on every beam burst. Photo
graphs were taken for individual beam bursts. A 
photograph of the chamber is shown in Fig. 4 and 
pictures of sparks in it are shown in Figs. 5 and 6, 
where one may note several particle -induced sparks 
per beam burst. The diameter of the sparks is less 
than 1 mm, but appears larger because of an inap
propriate method of reproduction. 

Once perfected, spark counters of this latter type 
may be useful for applications in which a visual lo
calization of counter-selec ted charged particles is 
required, as, for example, a hodoscope. Several 

PARTICLf:-SELECTII'IG 
COUNTER TELESCOPE 

COSMOTRON 
GATE SIGNAL 

PULSED SPARK 
CHAMBER 

CAMERA 

Fig. 3. Simple pulsed spark chamber sys
tem for multiple sparks per beam burst. 

Fig. 4 . Chamber used in experiment at 
C osmotron as represented in Fig, 3. 

• 

• 
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Fig, 5. Particle-induced sparks in chamber. 

I I 
• .. • 

Fig. 6. Particle-induced sparks in chamber . 
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chambers, one behind the other, may be viewed by 
one camera to identify the locations of different types 
of particles in one beam burst. Each chamber pulse 
would be initiated by its own particle-selecting count
er-telescope combination. 

If used as a beam-profile indicator, the chamber 
may be pulsed by signals from the particle acce l er
ator. 

Further tests are required and are in progress to 
confirm and extend the preliminary results obtained 
thus far. 

The hv pulsing system consisted of an EFP60 trig
ger circuit whose dynode was coupled to the grid of a 
4PR60A output tube. Both tubes are normally in the 
nonconducting state. The output pulse was taken from 
the anode of the 4PR60A via a hv capacitor . The out-
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put tube was connected as a triggered blocking oscil
lator when high peak output currents were desired. 

This work was done under the auspices of the U.S. 
Atomic Energy Commission. 

· t A more complete paper on this subject may be 
published e ls ewhere. 

Di scus sian 

Kerth: Can you tell us what the clearing field was, 
so that we may have some idea of the sensitive time 
of the chamber? 

Fischer: For a 1/8-inch gap, 20 volts gives lOOo/o 
efficie ncy. For the 200-nanosecond waiting time 
imposed by the associated electronics, the efficiency 
drops if we go above 45 volts. 

General Discussion on Spark Chambers 

Lederman: I would like to remark that, with Alan 
Shelzoff and J. Giordemaine, we have also con 
structEd a microwave spark cavity. It was a box, 
about 3 mm high by 25 cm 2 , and pu lsed with a 10,000-
Mc magnetron pulse after passage of a particle. Our 
experience was that, whereas it took 12 kw of peak 
power to break down the cavity spontaneously, only 
1 kv was required when triggered by a counter 
signal. The sparks looked very much like the sparks 
in the de chambers. We are now building a lar ger 
box to study the structure of the "track" in more 
detail. 

Wilson: Can these spark chambers be used in con 
junction with a pulsed accelerator to look at delayed 
particles? How short a time after passage of the 
main beam could it be used? 

Cronin: The sensitive time of the chamber can be 
made 0.5 f.LSec, so presumably the chamber can be 
pulsed after the sharp beam of an accelerator such 

as a linear accelerator. However, we have not 
measured the clearing-field properties after massive 
doses of ionization. There may well be pile-up 
effects . I can report that we have fgund this clearing 
property to work well at rates of 10 per sec . For 
larger rates we have no .data. 

Wenzel: I wonder whether any of the groups doing 
s park chamber development have tried using hydrogen 
gas in their chamber, and had any success? 
(Laughter) 

Romanowski: What is the role of the surfaces of the 
plates in the chamber, and how are they prepared? 

Cork: No special precautions are taken. Some plates 
of rolled aluminum are cleaned with NaOH for appear 
ance, and graphite plates are sprayed with air-drying 
silver to prevent graphite wipeoff and to reduce edge 
sparking. 



VI b. 7. PROPOSAL FOR A SCINTILLA TION COORDINATE DETECTOR 

Er ns t Heer 

Universi t y of Ro ch es t e r 
Rochester , New York 

C ounter expe riments suffer us ua ll y ei the r from 
small solid angle or from bad a ng ular resoluti on . 
This diffi culty can be par t i ally overcome by u s ing 
many parallel counter channels, each wi th its own 
e l ectronics . Because of the high cos t of photom ulti
p liers and the complexi t y of the e l ec tronic s, the num 
ber o f channels is u s ually kep t quite small. 

In the f o llowing a d etec tor is p ropo sed , call ed the 
s cintilla tion coordinate detec t o r, which makes it pos
sibl e to have fairly good· angular r esol ution w i th rathe r 
l arge so lid a ng l e - - and th is with a small numbe r of 
photomulti pliers . As the name says, the d evice is a 
scint i lla tion counter with its inherent advantage of 
high speed, and i t 1s a coordinat e me t er, giving in dig
ital fo rm the information on where the particle trav
ersed th e detec tor area (Fig. 1) . 

[SIGNALS IN DIGITAL 
lFORM GIVING X, Y, t 

Fig. 1. A two-dimensional coordinate de
tector. It is a de v i ce wh ic h g ives in dig 
ital form the coordinates x and y of the 
point of intersection of a particle track with 
the detector ar ea. 

A two- dimensional coordinat e detector con sists of 
two one -dim ens ional d e tectors laid to ge ther with their 
"long axes" at r ight angles. A one-dimensional detec 
t or consists of a l aye r of close l y p3.cked but optically 
separated rod s of scint i lla tor (Fig . 2). A particle 
tr ave rsing the count er therefore gives light signals in 
general in one r o d of each l ayer, specifying i n th i s 
way the coordinates x and y of the point of intersec
tion of the par t icle path wi th the detector area. 

In order to avoid having large number o f photomult i 
pliers (equa l to the number of r ods in a layer) , the use 
of a light-coding system is proposed. E ach of the N 
scintillation rods (in a one-dimensional detec tor ) is 
connected by l =a l og N lightpipes to the 
p = a · a l og N photomultipliers in such a way that the 
signals from th e photomultipliers give in digi tal for m 
the information as to whi c h rod was excited . The base 
a can be any integral number; in practice a= 2 , 4 , or 
10 is probably of g r eatest impor t ance . 

As an example: a one-dimensional de tector with 
N = 100 elements, us i ng the base a= 10, r e qui r es 
p = 20 photomultipliers, and the light o f each rod is 

spl it into l = 2 part s (a spli t into two par t s is con 
venient because one light pipe may be connected ea s
ily t o each end of the rod). Or a counter with 
N = 25 6 rods, usin g the base a = 4, r e q ui r e s only 
p = 16 photomultipliers, and the light is split into 
l = 4 par t s (the base a = 2 for the same N = 2.56 would 
also g i ve p = 16, but it would require l = 8 1 therefore 
b e l e ss desirable ) (Fig . 3, T a ble I). As for the siz e, 
we might take as an example 100 rods of 1/8 x 1/8 -in . 
c ros s section and a l ength of 12 . 5 i n ., giving a square 
counter of 12 . 5 x 12. 5 in. 

S uch a detector with ass ocia t ed fast e l ectronics and 
recording e q uipment can be use d in many experiments. 
(Figs . 4 a nd 5 ) I would like to mention just one t ypi -

51 

52 

53 

54 

%= N Scintillation Rods, 
Optically Separated 

e.g. 0=12.5" d=0.125" 

N=IOO 

Crossection a) IL-L-L-L-L-J 

blCJ:XXX) 

c) · · ·etc. 

F ig. 2. A one -dimensiona l c oordinate de 
tector . It c onsi s ts of a l aye r of N op
tically separate d scintilla tion rods. T wo 
such one - dimensional counters, ar ranged 
w ith their rods a t right angles, make a 
two-dimensional counter. 

Binary System 
a=2 

N=4 
P=4 
1.=2 

Fig . 3. T he light-coding system for the 
simple case of N=4, using the binary sys 
tem. Sl through S4 ar e the scintillators, 
Pl through P4 the photomultipliers, 
(Note that in this case no saving in the num
ber of photomultipliers r e sults from the use 
of the light- coding system.) 
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cal exampl e, namely the measurement of the degree of 
polarization of a badly c oll imated beam of polarized 
protons (by measur ing the left-right assymmetry in a 
carbon scattering). Two coordinate counters be fore 

Table I 
Comparison of various light-codmg schemes, showmg 
that fewer photomultipliers are needed in a coordinate 
detector with an increased number of light pipes. 

Base Number Number Number p total 
= 8 p 

2 
2 

4 
4 

10 

of scin- of light 
tillation pipes , 
rods, N 1 

128 7 
256 8 

64 3 
256 4 

100 2 
1000 3 

100 
256 

of pho-
tornul-
tiplier s, 

p 

14 
16 

12 
16 

20 
30 

100 
256 

112 
128 

96 
128 

160 
240 

1000 1000 

800 
2048 
8000 

DECODEABILITY 

ANALY~ER 

T 

TRIGGER 
SIGNAL 

G 
GATE SIGNAL 

INPUT 

c 
COORDINATE 

SIGNAL 

Fig . 4. Schematics of the electronics of a 
one-dimensional coordinate detector, 
shown simplified for four photomultipliers 
only. The signals are fed into the "de
codability analyzer," which gives out a 
signal T if the photomultiplier signals 
are decodable. If a gate signal comes in 
at G , the delayed, coded coordinate sig
nals are read out through the coordinate 
signal line C. 
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the target indicate the direc t io n of the incident proton, 
two c oordinate counters after the target indic a t e the 
direction of the proton after the scattering. It should 
be possible to e liminate all unscattered and C oul omb 
scattered protons by a suitable fast electronic de vice 
and register on a fast tape recorder onl y the coordi
nates of those events in which a scattering by an angle 
larger than a . took place. The evaluation of the 
da ta would benaWne by a computer dir ectly off the tape. 
Also, four detectors with a magnet between the second 
and thi rd dete c tors would make a momentum selector 
for a badly collimated particle beam. 

Experiments with 1/8 x l /8 -in. and 1/4 x 1/4 - in. 
scintillation rods of various lengths are now under way. 
Fourteen-stage tubes are used. The coupling b e tween 
scintillation rods and tubes is done withflex ible glass 
fiber bundles which simplifi e s the otherwise d ifficult 
wiring of the optical s y stem. 

Fig. 5. Schematics of the electronics of a 
system of four two - dimensional coordinate 
detectors. The one-dimensional detectors 
are the boxes labele d l x, 1 y, 2x, etc., .each 
box representing the electronics shown in 
Fig. 4. All the signals T from the "de 
codability analyzers" go to the coincidence 
analyzer, which furnishes the gate signal 
G if the signals T are all present and 
time -coincident. The gate signal then 
starts the readout of the counter . The cir
cuit may include the "no-scattering rejec
tion," which is essentially a fast computer 
which rejects events with a scattering angle 
smaller than a given minimum. 

Discussion 

Gomez: If three particle.s passed through at once, 
would not the interpretation become difficult? 

Heer: Yes, this detector is essentially a single-parti
Ciedevice. 

von Dardel: We have built a similar device at CERN 
which was reported in Paper II b.ll. We find that the 
greatest difficulty arises from multiple tracks and 
that complicated logic must be used to eliminate such 
events. 

Fischer: A device we have built at Brookhaven em
ploys a thir.d array diagonal to the other two arrays, 
thereby a llowing measurements of two tracks at once. 

Roberts: It appears that the main use of such a device 
is in primary beams, where its speed might be uti.
lized, and not in secondary beams, where spark 
chambers may be more effective. 
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Presented by Ansel Citron 

At the CERN synchrocyclotron a beam-optical sys
tern has been constructed which provides strong fluxes 
off! mesons, of both high and low energy, with a low 
rr-meson contamination. 

We use two momentum analyzers separated by a 
decay path (Fig. l). If monoenergetic rr mesons of 
momentum p decay, the laboratory-system momen
tum of the f! mesons is distributed a lmost uniformly 
over a momentum band extending roughly from 0.6 p 
up to p (Fig. 2) . If we inject rr mesons in a certain 
momentum band I into the decay path and extract par
ticles in a lower momentum band II, then these parti
cles are mostly f! mesons, provided the two momen
tum bands are well separated (Fig. 2). Although the 
useful width of band II is usually limited by experimen
tal requirements, the momentum band I should be cho
sen as wide as possible, if a high intensity is desired, 
because rr mesons out of a wide range of momenta can 
contribute f! mesons in a given band II. 

N (p) 

li 
Dec a 

I 

Fig. l. The double magnetic analysis. 

'fT 1T 
I 
I 
I 
I 
I 
I 

~-------·n 

I I : 
}J I }J I I 

I I I 
PC 

> 

Fig. 2. Momentum spectra off! mesons from mono
energetic rr mesons. The momentum bands se
lected by the two analyzers are also shown. 

Because the laboratory-system decay angles are 
quite large (up to 100 mrad for 400-Mev/c rr mesons), 
adequate focusing has to be provided all along the de
cay path. 

The rr mesons are generated by the internal 600 -
Mev proton beam of the synchrocyclotron, falling on 
a Be target. The first momentum analysis (I) is ef
fected by the magnetic field of the synchrocylotron 
itself (Fig. 3). If a high-energy fJ. beam is desired, 
the position and inclination of the decay channel with 
respect to the target are chosen in such a way that a 

lower momentum cutoff at 350 Mev/c results, while 
particles up to 500 Mev/c are admitted with varying 
efficiencies. The center of gravity of the admitted 
band lies a t 400 Mev/c (Fi g . 3 a ). 

Fig. 3. The synchrocyclotron field as magnetic an
alyzer. 
a. High - energy operation. 
b. Low - energy operation. 

The decay channel has a total length of 13m. The 
decay length for 400-Mev/c rr mesons is 22m. Twen
ty-four equally spaced quadrupole lenses , of 20 em 
aperture and 30 em magnetic length, with a maximum 
attainable gradient of 1 kilogauss/em, provide the 
focusing. They are usually operated at about half max
imum field. It is estimated that 20 to 3CP,Io of the f! me
sons generated in the channel emerge from it. The 
first lenses are only about 50 em from the window of 
the cyclotron, a number of the subsequent lenses are 
built into the shielding wall, and the last ones are sit
uated in the experimental hall (Fig. 4). 

The emerging tJ.-meson beam originates from a 
three -dimensionally distributed source and includes 
angles of about ± 100 mrad with the channel axis . The 
second momentum analyzer (II) has to transmit such 
a beam without high losses. A 70-deg alternating
gradient magnet comprising three sections was con
structed for this purpose . It is designed to continue 
the focusing properties of the channel. In order to 
avoid a drift space between the magnet and the chan
nel and between the magnet and the detector , the 
coils have been bent up so that they are out of the 
way. The weight of the magnet is 21 tons, the mean 
radius of curvature 110 em; the maximum field at 
this radius is 10 kilogauss (Fig. 5). 
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Fig. 4. General layout of the system. 

If one wants to obtain low-energy f.L mesons, the 
same system is used, but the cyclotron is operated 
with the opposite sense of rotation and a different 
target position (Fig. 3 b). The accepted rr band then 
extends from 230 Mev/c upwards, and the f.L mesons 
have momenta down to 130 Mev/c (60 Mev kinetic 
energy). 

The system, which was planned in 1956-1957 , 
1 

has now been tested. The first results can ·be sum
marized as follows. 

Fig. 5. Photograph of the alternating-gradient bend
ing magnet. 

I 
v .. .. 
t 

10 3 

Low o:n.,rgy 

Chann"'l ucitation curr41'nt ~ 

Fig . 6. Particle flux as a function of channel excita
tion, for high- and low-energy operations. The 
momentum band selected is centered at 270 Mev /c 
for high-energy operation, at 160 Mev/ c for low
energy operation. 
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At 280 Mev/c, 4~00 negative f.1 mesons per sec 
fall on a lO X 10-cm target 110 em from the magnet. 
Their momentum spread, as determined from a range 
curve, is ±6.3% at half h eight. The angular spread 
around the axis of the beam is± 2 7 mrad at half height 
in the horizontal direction, ± 60 mrad in the vertical 
direction. The 1T-meson contamination is 1.5% . At 
80 em from the magnet, the intensi t y rises to 6000 
f.L - mesons per sec, the contamination to 2.2"/o . 

At low energies 10,000 f.1 mesons per sec were 
stopped in a 10 X l0 - cm2 target of 7 g/cm2 of Cat 
100 em from the magnet. The 1T contam i nation was 
about 5% in this case. 

All intensity figures quoted are based on a circulat
ing proton current of 0.25 f.La . 

The effect of the foc u sing channel is i ll ustrated in 
Fig. 6, which gives the particle flux in a given momen
tum band as a function of channel current, for both 
high - and low - energy operation. 

Reference 

1 . A. Citron and H . ..0veras, On a Foc u sing Channel 
for Collecting f.1 Mesons from 1T - f.1 Decay in Flight, 
C E RN/SC 143, March 1957. 
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Discussion 

Chamberlain: What is t h e power consumption of the 
quadrupole system? 

Citron: At full field {ll kilogauss at pol e tips) 720 kw 
for 24 lenses. We work at about half fie l d, so we con 
sume about 180 kw. 

Penman; In 1T be a ms you usually find about 10% f.1 
mesons . H ow is this related to your 20%? How many 
f.1 mesons would you obtain by working with this f.1 con 
tamination? If you get more, why? 

Citron: The l Oo/oprobably do not come from the decay 
path, but many of them are generated right in the ma 
chine . Therefore this figure should not be compared 
to our trapping efficiency of 20 to 3 0%, which is a fig 
ure of merit of the decay channel. The number of f.1 
mesons peopl e in C E RN ob tain by using f.1 contribution 
in 1T beams i s several hundred per second . 

Sard: Do you have a measure of the polarization of 
the f.1 beam? 

Citron: No , we expect th e polarization to be rath er 
small because of the large spread in decay angle of 
the 1T me sons. 
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Introduction 

The CERN
1 
proton synchrotron (CPS) accelerates 

about 3 X 10 1 protons per pulse t o a maximum kinet
ic energy of 28 Gev, with a repetition rate of once 
per 5 seconds. At lower energies hi gher repetition 
rates are possible, up to a limit of once per second. 
This paper reviews work in progress on the momen
tum analysis, focusing, separation, and extraction of 
particles. 

The Trajectories of Particles Near the Machine 

During the development of the magnet of the CPS 
the field distribution in the air gap and around the 
magnet units has been studied in detail. I A computer 
program, 2 which uses the symmetry properties and 
periodicity of this field, has been constructed for any 
particle trajectory in the magnetic median plane. 

A typical computed particle representation is shown 
in Fig. 1. The solid curves refer to Y and the dashed 
toY'. 

y· 

-ANGlE OF EMISSION FROM TARGET " (tgn) 

Fig. 1 . Di stribution of secondaries from 
Target 5. Tar get position : y

0 
=50 mm 

radially outward; Azimuth : in pump mani
fold. Parameter: momentum (Gev/c). 

Mome ntum Analysis and Focusing 

For the mome ntum analysis of charged particles 
from the machine , magnets with similar cross sec 
tions have been made with standard yoke lengths of 1 
and 2 meters. The m aximum working field is 17 kG, 
which gives a deflection of 17 milliradians per meter 
of bending magnet for particles of 28 Gev/c. 

The quadr upoles have been constructed with equal 
cross sections but with standard yoke l engths of 1 and 
2 m. The clear ape rture of the pole tips is 20 em, 
and the maxim um gradient obtainable is 1100 gauss 
per em. For 28 -Gev/c protons the 2 -m quadru:foles 
have minimum focal lengths of about 3 meters. 

Construction of the Bending and Focus i ng Magnets 
and Theu Excitation 

All the yokes have been machined from forged mild 
steel pieces and the exciting coils are wound with 
water -cooled copper conductors insulated with glass 
mica tape, vacuum -impregnated with epoxy resin. 
Prototype coils have withstood 3000 thermal cycles 
and conductor-to-ground insulation tests of 5 kv rms 
after immersion in water for more than I month. The 
constructor is the Machine Manufacturing Company 
Oerlikon, Switzerland. 

Both the bending magnets and the quadrupoles are 
mounted, by me a ns of adjusting fixtures, on steel
reinforced heavy concrete bases, so that the compo
nent may be built easily into a shielding structure. 
Fix tures can be attached for lifting the whole unit . 
For transport to regions inaccessible to a crane, four 
motor -driven catepillars may be attached to the shield
ing base. A 2-meter bending magnet on caterpillars 
is shown in Fig. 2, and a 1-meter quadrupole with 
coil covers removed i s shown in Fig. 3. 

The excitation of all the magnets is by means of 
synchronous motor-driven generator se ts, current 
stabilized to less than 0.1 o/o, and smoothly adust
able over the full operating range. The installation, 
designed b y F. Grutter and his colleagues, 4 has some 
30 machine groups and includes a 6 -Mw installation 

Fig. 2. 2-meter bending magnet. 
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to 6 Gev / c has been de signed for the south experirnen
tal area. It will use the magnetic components already 
described, some special compensating lenses and mag
nets, and thr ee tanks each 10 rn long containing the 
electric fi e ld. 

E xpe rimental studies have b ee n made with a model 
tank of full - scal e section, but only 2 rn long, 10 to ex
amine the limitations to an extrapolation of th e d esign 
of the Iu~zessful Berkeley crossed-field separa-
tors. 1 ' This model tank of stainless steel is shown 
in Fig. 8 , mounted with a single high - voltage bushing 
protected by a potential deflector. The electri c field 
is applied betwe en a pair of flat electrodes, and a 
eros sed magne tic field can be produced by excitation 
coils. The l ower electrode supports are adjustable 
under vacuum and the e l ectrode can be connected to a 
second hv lead - in . 

SAMES generators of 600 kv, 4 rna h ave been used, 
and it has been easier to operate with negative rather 
than positive volt ages. According to SAME S it will be 
possible to exc ite the e l ectrodes with two generato r s 
in push-pull, even in cas e of sparking, p r ovided there 
are s uitabl e damping resistors. Tests for these work
ing conditions are being prepared, after satisfactory 
experience with ei ther generator alone. 

Figure 9 shows the results of a study of the maxi
mum operating voltage for the bushing as a fun c tion of 
tank pressure, with the interior of the tank of Fig. 8. 
The limit of 600 kv is set by the generator. The ex 
perimental points correspond to a criterion of a low 
current and a few sparks per l 0 minutes after a good 
forming of t h e interior of the tank . The pressure was 
regula ted by an adjustable gas leak and s imilar results 
were obtained with air, nitrogen, argon , and helium. 
The breakdown voltage a_,long the bus h ing goes through 
a maximum at a few 10- torr. The ph enomena are 
reproducibl e(at least over a period of months ) but they 
are no t well understood. There is a cor r elation with 
the electron mean free path in the tank, as shown by 
the marked reduction in x-ray level when the pressure 
is increased . 

vocuum .9!!!!:!!/..e.s 

Fig. 8 . High-voltage test tank for the e l ectr ostatic separator . 
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MAXJH\JJI1 VOLTAGE 
ON BUSHING 
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Fig. 9. Maximum voltage on bushing vs 
pres sure, without magnetic field. 
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Immersion of ~e bushing in a magne ti c field changes 
the situation, as is shown in Fig . 10. The curves for 
d ifferent applied voltages give as a function of pres
sure the maximum tolerable magne t ic field at the cen 
tre of the e lectrode gap. At a h igher magnetic field 
the hv current rises suddenly, and it is imposs ible t o 
maintain any appreciabl e voltage on the bushing with
out first reducing the magnetic field. The magnetic 
field in the tank is not uniform, as shown in the field 
map of Fig. 10. This phenomenon still occurs if onl y 
one of the two magnetizing· coils is excited or if they 
are connected in opposition. In any case, adequat e 
voltage cannot be maintained on the bushing with a mag
netic field of 200 gauss, for which the electr i c fie l d in 
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the separator s h oul d be about 50 kv/cm. Some s imple 
modifications of the geometry have b een tri ed, without 
improvement. The separator has been designed on the 
principl e that no magnetic field is pre sent in the vicin_i
ty of the electrostatic field. I n fact, for th e dimensions 
of the tanks involved, this result s i n a simplifi cation 
and a reduction in cost of fabrication, although there is 
a slight loss of acceptance of the separator, because of 
the cur vat ur e of the particle traj ectories between th .;, 
electrodes. 13 

l nve stigations have been made on the conditions 
for forming the e le c trodes a nd on the effect of break
downs on the electrodes for various energies of dis
charge . The results indicate that the slight ro ughen
ing of the electrodes due t o a discharge is not dele
terious , as is seen in Fig. 11 , which shows the av
erage voltage before breakdown as a function of the 
total number of breakdowns with a 4000 -pf capacitor 
in parallel with the e l ectrodes. The appearance of 
the test electrode after 3000 breakdowns is shown in 
Fig. 12. 

The separator design based on these studies is 
shown in section in Fig. 13. Each unit will have its 
own pumping system and it will be possible to move 
it to a new experimental position without destroying 
the vacuum, which would necessitate a lengthy re
forming of the e l ectrodes. 

T hree tanks have been ordered from the Wagner
Biro Co., Vienna . 

Beam Optics of the Elec trostatic Separator System 

The performance of the separator depends on both 
the electric and magnetic components of the system, 
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ELECTRODES COVERED WITH 
STAINLESS STEEL PLATES 
WITH A MEDIUM MATT FINISH 
4000 pF IN PARALLE L WITH 

THE ELECTRODES 

300 

KV --~ 
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1 r 

0 1000 2000 3000 

- --..,.----- NUMBER OF BREAKDOWNS 

Fig. 11. Breakdown voltage between elec 
tr odes vs number of breakdowns. 
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Fig . 12 . Electrode after sparking. 

but in practical realization the most difficult te chnical 
problems arise from the development of components 
associated with the electric field. Thus in scheduling 
the proje c t it was decided that the beam optical design' 
and the experimental studies for the tanks should be 
started simultaneously, and that until experimental 
results permitted the design of the tanks to be com
pleted, no t ime should be devoted to the detailed re
finement of chromatic defects in the optics. 

A system was defined to give useful separation of 
1T and antiprotons up to 3 Gev/c, and w i th a vertical 

Fig. 13. Electrostatic s e parator--general assembly. 
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a) VERTICAL 

TARGET f1======- ~~I ,, ,, ,, 
" 

b) HORIZONTAL 

~~ Iii! 
I I ,, I rm 

,, ,, ,, 
Fig. 14. Separator beam optics. 

e l ectric field, since the inherent momentum disper
sion of the stray field of the CPS is in the horizontal 
plane. 

~ 

Recently it has been possible to reconsider the 
probl ems arising from chromatic aberrations in the 
focusing lenses, and the system shown in Fig. 14 has 
been developed. 14 It involves the addition of magnetic 
correc ting elements, which will permit the system to 
separate 1T- and antiprotons up to momenta of 6 Gev /c 
in a ~omentum interval of 0.5 o/o . A target of about 
l mm section in the machine produces secondary 
particles which a r e momentum-analy zed by the first 
part of the system. Selected trajectories come to a 
hori zontal focus in the region of A, where the parti
cles are distrib ut ed in ver tical lines of equal momen
ta, disposed laterally as a function of momentum as a 
result of both the chromatic aberrations of the quadru
poles and the residual dispersion from the momentum 
analysis. A special magnetic field distribution can 
thus be introduced at A to influence the vertical fo
cusing a t B a t the end of the system where the parti
cle separation is required, in a manner depending on 
the momenta of the particles. Thus the chromatic 
aberrations of the over -all focusing system producing 
the vertical focus at B can be reduced to a small val
ue, and for the present studies a sextupole field at A 
has been found adequate. 

If suitable correcting windings are constructed for 
the bending magnets , and if the planned uniformity of 
electric field in the separator tanks is achieved, it is 
e~ected that for a momentum pass-band of 0.5o/o of 
1T and antiprotons of 6 Gev/c there will be two b a nds 
of particles at B, each about 10 mm wide and sepa
rated by about 10 mm. 

Radio-Frequency Particle Separa tors 

The possibility of using an rf type of particle separa
tor has also been considered. 

Though some studies hav e been devoted
15

• 
16 

to the 
type inve nted by V. Veksler 17 for the 10-Gev synchro
phasotron in Dubna with internal bunching, most of the 
effort has been concentrated on devices making use of 
rf waveguides or cavities completely external to the 
accelerator, as suggested by if P. Blewett, 18M. L. 
Good, l9 W. K. Panofsky, 20, and R. P. Philips. 22 

Detailed investigation has been made of the dynam
ics of fast particles subjected to the transverse rf 
field of a long cavity23 or of a traveling-wave struc
ture . Phase-space representation and a matrix for
malism have been established for such rf deflections;24 
the possibility of separating antiprotons from pions 
or K mesons of 15 Gev/c with a single traveling-wave 
deflector, used a lone or in conjunction with a contin
uous focusing system, 25 has been studied: first es
timates indicate a possible separation over a length 
of 25 m with an rf pulse power of 10 to 20 Mw, giving 
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an acceptance of 0.5 to 2 em mrad . Th e wave length 
of 10 em has been chosen as the ea siest for which to 
find suitable high-power amplifier tubes in Europe. 
The same consideration l imits the immediate use of 
rf separators to fast extracted beams and ve r y short 
pulses. 

It is worth mentioning the proposal to us1 at the 
end of the separator a central beam stopper 4 instead 
of the ordinary slit. This offers the advantage that 
the particles which are to be eliminated, and for which 
the aberrat ions are more harmful, stay in a more cen
tral region of the deflecting or focusing fields. It gives 
a favorable situation with respect to edge -scattering 
contamination at the input slit, as shown in the phas e 
plane diagram of Fig. 15, which is applicable to any 
structures invented which image particles from the in
put slit on the beam stopper. With an rf separator it 
p e rmits the use of linearly instead of circularly po
larized waves. 

Some estimates have also been rgade of the separa
tion of very short-lived particles. With the present 
techniques a life time of a few nanoseconds in the par
ticle system is necessary to achieve separation. 

Other devices consisting of two distinct deflecting 
struc tures combined with focusing lenses, 27 or in
cluding alternating-gradient focusing, 28 are under con-

x' 

'---y-----/ 
CENTRAL BEAM STOPPER 

ENVELOPE 

EDGE-SCATTERED 
PARTICLES FROM 
BEAM-DEFINING SLIT 

Fig. 15. Separation-phase plane at end of 
structure. 

s 
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sideration; in this last case high-order parametric 
resonances appear as a possible way to separate par
ticles . Figure 16 shows schematically three of the 
above systems at present being studied. 

Until now the choice of a suitable rf structure has 
not been made, and the question of the optimum field 
configuration has received only preliminary considera
tion. Z9 

,,, 
SINGL£ OEFL£CTOR 

WITHOUT 
FOCUSING 

(b ) 

-~--f========·· At-f~·=======:=}-~0 c;,~~EClORS J\!7 - - SINGLE LENS 

INCIDENT 
BEAM 

I 
DEFt.a:TION 
STRUCTURE 

I 
lENS 

. · WITH A.G. OR C.G. 
____J/'CONTINUOUS' FOCUSING 

CENTRAL / 
BEAM STOPPER 

Fig . 16. Particle-separation de v ices under 
study . 

Ejection System 

Two systems of particle ejection are being devel 
oped in addition to those depending on the direct de
flection of circulating protons by var y ing the machine 
parameters. 

For the ejection of protons during a time less than 
a period of revolution in the CPS, a combination of 
two pulsed magnets w i ll be used, 3 0 which will be 
moved into the aperture l ate in the acceler a tion cycle. 

One of these magnets will be switched to a capaci
tor bank by an ignitron, whereas the other will be con
nected to a transmission line system similar to the 
inflector described by O'Neill. 3 1 In this sytem a 
transmission line is discharged into a matched line, 
part of which is formed by a transmission-line type 
of magnet. The current wave propagates through 
this system and is absorbed in the terminating resis
tor. 

R l . d f 32 h . esu ts obta1ne rom a prototype are s own 1n 
Fig. 17 where it is seen that a rise time of 50 nsec 
for a magnetic field of 750 gauss has been obtained. 
Provided synchronization with the rf system is a
chiev ed, a full-scale deflector should be able to ex
tract either single bunches from the CPS or the com
plete beam, according to the length of the charged 
line. 

A system proposed to eject particles over a period 
of sev eral milliseconds33 and inv olving initial scat
tering of the circulating beam with a thin target34 is 
also under construction. Selected particles will be 

35 deviated away from the machine by a septum magnet, 
so designed as to keep the disturbance of the trajec 
tories o f circulating particles to a minimum. The 
computed and the measured field distributions from 

Fig. 17 . Field pulse of 650 gauss. Integrat
ed signal from a field - measuring loop. 
Time base 20 nsec/cm. 
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a model septum magnet are shown in Fig. 18, and the 
layout of the two ejection systems for the south ex 
perimental area is shown in Fig. 19. 
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Dis cussion 

Courant: Does the sextapole lens introduced to achro
matize the separator system introduce nonlinear aber
ations? If so, how are they eliminated? 

Ramm: Not all the aberrations are removed in this 
system; they are only reduced to where the inherent 
line width is less than the separation. There is no at-

VIb. 9 

tempt to correct the aberrations due to a lack of hori
zontal focusing. Only certain aberrations have been 
corrected, certain! y not all. 

Good: Is the voltage-holding capability of the separa
tors at lower pressures limited by sparking or by the 
current drainage of the supply? 

Ramm: Not all the aberrations are removed in this 
system; they are only reduced to where the inherent 
line width is less than the separation. Th ere is no at
tempt to correct the aber r ations due to a lack of hori
zontal focusing. Onl y certain aberrations have been 
corrected, certainl y not all. 

Har ris: Was the voltage breakdown curve taken with 
both polarities ? Were any differences observed? 

R amm: Yes, both polarities were used. No differ
en.ce5were observed. 
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This is a description of the new 800-Mev/c sep
arated K - beam cur rently in operation at the Be v 
atron. At the outset our intention was to develop a 
we ll-s eparated K- beam, utilizing the n ew glass 
cathode paralle l-plate spe ctrometers, l and with a 
sufficient ly narrow momentum spread to permit a 
reasonable fra c tion of stopping particles in a bubble 
c hamb e r . A further consideration was that th e final 
beam width shou ld be variable from approx 2 to 5 in . 
in order that it could be used with diffe rent detection 
devices . In particular, it was desired to us e the 
b eam with either horizontal-window (15 -inch h ydroge n) 
or ve rtical-window (8 -inch helium) bubble chambers . 
The spatial r equirements of an emu lsion stack are 
essentia lly the same as thos e of a horizontal-window 
bubble chamb er . 

The over -all Ia yout of the beam components is 
shown in Fig. l . Two stages of separation with par
allel-plate spectrometers are used . The first-stag e 
vacuum line is coupled directly to the B evatron vac 
uum tank . Afte r a 3 -ft break to .allow for ins e rtion 
of the first mass -reso lving slit, a second vacuum 
line continues on to the second mass-r eso lving slit. 
Seve ral unorthodox featur es of the beam are des cr ibed 
below , 

Second 
mass
resolvlnQ 
sill 

Fig . 1 . 800 -Me v/c K- beam layout at the 
Bevatron. 

1 
r"'" 

ProTon 
boom 

After emerging from the main Bevatron field 
(approx 15 kg l, the beam passes through a s lot cut 
in the last return field leg slab in the Bevatron quad
rant and experiences a weaker field (about 2.5 kg). 

In addition to these B evatron fields, the following 
magnets were employed in the optical d e sign: three 
16-16-in. doublet quadrupoles, one asymmetric 
16-32-16-in. triplet quadrupole, and one bending 
magnet. For this choice of elements, we imposed 
the following conditions on the optics . In the vertical 

p lane: parallelism in first and second spectrometers, 
foci at the first and second mass-reso lving slits, and 
height in Spect rometer 2 equa l to the distance between 
the plates (this tends to minimize deviations from 
parallelism due to the finite source size of the first 
slit) . In the horizontal p lane: focus at the first mass
r eso lving slit, magnificati on in the first stage leading 
to a momentum dispersion, dP/ P, at Slit I of l o/o per 
in., adjustable fo c us and magnification in the second 
stage such tha t the beam width at detector position is 
adjustab le from 2 to 5 in. In addition we required 
that the total b eam le n gth b e as short as possible in 
order to minimiz e the number of d ecays in fli ght. 

At the fir s t slit the beam dim e nsions are l /8 in . 
ve rtically and 2- l / 4 in. horizontally , with ±0.010 
radian vertica l dive rgence and± 0.025 radian hori
zontal divergence. 

At the second s lit the beam is 3/16 in. high and 
has horizontal divergences about the same as for the 
first slit. 

The detaile d optical analysis of the beam was 
greatly facilitated by the us e of an IBM 650 c omputer 
program BOMMIT ~:eeam Optics Matrix Multiplica
tion and Ite ration) . This prog ram appli es a n iter
ation technique to the matrices which des cribe the 
particle trajectories through the system in order to 
obtain the set of magnet operating conditions which 
provide the required optical properties. The design 
values of the quadrupole currents for the second stage 
(where one does not have the uncertainties of the Bev
atron fringe field) we re indistinguishable from those 
found experimentally in the optimization of trans
mission and focal properties. 

This b eam design differs from that of pr evious 
similar b e ams3 in the following respects : 

l . The s e parators have g lass cathodes h e ated to 
about 100°C in an atmosphere of argon at about 1 fL 
pres sure. This scheme has permitted op e ration a t 
electric fields in excess of 90 k v/c m with a plate 
separation of 5 em. The result at 90 k v /em yie Ids a 
reduction in pion background of a factor of about 5 
under that expected at 60 kv/cm (a value of electric 
field previously considered to be par in similar cir
cumstances). 

2. The separator plate spacing is equal to the nor
mal vertica l height of the beam in the s eparators, a 
condition giv ing maximum electric field for a given 
supply voltage. Pion background , which might be 
caused by scattering from the separator plate s in 
this case, is reduced to a negligible fraction of the 
tota l background by displacing the mass-r es olving 
slit in the s ec ond stage vertically in the direction of 
deflection of the rr image by a distance approximately 
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equal to the separation of the rr-K image (approx 1 /2 
inJ. The K image is cent ered on the mass - resolving 
slit b y a suitable steering d e flection in the second
stage separator, with a negligible loss of K trans 
mission. The final quadrupo le lens (focal length f) 
acts in the vertical plane to bring a paralle l beam in 
the separator to a fo cus in the plane of the mas s 
resolving slit. The effect of displacing the mass slit 
ver tica lly by an amount fx can be unders tood by 
noting that the maximum angle that a scattered pion 
can make with the beam axis at the exit of the spec
trometer is 1/2 the deflection angle of an unscattered 
pion. Thus if we take as the unscattered - pion artgle 
8 + X , and the K- angular deflection as x, then the 
maximum angle of the scattered pions i s (8 + x )/2, 
and the condition that the K- slit be at the extreme 
of the scattered pion distribution is X = (8 + x)/2 . 
We have, therefore, for the proper slit displacement, 
f8 +(slit width) /2 . 

3. A large horizontal deflection, 38 deg, is made in 
Ml just following the first mass-r eso lving slit. This 
deflection, together with a relatively narrow hori
zontal collimator at the entrance to the second - stage 
separator, serves t o remove from the beam a larg e 
fraction (about 97%) of the pion qackground, evidently 
almost all off-momentum (i. e.;::: 2% dP/P),which 
emerges from the first slit. The result is a corre
spondingly large reduction in the muon background 
that these pions would otherwise generate by decaying 
further along in the second stage. 

4. A stigmatic focus is formed at the first mass 
resolving slit, permitting the use of a wedge absorber 
there which, in conjunction with the horizontal dis
persion of the B evatron fields, reduces the momentum 
spread in the beam from ±lo/o to roughly ±l/2o/o with 
only aboui:15o/o loss of intensity due to multiple Cou
lomb scattering in the wedge . 
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Fig. 2. Contour map of transmission as a 
function of the first - and second - stage 
spectrometer currents, is1 and is2 
The plot is typical, but is not obtained 
with the final operating conditions. The 
intensity scale is in arbitrary units. The 
pion peak (about 1 o5 ) is off scale on this 
plot. 
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5. The target in the Bevatron is copper, 3 in . long 
in the beam direction, 1/8 in . ve r t ically and 1/4 in. 
horizontally. The horizontal dimension is less than 
has be en us ed in other beams . Nevertheless the ef
ficiency for hitting this targe t with RBE (Rapid Beam 
Ejector)3 spill is ~ 90o/o of the efficiency with r£-off 
spill. 

6 . New 16-16-in . , 8 - in. -bore quadrupole doublets 
have be e n used to advantage in keeping the over - a ll 
beam length at the minimum set by structural char 
acteristics of this building. At the same time, wire
orbit measurements indicate that the nonlinear aber
rations are negligible when the maximum exc ursions 
of the b eam in the quadrupoles are limited to ± 3 in. 
horizontally and ± 1 in. vertica ll y . 

7 . As the final element in the beam we used a quad 
rupole rather than a bending magnet in order to pro
vide flexibility in changing the horizontal beam width 
to accommodate the needs of different users. 

The momentum of the beam has been established 
both with the aid of the bending magnet and by range 
measurements on the K mesons as (800 ± 5) Mev/c, 
with a spread of± 1/2% when the wedge absorber is 
used at the first slit. The pion intensity at the first 
slit is 3 X 105 per 10ll protons when the separator 
is set for transmitting pions. When the separator is 
set for transmitting K m esons the int ensity is about 
1.5 X 104 per loll protons, where the background is 
expected to be almost all pions (although this has not 
as yet been determined by actual identification of the 
particles). The K- -meson intensity at the first slit 
has not been measured, but may be deduced from that 
at the second slit to b e about 150 per 10 1 1 protons. 
There is a space about 1ft long between the first mass
resolving slit and the entrance to the vacuum channel 
of the second stage. 
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Fig. 3. Transmission curve for spectrom
eter voltage V = 440 kv. The back 
ground curve is measured with V = 0 
by varying the spectrometer magnetic 
fields only. As in [;ig. 2, the pion peak 
of 1.6 X 10 5 per 10 1 protons is off scale 
on this plot (number measured with 
4 X 5 -in. counter at detector position). 
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Figure 2 gives a comprehensive picture of the trans
mission by the system as a function of both separator 
currents. The transmis s ian curve of Fig . 3 was ob
tained by moving along a path in F ig. 2 gi ve n b y 
isl - is2 = const ant, wi th the constant chosen to make 
the line pass through the point of peak transmission 
at 800 Mev/c. The pion background curve (dott ed ) of 
Fig . 3 is obtained by varying the spectromete r mag
netic fields with the electric fields set at zero. 

The K meson intensit y at the second slit is abo ut 
15 K- per 1011 protons, with a ratio of K- to total 
background of about 5, as indicated b y the trans
mission and background curves shown in Fig. 3. 
These numbers have been confirmed by observation 
with the 15-in. hydrogen bubble chamber . With the 
appropriate amount of Cu a bs orber, 1. 2 K- per loll 
protons can be made to stop in the chamber . In ad 
dition it has been found, by using the bubble chamber 
to search for scattered background tracks, that about 
50o/o of the background particle's are pions, impl ying 
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a K- / 1r ratio of about 10. 

When the beam is tune d for antiprotons, we find 
approximate l y 0 .5 p per 10 11 p rotons with the Ji/back
ground ratio about unity. 

Footnotes and References 

* This work was done under the auspices of the U. S. 
Atomic Energy Commission . 
1. Jos eph J. Murray, Glass Cathodes in Vacuum
Insulated High- Voltage Systems, Paper 1.5. thi s Con
ferenc e . 
2. P ete r Schlein, Beam Optics Analysis Using the 
IBM 650, Physic s M e mo 212 (available from the 
author or from the Alvarez Group, Lawrence Rad
iation Lab oratory, Berkeley). 
3. Se e , for example , the discussion by Har o ld Tic ho , 
The Production, Transport, and Separation of Beams, 
in the Proceedings of the 1959 Conference on Instru
mentation for High -Energy Physics, p . 387. 
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Intr eduction 

One of the main problems in designing a beam
transport system for high - energy partie le s is to 
satisfy the conditions required by the experiment 
with a minimum of cost. For this purpose, an un 
comfortably large number of parameters is us uall y 
available, making the problem of optimizing a beam
transport system very difficult. 

Unfortunately, the standard method of tracing in
dividual particles by means of linear transformation 
(represented b y two -b y - two matrices) does .not in 
general permit an easy evaluation of the cost of a sys
tern . One wou ld like to have a formalism which yie lds 
the envelope of a whole beam rather than sing le -par
ticle trajectories, giving a direct display of the beam 
diameter along the e ntire flight path and thus allowing 
a quick estimate of the necessary magnet apertures 
and cost. 

The method of amp litude and phase functions used 
in AG synchrotron theory can be extended to serve 
this purpose and, moreover, allows ray tracing as 
well whenever desired. 

Beam Representation by Phase Ellipses 

A beam of monoenergetic partic les with no appre
c iable coup ling between horizontal and ve rtical mo
tion can be adequately described by means of density 
distributions in the horizontal and vertical phase 
plane. The method considered here consists in trans 
forming these envelope curves through the s ystem 
under consideration. 

The simp lest envelope curves to be used for this 
purpose are parallelograms and ellipses, since they 
retain their character throughout the linear trans
formations in'volved. Here we shall consider ellipses 
only, since they are better adapted to a transformation 
through a beam -transport system de signed for mini
mum cost than parallelograms with their sharp cor
ners. In addition, they have a higher symmetry and 
can be described by only three parameters . 

With s the coordinate along the optical axis and 
y (s) and y' (s) = ii' the trans ve rse deviation and 
angular divergenceds of a partic le , respecti ve ly, we 
write all ellipses in a normalized form , 

'I · y
2 

+ 2 a • 

with 13 'I 

2 
yy' + 13· y' 

- n2 A. 

€ (l) 

Then, the constants € , 13 , 'I have simple geo -
metrical meanings (see Fig. 1): 

"emittance 11 4 F , € 
lT 

with F the area of the ellipse; 

"half w idth" y;--yr;;-, 

"ha lf divergence" Ymax = ~-y; 

The constant a also can be given a useful geometri
cal interpretation, if we assume the beam repre
sented by the ellipse to be moving in a (field - free) 
drift space. We call the point on the trajectory in 
which the ellipse is on principal axes a "waist," 
since the beam width has a minimum ther--e:--The dis
tance of the waist from the point under consideration 
is then given by 

"waist distance" t 
a 

'I 

where 

> 0 waist ahead, i.e., beam "·converging, 1 1 

<0 waist in rear, i .e . , beam "diverging}' 

Generalized Amplitude and Phase Functions 

We sha ll now inve stigate how the e llips e param
eters 13 , a, and 'I transform through the system. 
The trajectory of an individual particle is a solution 
of 

y"(s)±K (s)· y (s) = 0, 

with 

( 

y (s)) 
y'(s) 

= ( 

K(s) 

a (s) 

c (s) 

e · iJB/ iJx 

p 

b (s)) 
d (s) ( 

Yo ) 
Y'o 

y' 

Ymax=-{£ ff 

Fig. 1. Phase-plane ellipse. 

(2) 

(3a) 

y 
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where c (s) 

d (s) 

a' (s) 

b' (s) 

da 
ds ' 
db 
ds 

(3b) 

By use of (3a), the transformation of the ellipse pa
rameters can then be expressed by the linear trans
formation 

C::} (:; (:~::, , -:;) (:)· (4) 

where 13 0 , n0 , "Yo characterize the initial ellipse. 

From (3b) , one obtains 

a (s) = 
2 

13' (s) ' 

and from the normalization introduced in Eq. 

1 + n2
(s) 

13 (s) 
"Y (s) = 

(5) 

( l) ' 

(6) 

Thus, all ellipse parameters can be expressed by 
the amplitude funct i on 13 and its first derivative. 
The emittance € is a constant of the motion, as 
follows from ad - be = l . 

If we consider 13, a, and -y to be known "functions 
of s, the trajectory y (s) of each particle starting 
from some point on the initia l ellipse is a solution of 
Eq. (l) and can be written in the form 

y (s) = F· \f'i3TsT cos (cj> (s) +C), (7) 

s 

with ~ (s) q, 0 + f ~ d T , (7a) 

so 

the constant C being determined by the initial con
ditions. cj> is called the phase function. 

The direction of the trajectory is 

y' ( s ) - '[;- {sin (cj>(s)+C) + a(s)· cos (cj>(s)+C)} Yi3W . 
(8) 

Inserting y(s) and its second derivative into Eq. (2) 
yie lds a differential equation for l3(s): 

-y(s) + n'(s) + K(s) . 13 (s) = 0. (9) 

Equations (9) and (5) can also be obtained by differ
entiating Eq. (1) and eliminating y" by means of Eq. 
(2) . 

If we express the constants € and C in Eq. (7) 
by the initial conditions Yo and Yo , then the matrix 
e lements a, b, c, d in Eq. (3) can be derived in terms 
of <!> , 13, and a : 

( 

y (s)) 
_{i' 
-Wa 

y'(s ) 1 { 13o { - 13 (n-'t>) cos(cj> -cj> 0 ) l3 cos(cj> - cj> 0 ) 

+(l+an0 )sin(cj>-cj>0 J -nsin(cj>-cj> 0 ~ 

X ( :.: ) 
(3c ) 
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The functions cj> , 13 , n as introduced here are a 
slight genera li zation of the corresponding functions 
used in AG synchrotron theory. They depend on S, 
13o, and n0 , whereas in the synchrotron they are 
functions of s only. In the latter case their de pen
dence on 130 and a 0 is eliminated by the condition 
frat the synchrotron amplitude function Ps n be peri-
odic with the machine structure. y 

In periodic systems, 13s n is proportional to the 
square of the maximum trafismissible beam envelope . 
In nonperiodic beam -transport systems, however, 
the maximum ellipse accepted will, in general, be 
lar ger than and have a shape and -orientation quite 
different from the one defined by 13~ . It is found 
by varying the initial e llipse and us1rlgthe more gen 
eral function 13(s, 13o, no) instead of 13s ' the latter 
being useful in dealing with periodic stFu'ctures only. 

Similarly, 

<l>o + d T 

is the generalized phase function. Wherever needed, 
it can be used for getting information on individual 
partie le trajectories, location of images ,etc. In gen
eral, however, we sha ll be mainly interested in the 
behavior of the beam as a who le, as described by 13 
and its derivative. 

Optimizing Procedures 

The cost of a beam-transport system is strongly 
dependent on the beam eros s section within magnets. 
Special attention should therefore be given to obtain
ing the optim um shape of the beam enve lope. A sys
tern satisfying the requirements of a parti cular ex
periment will be called optimized if it is 

(a) conducting a given emittance at minimum cost, 
or (b) conducting a maximum emittance through a 
given set of lenses. 
For a conventional quadrupo le lens with a pole-tip 
diameter 2 . r , the maximum rectangular beam eros s 
cross section accepted by the lens has an area of 2r2. 
This is, w ithin limits, independent of the ratio of 
beam width to beam height because of the hyperbolic 
shape of the pole faces (see Fig. 2). 

Fig. 2 . Cross section of quadrupole magnet. 

Therefore the cost of the lens is a function of the 
product (13(x) · 13(z) ) only, i.e., of the product of 
horizontal and vertica l beam enve lope . For the pur
pose of a rough estimate, the cost may be assumed 
to be proportional to the magnetic field volum e V, 
normalized by setting E(x) = E(z) = l. 



304 

The volume V is found by computing the maxi-
mum value of 1 ( ) ( ) 

V f3 x · f3 z in each magnet, multi-
plying it by the length L of the magnet, and adding 
up these va lues for a ll magnets in the system: 

V = L L. · ( ' /f3(x) · i3(z) ) (10) 
. 1 VI max 
1 

V is a function not only of the lens par11meters, but 
also of the initi a l conditions ~ 0 (x), i3o(z), _ao(x), a

0
(z) 

describing the beam. In look1ng for a m1n1mum value 
of the fie ld volume V, one therefore has to vary the 
initial beam conditions as well as the lens parameters. 
In a system with a target as a beam source, the 
former corresponds to changing the target size and 
distance and the locations and sizes of beam-limiting 
apertures, while the latter means changing the 
strengths and locations of lenses. 

If the target size is given by Ymax in one com 
ponent, and if a ce rtain emittance E is r equired for 
reasons of intensity, the amplitude function at the 
target is determined by 

i3o = 

Then, 

Yo = 

2 
Ymax 

l 

l3o 

E 

At the target, the divergence -..(; · ·r-:;; has its 
minimum va lue for a 0 = 0, i.e . , for the ellipse on 
principal axes. If a is varied, for instance, bet ween 
the limits 

- 3 ~ CLO ~ + 3 ' 

the divergence varies by a factor of more than three, 
and the corresponding variety of initial beam condi
tions can be expected to contain all cases of practi
cal interest. 

In princ iple , the optimizing proc_edures according 
to (a) or (b) can now be described as follows: 

(a) Vary the lens parameters and initial conditions, 
calculate the beam characteristics as displayed by 
13(x)(s) and 13(z)(s) , and find a number of solutions 
that fulfill the special requirements dictated by ex 
periment . Calculate the field vo lume V of each of 
these solutions and choose the one with minimum 
cost. 

(b) Proceed as described under (a ). To each of 
the solutions satisfying the requirements of the ex
periment compute the maximum product of horizontal 
and vertical emittances accepted by the system for 
the assumed initial conditions. This product is 
given by 

( 
(x) (z)) E · E = minimum 

max 

( ll) 
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The right - hand side refers to the 2_th l e ns, which is 
the one limiting the aperture of the system. Choose 
the system with the maximum va lue of (E(x) · E(z) )max. 

Methods of Computation 

The optimizing procedure involves computation of 
the amplitude function for a large number of param
eter combinations, since one does not want to undu ly 
restrict the range of useful solutions by introducing 
arbitrar y symmetry conditions, etc. On the other 
hand, one has to keep time and effort f or finding 
practicable so lutions within reasonable limits. There
for e , the aid of a computer seems indispensable . 

With an analog computer, a program of the type 
described subsequently might be practical : 

With the aid of two analog circuits, compute the 
amplitude functions 13(x) and 13(z) by solving the dif
ferential Eq. (9 ) for both components simultaneous ly. 
For this purpose, generate the function K(s), which 
represents the lens parameters, in a step -function 
generator and feed it with opposit e signs into the two 
circuits. C ompute the product function (i3(x) . 13(z)) 
by a multiplying circuit, and the phase functions 
q, \>< ) and q,{zJ, as d e fined in Eq. (7a), by two addi 
tional integrators. 

Operate the analog computer repetitively (e. g., 
a f~w runs per second) and display the functions 
i3(x}. 13(z), (f3(x) . f3 (z)) , and the lens structure K(s) 
in four lines on an oscilloscope screen. Alternatively, 
the functions a, y, and cj> for both components may 
be disp layed . 

Vary the lens paramet ers and initi al beam condi
ions and look for favorab le solutions. The disp layed 

functions wi ll probably allow an immediate estimate 
of the relative merits of a sys t em . 

A printout of lens parameters and initial condi
tions will permit storage of usefu l solutions and, at 
a later time, a recomputation with lower speed and 
higher accuracy, and with a graphical display of the 
cur ves characterizing the system . 

By this method a large number of parameter com
binations can be surveyed quickly. Since the effects 
of changing a parameter are immediately visible, 
one expects that an operator wi th skill and intuition 
wi ll be ab le to find close-to-optimum solutions to a 
given prob lem within a reasonab le time . 

With a digital computer, one would use the matrix 
formulati on (4) instead of the differential Eq. (9) for 
computation of i3(s). Setting up a general digital 
computer program on beam optimizing appears to be 
rather cumbersome if one wants to include all the 
boundary conditions and the lar ge number of par am
eters involved in a given problem. However, one 
might hope to learn from the analog computer how to 
introduce simplifying assumptions without losing 
solutions of practical interest. 
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Introduction 

The beam monitors mainly used in connection with 
the Mark III linear electron accelerator at the High
E nergy Physics L aboratory a t Stanford are the sec
ondary - emission monitor (SEM), as described by 
Tautfest and Fechter, 1 and the Faraday cup, reported 
by Brown and Tautfest. 2 

The or iginal purpose of the work reported here was 
to establish the absolute accuracy of a new Faraday 
cup designed for an efficiency of 99.6o/o at 1 Bev. The 
accele rator ene r gy available at the time of these ex
periments was 7 00 Mev/ c maximum. 

Apparatu s and E xperimental Procedure 

Brown and Tautfest2 outline the procedure for 
testing the efficiency of a Faraday cup. The charge 
collecting cup is eithe r run at ground potential or 
biased with a positive or negative voltage with re 
spect to a guard e l ectrode, and the gain or loss of 
charge as compared to a second monitor is me as 
ured. Figure I shows the basic scheme of the ex 
perimental setup . The e l ectrometer I is a v ibra ting
reed e l ectrometer manufactured by t he Applied Phys
ics Corporation, Monrovia, California. Electrometer 
II is of the same type, manufactured by the E c ho 
Corporation, Eng land. The high-voltage supply is 
made by Alfred Electronics, Palo Alto; its r egu 
l ation is O.Ol o/o . The vacuum in the Faraday cup was 
always maintained < 4 X lO- 5 mm Hg with the use of 
an oil diffusion pump. The only condition to be ful-

VACUUM SHELL -\ 
GUARD ____. f---1::: 

FARADAY 
~ I~ 

CUP 

ELECTRO 

METER 
I 

[ 

BIAS 

SUPPLY 

~ 2000 v 

-'-

. 

ELECTRO 

METER 
n 

BEAM 

Fig. 1. Basic scheme of the experimental 
arrangement. 

filled by t he second monitor in these measurements 
is to be stable during one bias run. 

We first used the SEM marked A. It contained 
40 aluminum foils, 1/2 mil thick, 1.5 in. in diameter. 
For reasons mentioned later, we also used SEM B 
with three aluminum foils, 1/2 mil thick and 4 in. in 
diameter, and SEM C with 25 a lumi num foils, 3/4 
mil thic k and 2 in. in diameter. The vacuum in the 
monitors was made with the use of an oil diffusion 
pump and was better than 2 X lQ-5 mm Hg . The 
collector voltage, except where specified, was 900 
volts. 

The electron beam intensity was always close to 
10-8 or l 0 - 7 amp (1 09 or 10lU electrons per pulse) 
except where spec ified. The beam spot size never 
exceeded 1/4 in. in diameter. 

Experimental Results 

Figures 2 and 3 show the results of bias runs on 
the Faraday cup obtained at incident e l ectron ener 
gies of 200 and 600 Mev/c, respectively. In both 
cases, a maximum deviation of approx 1.2o/o from 
ze ro bias conditions is observed, thus establishing 
a uniform response of the Faraday cup over that 
range . 

T he stability of S EM A when going through a bias 
cycle several times proved to be within less than 
0.1 o/o . In contradiction to the results of Reference l, 

-t-1.6% 

+1.2 

v 

fl 0 

+0.8/ 

1lo: I :c 
0: l4 

-2000 - 1500 - 1000 -500 0 +500 + 1000 +1500 +2000 

BIAS VOLTS 
-0.4 

I -0.8 

- 1.2 

-1. 6 % 

Fig. 2. Respons e of the Faraday cup versus 
SEM A for bias voltag e s from -2000 v to 
+2000 v for an e lectron energy of 200 
Mev/c . Ro is the response for zero bias. 
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Fig. 3. Same curve as Fi~. 2 for an e l ec 
tron energy of 600 M evjc . 

however, the absolute r esponse between the two en
ergies differed by about 9%. At this point it could 
not be decided whether this differenc e was due to the 
SEM or the Faraday cup. Sinc e the bias curves were 
practically equal, this behavior indicates uniform 
response of the Faraday cup . 

In the next step, we tried to establish if this be
havior is subject to a specific SEM. We therefore 
took efficiency-response curve s with SEM' s A, B, 
and C in the energy range from 60 to 600 Mev/ c . 
The efficiency of the three monitors was then nor 
malized to unity at 200 M ev/ c. The results obtained 
are shown in Fig. 4 . The curve for each monitor 
was completed during a single run, and the points on 
each curve were not taken in any particular order. 
The acce l erator energy was changed in a random 
way. Only small deviations between the normalized 

SEM A : e 

B = & 

C ' X 

EFFICIENCY NORMALIZED TO 

UNITY AT 200 MEV 

ELECTRON ENERGY MEV 

Fig. 4. Comparison of three different 
secondary-emission monitors . Their 
efficiencies are normalized to unity at 
200 Mev/ c . Their "absolute" efficien 
cies are approximately 32o/o for A, 4o/o 
for B, and 24o/o for C. 
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curves can be observed. The slope indicates again 
a change in efficiency of 9% between 200 and 600 
Mev/ c. 

One could again assume that this slope is due to a 
loss of charge in the Faraday cup, although the pres 
ence of the slope over the whole energy range makes 
this assumption improbable. 

A second Faraday cup, basically the larger of the 
two d escribed in Ref. 2, was the refor e compared 
with the new 1-Bev cup. SEM A was used as a com 
parison monitor. Although the small cup is designed 
for a maximum energy of only about 400 Mev/ c, the 
two cups responded practically identically, making 
charge losses even less probable. Figure 5 shows 
the results . The change in efficiency is again 9% 
ove r the range shown. 
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~ 29% u 
[;: ... 
"' 

28'"/o 

LARGE FARADAY CUP e 
SMALL FARADAY CUP i 
WITH SEM A 
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I .5%REPRESENTATIVE 
ERROR 
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~ 
u 

' "' a:: 
;; 
0. 

z 
~ 

ELECTRON ENERGY MEV 

Fig. 5. Comparison of two Faraday cups . 

9.0 

7.0 

1.0 

"Small" cup is nearly identical to the 
larger one in Ref. 2. "Large" cup is the 
one used in the work reported here. 

SPECIFIC IONIZATION IN Hz 

• W.C. BARBER, 1954 

• AGGSON AND BUMILLER,I959 

10 100 1000 

ELECTRON ENERGY MEV 

Fig. 6 . Faraday cup versus ionization 
chamber. The curve from P. Budini, 
Nuovo cimento 10, (1953) . The three 
high-energy points are taken with the 
Faraday cup used in the work reported 
in this paper. Curve by courtesy of 
T. Aggson, University of California. 
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The flat r e spons e of the 1 - Bev Faraday c up was 
finally establishe d with an ionization chamb e r avail
able from a Be rkel ey group wo rking at our l a bora 
tory at this tim e . Figure 6 shows the three points 
t aken at 100, 230, and 500 Mev/c, and these points 
fall on the Budi ni cur ve w ithin 1 o/o . 

Other unde sira ble features of secondary-emission 
monitors we r e found in the cours e of collecting above 
data . Figure 7 show s the r eproducibility of the effi
c iency of monitor A over a period of time at a ny 
fixed incident beam e nergy. Changes as high as 7% 
can be fo und. Some of this 7% change of efficiency 
was probably due to the instability of the integrating 
apparatus ove r the period of a fe w weeks, but this 
would not amount to more tha n 3o/o . However , in 
between data runs , the SEM ' s were permitted to 
lose their vac uums. Suc h treatment might explain 
the r eason for the changes of the effi c iency, since 
the surface conditions of the foils affec t the work 
function ve ry s e nsitively . 

33r-----------------------------------------------, 

Fig. 7. R eproducibility of efficiency. All 
points in the plot ar e take n with SEM A 
ove r a time period of about three months. 
Note how certain points, taken at differ 
ent time s, could be connected by a line of 
zero slope , thus creating the impression 
of an energy- independe nt efficiency re
sponse. The rang e of Ref. 1 is shown on 
the lower l eft corner of the figure. 

It h a s always been observed tha t the e ffici ency of 
the SEM cha n ge s by seve ral percent in the first few 
minutes of exposure to the accelerator beam after a 
shutdown of several hours . However , the efficiency 
then stabilize s and r e mains c onsta nt. The caus e of 
this behavior is unknown, except for speculation that 
the surface conditions of the foils change during this 
time. 

The d ange r thus involved in accepting the e fficien 
cy as a fixe d qua ntity, in addition to the much poorer 
int eg rating electronics available at earlier times, 
might well explain the discrepa ncy b e tween our re 
sults and the ones reported in R ef. 1. 

More rec e nt work (see below) performe d with the 
use of two Applied Physics Corporation electrometers, 
which are considered stable to 1/ 4%, and with the us e 
of potentiometers to r ead the integrated vo ltage, 
showed that the efficiency of the SEM reproduced to 
within 1/2% at a fixed e nergy ov er a period of 3 
months. The particular monitor us e d in this inves 
tigation was not permitte d to lose its vacuum during 
this time. 
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One of the authors 
4 

has inve s t igated the e ffi ciency 
r esponse of monitor C ve rsus beam int e nsities and 
collector v o l tage . The influence of b eam intensity is 
shown in Fig . 8. The respons e is rather fl a t at inte n 
sities us ed for t"1,e a for e -m e ntioned results, but drops 
about lO "!o for 10 e l ectrons per pulse (lo-ll a mp). 
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Fig . 8. E ffic iency of s econdary - emission 
monitor ve rsus e lectron beam intensity. 

At an inc ide nt e l ec tron e nergy of 250 Mev the effi
ciency increase s by approximately 7% for a change in 
collector v oltage from 600 volts to 300 volts. These 
effects were investigated with very long a nd very 
short cables connecting the SEM a nd integ rators. No 
effect arising from the c hange of cable length was 
found. 

Richte r a nd de Stae ble r 5 at our l a boratory have 
repeated our efficien cy measurements with a new 
SEM pumped with a Varian Vac!on pump to b ett e r 
than 1 o - 7 mm Hg. They u sed several diffe r e nt foil 
mat eri a ls . They found, a mong other r e sults, es 
sentially the same e n e rgy d ependence . 

Conclusions 

T h e d e sign parameters given in Ref. 2 a re fully 
adequate for the construction of a Faraday cup with 
an absolute accuracy of bette r than 1 o/o . 

A s econdary - emission monitor, on the other hand, 
can be us ed as an absolute beam monitor only if fr e 
que ntly calibrated with a Faraday cup. 
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Discuss i on 

Tautfest: Hav e you had any experience w ith sealed 
off s e condary-emission monitors? 
Bumi ller: No . 
DeStaebler : We tested one moni_for, using a Vaclon 
pump, at about a pressur e of 1 0- mm of mercur y . 
Its behavior was the same as those of all others 
teste d. 
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Introduction 

The frequent use of double-focusing spectrometers 
in our laboratory required the development of a flux
meter capable of measuring nonuniform fields, where 
direct application of nuclear -magnetic -resonance 
{NMR) methods is impracticable . 

A rotating pickup coil yie lds an electromotive 
force directly proportional to the strength of a mag 
netic fi e ld over the volume of the coil and is there
fo re most often us ed in connec tion with nonuniform 
fields. While using a rotating coil , we wanted at the 
same time to retain the inherent accuracy of the NMR 
methods to a d "' gree desirable for our experiments. 

We have combined the two methods by rotating two 
coils on opposite shafts of a motor . One coil i s in the 
unknown field, the other coil is in a permanent mag
net, monitored and stabilized by NMR. 

Apparatus 

Figure 1 shows a schematic diagram of the sys
tem. 

Fig. l. Schematic diagrams of the rotating
coil system. 

The pickup coils are rotated by a 1/10 - hp hystere
sis motor at 1800 rpm {30 cps). Each coi l has 5000 
turns of No. 43 copper wire on a lucite form. They 
are about 1/4 in. wide and 3/8 in. in diameter. 

The signal of each coil is led to two sterling sil 
v e r slip rings and picked up by three equally spaced 
s ilver - graphite brushes from each ring. Bru s hes 
a nd rings are manufactured by the Graphite Metal
lizing Corporation, Yonkers, New York. The use of 
the m a terials and the brush arrangement mentiolled 
makes brush -noise problems practically nonexistent. 

The comparison magnet is a permanent magnet 

made of Alnico Va. Its magnetic field strength is ap
proximately 4700 gauss, corresponding to an NMR 
frequency of about 20 Me for pro tons. The pole di
ameter is 2.5 in., and the pole gap is 5/8 in. Two 
correction coils, each with 8000 turns of No. 32 wire, 
are mounted on the pole tips. The magnetic field is 
monitored with an NMR probe, which is connected to 
a crys tal -stabili zed oscillator similar to the one de
scribed by Buss and Bogart. l The output of this os
cillator is fed into a frequency-selective amplifier 
that is tuned to the 100-cps sweep frequency by means 
of a twin-T network. The amplifier output is fed to 
a phase - sensitive ac-dc converter which gets its phase 
reference from the sweep oscillator that provides the 
sweep field at the NMR probe. The de output of the 
converter is amplified with a push-pull de amplifier 
with sufficient output power to drive the correction 
coils on the comparison magnet. This system is ca
pable of keeping the comparison magnet stable to with
in less than one part in 50,000 agains t external influ
ences on the comparison field up to 2% of its value . 

Proper adjustment of the positions of the pickup 
coils and the comparison magnet results in two ac 
signals from the coils which are 180 degrees out of 
phase. A suitable attenuator yie lds a null signal,which 
is fed into basically the same e l ectronic system de
scribed above. The frequency - sensitive amplifier, 
of course, is in this case tuned to 30 cps, and the 
phase reference for the ac - dc converter is the signal 
from the rotating coil in the comparison field. The 
output of the de amplifier can be connected to a null 
meter, thus indicating the correct attenuator position. 
It can, however, also be used to regulate the spectrom
eter field, as tentatively shown in Fig . 1 . It should 
be mentioned, however, that a solution of oscillating 
or hunting problems may cause serious difficulties, 
depending upon the time cons tants of the total regula
tion loop. 

Performance 

The fluxmeter described measures magnetic fields 
from zero to any practical value in nonuniform and 
uniform magnets. After initial setup, a single -knob 
tuning covers the whole field range. 

The sensitivity of the system is one part in 10,000 
of the full range, or I gauss, whichever is greater. 
The system is stable to one part in 5000 over a period 
of 12 hours. 

Linearity and reproducibility up to one part in 
10,000 can be achieved. Up to this value they depend 
only upon the quality of the attenuator used . Standard 
multiturn potentiometers usually have a linearity of 
only 0.5%, but custom-made versions are available 
with a linearity up to O.Ol o/o . Very good performance 
was obtained with the Dekapot attenuators, manufac
tured by the Electro Scientific Industries, Portland, 
Oregon. The stepping mechanism of the Dekapots, 
however, makes them unsuitable for remote control 
necessary in our laboratory. 
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Fig. 2. Typical rotating-coil system with 
miniaturized e l ectronics. 

Figure 2 shows a typical rotating-coil system. The 
electronics shown is a miniaturized version with Dek
apot attenuation . 

The system d escribed has been in use in our labo
ratory in the e ner gy -defining magnet of the Stanford 
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Mark III acce l e rator, in th e 36-inch spectrometer of· 
the e lectron-scattering group, and in the forward 
scattering magnet of the same group. Measurements 
of the fie ld index n of the 72-inch spectrometer2 
have been taken with the same system to an accuracy 
of better than 1 o/o. 

A compl ete de scription of the system, including 
e l ectroni c and m echanical details, is to b e published 
in Rev. Sci. lnstr. in the near future. 

Footnotes and R e ferences 

* This work was supported in part by the office of 
Naval Research and the U.S . Atomic Energy Commis
s i on, and by the U.S. Air F orce, through the Off i ce 
of Scientific R esearch of the Ai r Research and De vel
opment Command. 
l. L. Buss and L. Bogart , Rev. Sci. Instr. 3 1, 204 
(1 960 ) . -
2. R. Hofstadter et al., A T wo -Spectrometer S ys tem 
fo r High- Energy Electron Scattering Studies , this con 
ference, Paper Vlb. 14. 
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Abstract 

A two - spectrometer systerc. for electron scattering 
is described. The system consists basically of a 
large magnetic analyzer and a smaller magnetic ana
lyzer, both arranged to move around the circumfer 
ence of a circle surrounding a scattering target. D e
tails of constru ction of the large spectrometer are 
given and the performance of the entire sys t em is de 
scribed . 

Introduction 

A 500 -Mev analyzing magnetic spectrometer has 
been in use in this laboratory for several years. 1 
Increases in the energy of the electron beam of the 
Stanford linear accelerator have made it desirable 
to build a second, larger spectrometer capable of 
handling the accelerator's highest energy. It has 
been possible to combine the new and old spectrom 
eters in a single system. In some respects, the 
effect of having two such spectrometers available is 
almost equivalent to having two linear accelerators 
instead of one. This article describes the system 
comprising the two spectrometers and some of the 
associated equipment needed to carry out e l ectron
scattering experiments at incident energi es up to 1000 
M ev. 

17 '-10" 

CHAMBER 

MA IN COILS 

Fig. l . The main physical parameters of the 
7 2-inch spectrometer (approximate 
weight: 160 tons ) . 

Apparatus 

The 500 -Mev spectrometer has been described 
previously 1 and only minor changes were made in it 
to adapt it to the two - spectrometer system under dis 
cussion. We shall usually refer to this spectrometer 
as the 36-inch spectrometer, since the radius of cur 
vature of its mean trajectory is 36 in. 

T he l arger spectrometer has a r a diu s of curvatu re 
of its mean trajectory of 72 in. Th i s sp ectrometer is 
a dou b l e -focu s i ng instrument and defl ect s entering 
electrons th rough 180 deg. I n this resp ec t it i s en 
tirely s imilar to the 36 -inch spectrometer, and both 
are s imil ar to the Siefbah n - Svarthol m type2 as m od
ified by Snyd er et al. 

It is intended that the field follow a behavior of the 
type 

H 
r 

Ho ro 
- n 

( l ) 

wh ere n has a value of 0.500 . As is well known, 
this gives a first-order double - focusing beh avi or in 
which a poi nt object goes over into a poi n t image. 

The imp o rtant physical parameters are gi ven i n 
Fig. 1. Th e we i ght of iron and copper is approx 
imately 160 tons. In addi tion to the main set of coils 
s h own in F ig. 1 t h ere is an auxiliary set of coils 
placed in the coil slots between the main coils. T his 
construction can be seen i n F ig. 2. Th e purpose of 
the auxiliary coil was to obtain addi t i onal ampere 
turns and possibly to h elp the field gradi·ent at high 
fields at which saturation occurs . 

AUXILIARY COILS 

VACUUM 

CHAMBER 

Fig . 2 . F ormation of the auxiliary coils around 
the main coils of the 72 - inch spectrometer . 
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Parameters of the spect rometer system 

Curr e nt (maximum) 
Turns 
Ampere turns (ma ximum) 
Averag e l e ngth of turn (ma in ) 

(without leads) (auxiliary) 
No. of turns per pancake (main) 

No. of pancakes 

Average length of one 
c ooling circuit 

(with two leads, each 
No. of turns per cooling 

circuit 
No . of cool ing circuits 

per double pancake 
No . of cooling circuits 

(auxiliary) 
(main) 
(auxiliary) 
(main) 
(auxiliary) 
48 in.) 
(main) 
(auxiliar y ) 
(main) 
(auxiliary) 
(main ) 
(auxiliary ) 

Conductor, outside dimensions 
Diam . of hole in conductor 
Usable conductor area 

Head of water 
Water pressure difference 
Total water flow (main) 
Flow per cooling circuit 
Temp. rise of water (main) 

(auxi liary ) 
(combined ) 

Total resistance of coils (main) 
at 70°C (6-pancake auxiliary) 

Voltage at above current (main) 
(6 - pancake auxiliary ) 

36" SPECT ROMETER 

GAMMA RAY 
PLATFORM 

36" CARRIAGE 

DRIVE MOTOR 

SHIELD 

2000 a mp 
192 
384, 000 
523 in . 
584 in. 
8 
8 
12 each side 
3 each side 
1142 in. 
1264 in. 

2 
2 
8 
8 
94 
24 
0.626 in . 2 

0.240 in . 
0 . 346 in. 2 

138.5 ft 
60 psi 
95 gal/min 
l gal/min 
39 .9°C 
44.9°C 
40.9°C 
0.252 ohm 
0.071 ohm 
504 volts 
144 volts 

WINDOW 

Power necessary (main) 
(6 - pancake auxiliary) 

1.008 Mw 
0.284 Mw 
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Conductor is spiral wrapped, with one layer of 
0.003Xl - in. Mylar tape half - wrapped and one layer of 
0.005Xl-in. glass tape half - wrapped. Each coil as 
sembly is impregnated and encapsulated with epoxy. 

The electrical and cooling parameters are given 
in the following list. 

The pole faces of the 7 2-inch spectrometer were 
cut on a linear taper and the pole gap is 6. 00 in. on 
the mid-line of the faces. The width of the pole faces 
is 30 in., and the plates are 2.00 in. thick 6n the mid 
line . The pole faces are removable. The edg es · of 
the faces were not raised in this spectrometer as they 
were in the 36-inch spectrometer . It was felt that th e 
auxiliary coils would have somewhat the same effect, 
and, besides, a small iron band was placed on each 
edge of the vacuum chamber to simulate the effect of 
a protuberance at the edges of the pole faces . 

The vacuum chamber is removable; it is made of 
1/ 2-in. -stainless steel and is of welded construction . 
No undesirable magnetic effects of the welds have 
been observed. It is intende d to insert baffles into 
the vacuum chamber, but this has not yet been done . 

The 72 - inch spectrometer was designed in such a 
way that the platform for its detector shield lies abo'-"' 
t h e highest point of th e 36 - inch spectrometer . In this 
way th e 36-inch spectrometer , with its platform, can 
nest under the platform of the 72 - inch spectrometer. 
At the same time it is possible to rotate each spec
trometer about a common scattering target . This 
construction is shown in Fig. 3. 

LEAD SLIT 

TARGET 
CHAMBER 

72" SPECTROMETER 

ROTATING COIL 
F LUX METER 

VACUUM 
CHAMBER 

GAMMA RAY 
PL ATFORM 

72" CARRIAGE 

F ig . 3. A side view of the two spect rometers arranged about a commo n scatt ering center . 
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T ''1 
1 

d ' b he or1g1na gun mount was use once aga1n , ut 
had to b e modified to take the two outr i gger sets of 
wheels which serve as carri ages for th e two spec
trometers . Th e mech anica l engi neer i ng desi gn was 
carried out by th e United State s Naval Shipyard at 
San Francis co . 

Figur e ·3 shows the scattering chamber, i ts thin 
w i ndow, th e slit boxes of each spectrometer, the plat-

SPECTROMETER 

EXPERIMENTAL AREA 

Fig. 4. Arrangement of th e spectrometers 
and th e auxiliary pieces of apparatus used 
in carryi ng out electron- scattering studies . 

VIb. 14 

form and s h iel d of each spectrometer, etc. Partie
ular note should be taken of th e radi al ports, wh i ch 
permit the magnetic fiel d prob es 

4
to be inserted. T wo 

such probes of th e Bumiller t ype are shown in the 
diagram. The straight-through ports are a lso useful, 
and w ill permit the study of gamma rays or neutrons 
coming directly (undeflected ) through the spectrom 
eters from th e target. Gamm a - ray or neutron de
tecto rs a nd their shields may be placed on th e rear 
platforms shown in th e drawing. These loa d e d pla t
forms also s erve as counterbalances to balance the 
wide overhanging e ffe c ts of the two upper detector 
shields. Th e 7 2 -inch p l atform and its load weigh 
about 3 0 tons. 

The detectors us ed thus far are simple Cerenkov 
d etec tors using fluoroliqui ds as radiators. Lucite 
radiators, also, can be used in the respective 
Cerenkov mounts. 

Both spec trom eter carriages are motoriz ed and 
rotate independ ently on the heavy circular rai l shown 
in Fig . 3. Th e angul ar positions of th e spectrometer 
are read dire ctly on the concrete flo or of the spec
trometer building, or remotely from a s et of selsyn 
indicators. The target holde r and assoc iat e d equip
ment are also me c h anized so that remote control is 
used to raise, l ower, rotate, e t c ., the target. The 
beam spot is v i ewed by a te l evision camera . 

F i g . 5. Side v i ew of the two-spectrometer system. 
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F igure 4 shows the l ayout of the experimental 
area . In this figure we can a lso see the enclosed 
Faraday c up and the vacuum pipe leading up to it. A 
secondary-emission monitor is also used to monitor 
the beam as a convenience when both spec trometers 
are operating a nd it is desired to fix the separate 
counting periods independently . As noted a lso in Fig. 
4, t h e e l ectron b eam is brought to the scattering tar 
get through a vacuum pipe. 

The two - spectrometer system is shown in Fig. 5. 
The vacuum pipe to the F araday cup i s not in place in 
the foreground. At the time the photogr a ph was made 
the gamma - ray platform of the 72 - inch spec t rometer 
was not yet installed. The concrete-lead shield atop 
the 7 2-inch platform is m a de of temporary blocks, 
and the temporary units are being replaced by a set 
of better-fitting blocks. 

O peration of Apparatu s 

Figur e 6 gives the approximat e calib ration cu r ve 
of the 7 2-inch spectrometer . Th e behavi or of this 
curve shows that the magnet is practi cally linear up 
to 700 Mev. F igures 7 and 8 show two typic al 72-
i nch -sp ectrometer field profiles measured a long the 
radius of the gap in the mid-plane of the m a gnet. 
Dista nces a long the abscissa scale are given in inches 
from the mean trajectory. When such curves are dif
ferentiated with r e spect to radiu s it i s possible to ob
t a in th e "n" or gradient c urves for the spectrometer 
at various mean field strengths. A summary of such 
curves is given in F ig. 9. It may be seen that up to 
approxim atel y 700 M ev (approx 12,800 gauss ) the n 
value remains c l ose to th e design val ue n = l / 2 , as 
mi ght be expected from the linear behavior observed 
in Fig . 6. At the very high fields the region in which 
then value remains close to 0. 5 00 contracts and also 
m oves in the direction of +R values, i. e., towards 
th e outs ide of th e magnet. 

Some results actually obtained with the 72-inch 
spectrometer are shown in Figs. l 0 and 11. These 
cu r ves represent the scattering peaks observed when 
electrons of 90 0 - Mev inc ident energy scatter against 
protons in polyeth ylene . Th e carbon b ackgrounds are 
also gi ven in the figures, and th e energy calibration 
scale is indicated a long th e absci ssa a long with the 
potentiometer reading, which is proportional to mag 
net c urrent. Form- factor r esults for the proton ob -
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2 19 
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400 800 1200 1600 2000 
AMPS 

Fig . 6. Curve repr esenting an approxim a te 
calibration of the 7 2-inch spectrometer. 

2400 

313 

tained from s u ch c urves h ave be en reported in th e 
literature.5, 6 The above data were a ll taken with a 
singl e - channel Cerenkov counter. A new multichanrel 
counter h as recently been const ructed and is now be 
ing installed in the 7 2-inch spectrometer. This de 
v i ce employs ten chan nel s, as shown in F ig. 12. The 

t 
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~ 
<t 
<.!> 

z 
:I: 

t 
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(f) 

~ 
<[ 
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z 
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320 0 
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1---, r-- -...., r- ..._ 

2400 

r---~ ~ 
rCENTRAL BEAM 

72" 
_] J 

-10 -6 - 2 0 +2 
R-

+6 +10 +14 

Fig. 7. A magnetic-field profile in the 72-
inch spectrom eter at a low valu e of the 
central field . Th e parameter R refer s 
to radial dis tances (in i nches ) i nwards or 
outwards wi th r espect to the central tra 
j ec to ry. 
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Fig . 8. A magnetic - field profile in the 72-
inch spectrometer taken at a high value 
of the central field. 

1.80 

1.6 0 - - L l x I96 JAMP La UssJ 
------t556 8400 .. 

1.40 

1.20 

1.00 

- - - ·-· 900 .. 11700 + - - ---- - . 1550 .. 16100 
I f - ---.1780 .. 18100 "I~ I SEV) 

t/ 
t 

t 
i 
' 

0.80 

v; I 

I ,;' 

0.60 

lrfENTRAL SEA~ ;I ,' 72 " ./ ' ,. 
"' X ~ r--: 

0 .4 0 

0 .20 

- _,.__ -. -"'" ' 
t' v/ .---!/ 

:~ 

·-- /' 
I ,. / i/ / 1/ 

+14 

~ 
I 

O.O~I3 - 11 -9 -7 -5 - - I 0 +I +3 +5 +7 +9 +11+12 
R-

Fig . 9. The n value of the magnetic field 
plotted against the radial distance away 
from the cent r a l trajectory. 



314 

;;; 
.... 
z 
::> 
>-
0: 

"' 0: .... 
iii 
0:: :: 
z 
0 
;:: 
u 

"' (/) 

(/) 
(/) 
0 
0: 
u 

Ul 

'::: 
z 
::J 

>-
0: 
<( 
a: 
'::: 
0) 

a: 
<( 

z 
0 
.... 
u 
"' Ul 

Ul 
Ul 
0 
a: 
u 

280 

240 -

200 

160 

120 

t • CH2 .I 1L 
f • C ~ t~ 

POLY ETH YL ENE ~li 

·-rL}' T T 1 f J ~I ' 
PROTON 

PEAK 

1 q rcrt ~ \ 
~ h - --=:r_., 

80 

CARBON 
I 1-1'1:? ~-~t1 

40 

0 
a4o 8.60 

42~ MEV 450tEIV 

8.80 9.00 9.20 9.40 

POTE NTIOMETE R READING 

4l5rEV 

9.60 9.80 

F ig. 10. A typical electron- scatteri ng curve 
taken in the 72 - i nch spectrometer at 900 
Mev and 90 deg. The target material was 
polyethylene and a polyethylene - carbon 
difference gives the scattering cross 
secti on for free protons. 
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Fig. l l. Electron scattering curve in the 72 -
inch spectrometer at 900 Mev and 60 deg. 
Polyethylene tar get; polyethylene - carbon 
difference gives the scattering cross sec 
tion for free protons . 

13.2 

detectors shown represent plastic scintillation count
ers but can easily be replaced, when desired, by lu 
cite Cerenkov counters. In order to distinguish elec
trons from pions a gas Cerenkov backup counter has 
been made. The design of this gas counter is given 
in Fig. 13. The disposition of the ten - channel counter 
is indicated. Particles arriving from the spectrom
eter output window will travel through the multichan
nel array and then will fall into the gas counter. If 
they are electrons, their speed will be high enough to 
register in the gas Cerenkov counter. If pions travel 
through the scintillators and continue into the gas 
Cerenkov counter the bias associated with the 12 

Fig. 12. The entrance set of counters of th e 
multichanne l discriminator for the 72-
inch spectrometer. 

r"T'T'T'l 
0 4" 8" 

12 OUTPUTS OF 
PHOTOMULTIPLIERS 

Fig. 13. Design layout of the entrance count
ers and the backup gas Cerenkov counter. 
This arrangement of counters will make 
it possible to distinguish el ect rons from 
pions or other particles. 

photomultiplier detectors at the output of the gas 
counter will be large enough to eliminate the resulting 
pulses. 
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Abstract 

An iron - free solenoidal type of spectrometer is 
d esc ribed for use in high-energy electron physics. 
The spectrometer is of the ellipsoidal du Mond type 
and focuses particles of 500 - Mev/ c momentum in a 
ring focus. The field employed is 20,000 gauss. 
The instrument and its mounting in an experimental 
area are described. Experiments that can be car
ried out with this instrument are discussed. 

Introduction 

Many of the interesting experiments that can be 
carried out in high- e n e rgy electron physics require 
the use of instruments with high efficiency of collec 
tion of the outgoing particles. The following re 
marks are intended to introduce to this field a de
vice employing a large solid angle and yet possess
ing very good e nergy resolution. At the same time 
several important experiments will be sketched that 
could profitably employ the particular instrument 
suggested. 

Description of the Instrume nt 

The subject of this article is an iron - free spec 
tromete r employing a homogeneous magnetic field in 
which the traje c tories of the focused particles are 
helices. Such a d evice has been built in the past, l 
and usually consists of a straight solenoid in which 
the particles l eave a sour ce on the axis and are fo
cused in a ring around the same axis farther down 
the solenoid. Although such d evice s are not new, 
their application to the field of high-energy physics 
would be a departure from previous practice. 2 The 
straight type of solenoid was modified recent! y by 

Fig. 1. The solenoidal spectrometer in the 
type of experiment in which gamma ray s, 
elect rons, or positrons may enter from 
the right and produce particles leaving 
the target as indicated in the figure. The 
incident beam, after pas sing through the 
target, is capture d in the large shield 
shown in the central part of the figure. 

du Mond, 3 who used a more efficient coil configu
ration in the form of an ellipsoid to provide the 
homogeneous fi eld . For high e n ergies, at which 
large coils are ne e ded, this design saves a great 
deal of power and hence is favored in a practical 
design. 

Figure l represents such an instrument in an 
arrangement in which gamma rays, electrons, or 
positrons enter along the axis of the instrument. 
For gamma rays w e shall imagine a radiator placed 
on the axis so that electrons and positrons are 
emitted from this target. For incident e lectrons or 
po sitrons we shall usual! y impl y that scattered elec
trons or positrons are emitted from the target and 
move away at about 45 deg from the axis. 

The particles leaving the target spiral within the 
field and advance down the instrument. At some 
point near the second slit in the figure, the trajec 
tories tend to cross over, thus producing a focus. 
This focus may be observed in the diagram, which 
shows the traces or sections of the helical trajec
tories as if they were in a single plane, Projected 
on such a fictitious plane the orbits would be sine 
curves. At the focus one observes some spherical 
aberration, which occurs for the large angular de
partures from a mean ray shown in the diagram. It 
is possible that for such large solid angles of de
tection the spherical aberration can be reduced by 
introducing a slight inhomogeneity of the field. 

The trajectories are shown passing through the 
exit slit and the particles travel into a Cerenkov 
r a diator viewed by a photomultiplier. A photo
multiplier that can be used in a strong magnetic 

Fig. 2. Same spectrometer a s in Fig. l, 
but rotated around a vertic a l axis through 
18 0 deg. Electrons or positrons enter 
from the right and hit a target from which 
the particles are emitted at backward 
angles. These particles are then detected 
as indicated at the ring focus. In this case 
the incident beam passes on through the 
spectrometer to a Faraday cup. 



VIb. 15 

field has been developed by E. Sternglas s and 
M. M. Wachtel. 4 It is, of course, also· possible to 
use other detectors--such as the solid-state type of 
detector--at the same focus, and recent progress 
with such detectors appears to favor this form of 
detection. The trajectories are also shown in the 
diagram as they would exist if they passed undis
turbed through the ring detectors. In many cases 
it may prove more desirable to use a simple slit at 
the ring focus and detect the particles with counters 
near or along the axis of the instrument. 

Figure 2 shows the instrument turned around 
through 180 deg so that the electrons or positrons 
now enter and pass through most of the solenoid, 
eventually striking a target near the end. The par
ticles then scatter through a large angle (about 135 
deg) and are focus e d as they move backwards through 
the magnetic field. Thus the instrument can be used 
in forward-scattering or backward-scattering geom 7 
etries. 

A practical design for such a spectrometer is 
given in Fig. 3, The instrument shown was designed 
for 500-Mev/c particles and uses a field of 20,000 
gauss. The length of the solenoid is approximately 
15 feet and the outside diameter, including coil, is 
nearly 11 fe et. This spectromete r dissipates 10 
megawatts at full power, and this is the c hief dis
advantage of an instrument of this type. However, · 
the huge solid angle (approx 1/16 of the entire sphere) 
and good energy resolution (approx 2%) more than 
compensate for the power requirement. 

Figure 3 also shows the arrangement to be used 
for shielding. Direct transmission of gamma rays, 
neutrons, etc., from the target or its environs must 
be carefully avoided, particularly with an electron 
source such as a linear accelerator in which the duty 
cycle is very short. The eventual dimensions to be 
selected for the solenoidal spectrometer will depend 
on the shielding requirements. For example, if the 
linear dimensions were doubled there would be 
absolutely no doubt about the adequacy of the shield. 
In this case, half the magnetic field could b e used 

(10,000 gauss) for the same magne tic rigidity, but 
the power requirement would also be doubled. A 
judicious compromise will have to be made afte r 
some initial tests can be carried out. 

Some of the design parameters of this solenoid 
are given in the list below. 

Design parameters of the solenoidal spectrometer 
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(A "pancake" consists o f t w o fl a t spirals of opposite 
rotation) 

Conductor Bare: 

Hole 
Effeotive area 
No. of turns per spiral 
No. of pancakes 
No. of turns 
Current per conductor 
Total r esistance (500C) 
Gen. voltage 
Power 
Copper weight 

Insulated: 

Conductor length of biggest pancake 
Power loss in 656 feet 
Cooling-water temperature 

difference 
Cooling-wat er flow 

for above pancake 
Pressure drop in 656 feet 
B 
E 

l. 329 in. 2 

l. 359 in . 2 
1.1 in. diam 
0.95 in. 2 
10 
64 
1280 
5500 amp 
0.315 ohm 
17 35 v 
9.55 Mw 
121,200 lb 
656 feet 
191 kw 

60° F 

21.5 gal/min 
68.2 psi 
20,000 gauss 
500 Mev 

In Fig. 3 one can observe that prov1s1on is made for 
exte rnal control of the entrance and exit slits. The 
shafts used for operating the exit slit can be re
moved during any actual experiment . The scheme 
also provides for an occulting arrangement of the 
two disks which form the movable jaw of the exit 
slit in muc h the same manner as described by 
du Mond. 3 The occulting mechanism permits the 
instrument to be aligned with the incoming beam 
exactly on the magnetic axis of the solenoid. 

Fig. 3. A practical design for the solenoidal s.pectrometer. Its components are described in the text. 
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Fig. 4. A proposed method of mounting the solenoid so that it can be rotated or translated. 

In the scheme of Fig. 3 it is possible to place an 
internal Faraday cup in the beam after the beam 
passes through the target . It is also possible tore
move the entire central region of the shield, thus 
allowing the beam to pass through the instrument as 
shown in Fig. 2. Note that the solenoid assembly 
can be taken apart into five pieces, thus permitting 
access to all the internal parts. In this way it would 
be possible to use, e. g., the thre e inner sections of 
the solenoid and thus have a -target outside the main 
field. It would also be possible to use smaller angles 
of scattering in this case. 

The weight of the coil is about 60 tons, and to
gether with an internal shield, the entire unit could 
total 100 or more tons. An arrangement which 
would permit rotation of the solenoid and also motion 
of the entire system away from a fixed location is 
sketched in Fig. 4. This mechanism would be made 
of nonmagnetic materials ,and either stainless steel, 
bronze, or stainless -stee l- reinforced concrete 
beams might be used in its construction. 

Figure 5 shows a plan for installing the solenoi
dal spectrometer in a building adjoining the present 
end station of the Stanford linear accelerator. A 
beam layout is drawn in the figure which delivers an 
undistorted accelerator beam to the solenoid from 
the linear accelerator. An energy -defining slit in 
the central deflecting magnet, just to the right of the 
bunker wall, would permit a well -defined monoener
getic beam, free of gamma rays, to be placed on 
target, e ither in the normal position of the two
spectrometer system, 5, 6 or at the target position of 
the solenoid. If a radiator were to be placed in the 
normal target position of the two-spectrometer sys
tem, the 7 2 -inch spectrometer could be used as a 
clearing field, and a clean gamma-ray beam could 
be directed to the solenoid. 

Uses of the Solenoidal Spectrometer 

A few of the possible experiments that could be 
done with the instrument are as follows. 

Fig. 5. A proposed plan for installation of 
the solenoidal spectrometer in the pr e s
ent end-station area of the linear accel
erator. Note the system of three de
flecting magnets to the right and l e ft of 
the bunker wall. The function of the 
quadrupole pair is to produce a point 
focus on the target when desired. 

l. The Wide-Angle Electron-Pair Experiment 

A very sensitive test of quantum electrodynamics 
can be carried out by checking the Be the -Heitler 
formula (with radiative corrections ) at high energie s 
when an electron-positron pair is produced at large 
angle s. By using a 500-Mev pair at ± 45 deg it would 
b e possible to test electrodynamics at distances of 
the order of 6xlo-15 em. The cros s section for 
this process is ext r emely small, and it is only with 
the annular geometry and the huge. solid angle af
forded by the solenoidal spectromete r that one can 
obtain counting rates of approximately one pair per 
minute with gamma rays of 1000 Mev and the con
ditions cited above. 

2. Electron Scattering from the Proton 

The solenoidal spectrometer in the 500-Mev/c 
range should be extremely useful in the next five or 
ten years in studying the electron-scattering process 
in hydrogen at backward angles. For example, at 
10 Bev an electron scattering at 140 deg has an en-
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ergy of 504 .Mev, and of course lower incident ener
gies can easily be handled by this spectrometer. 
Since the eros s sections are expected to be extreme
ly small, this instrument offers the best way of 
carrying out the experiment . The solid angle avail
able for receiving scattered electrons in the solenoid 
is 150 times as great as the corresponding solid 
angl e used in present spectrometers. At high ener
gies the determination of F 1 and F 2 for the proton 
should lead to extremely interesting new knowledge. 

3. Electron Scattering from the Neutron in the 
Deuteron 

Electron-scattering experiments carried out on 
the deuteron can probe the internal structure of the 
neutron. Again the large solid angle of the solenoi
dal spectrometer makes such experiments possible, 
for the cross sections are probably even smaller 
than those with the proton. The kinematical con
ditions are similar to those in the collisions with 
protons, but because of the momentum spread in the 
deuteron the highest energy that can be studied is 
about 9 Bev instead of 10 Bev. The proposed experi
ments would of course determine the form factors, 
F 1 and F 2, of the neutron. The high energy-re
solving ability of the solenoid could also be used to 
study the coherent elastic scattering from the deu
teron, since only a 2-Mev interval separates the 
coherent from the incoherent scattering. 

4. Electron Scattering from Light Nuclei 

Nuclear-level scattering will have to be resolved 
from elastic electron scattering from light nuclei if 
electron-scattering studies of light nuclei are to be 
carried aut at energies of the order of 500 Mev. Up 
to energies of 500 Mev such studies should be pos
sible by utilizing the high resolving power of the 
solenoidal spectrometer, in the manner sketched in 
Paragraph 3 above . 

5. Trident Production 

In this reaction, 

e + p -+ e + e + + e + p, 

the gamma-ray beam of the wide-angle pair experi 
ment will be replaced by the original electron beam. 
Calculations by Bjorken and Drell7 show that the 
counting rates are of the same order as those in the 
wide-angle pair experiment. This ex~eriment tests 
electrodynamics in still another way. 

6. Muon- and Pion-Pair Production 

The electromagnetic cross section for production 
of muons is quite small, but comparable- - above 
threshold- -to electron -positron pair production. 
Hence it follows that the muon process may also be 
studied. The competition from pion-pair production 
may be important and methods may have to be em 
ployed whereby muons may be distinguished from 
pions and electrons . 

7. Positron Scattering Experiments 

Because of the large solid angle of the proposed 
spectrometer, positron experiments may be carried 
out on the proton, deuteron, light nuclei, and heavier 
nuclei. A positron-scattering experiment on the pro
ton would provide a test of electrodynamics if carried 
out with 1 o/o or better accuracy. 

8. Other Experiments 

Electron scattering from aligned nuclei, detection 
of strange particles, and detection of correlated nu-
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,clear events are several different type s of experi
ments that could be carried out with the solenoidal 
spectrometer. It is here again that the large solid 
angle of this instrument offers the best chance of 
carrying out pre cision work in the se fi e lds. No 
doubt there are many other experiments that would 
become feasible because of the good counting geom
etry and high energy resolution of this device. 
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Discussion 

Anderson: What is the nature of the stray field? 

Hofstadter: It is quite bad; at 60 feet it is down to 
about 20 gauss . 

Anderson: Why is iron not used on the outside? 

Hofstadter: About 500 tons is required, whic h would 
make the entire array massive and inaccessible . In 
addition, distortions in the field would result. 

Anderson: On the outside the fields are low anyway. 
The presenc e of iron has little effect upon the field on 
the inside of the solenoid, and simultaneously serves 
to protect things on the outside of the solenoid . I 
have never under stood the objection to placing iron on 
the outside except for weight. 

Hofstadter: With all that iron around it, the thing 
would become impossible. Difficulties would arise 
in changing parts and large cranes would be neces
sary to handle the iron. I prefer staying away from 
the use of iron. 

Anderson: What is the material of the baffles? 

Hofstadter: They would probably be aluminum filled 
w1th lead. 

Abashian: Have you considered using cryogenic coils 
to reduce the power consumption? 

Hofstadter : Such coils of the type described by Post 
in t he first session will, of course, be of great bene
fit to spectrometers of this type. My immediate re
action was to build a spectrometer ten times as large. 
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Abstract 

To facilitate the adjustment of external beams, a 
beam - profile camera has been made using Polaroid 
Land rapid-development film. The camera contains 
a 5-in. - diameter, 0.88-in. - thick Nai(Tl) scintillator, 
a 45-deg first -s urface a luminized mirror, a Nikkor 
N-C 50-mm f/1.1 lens , used at 4.1:1 reduction, and 
a Polaroid roll - film holder. With Type 47 film it is 
found that the minimu~ detectable exposure corre 
sponds to about 2 X 10 pions of 180 Mev/c 
(J3 = 0 . 785) per cm2 of scintillator, in fair agree
ment with an estimate using sensitometric data pro
vided by the manufacturer. This sensitivity is suf
fici ent to make the camera useful (exposure times in 
the range 1 to 10 minutes) for adjusting typical ex
ternal meson beams at the 184-inch synchr ocyclotron 
and the Bevatron. Design considerations for lumi
nescent-beam viewing are presented. 

Introduction 

Availability of a simple, rapid means for deter
mining the exact location and size and shape of an 
external particle beam would save a good deal of 
time in the setting up of accelerator experiments. 
The intensities currently available in the meson 
beams from the 184 - inch synchrocyclotron and the 
Bevatron are on the order of 104 to 105 particles/ 
cm2/minl The rapid-development film now avail 
able from the P o laroid Corporation p e rmits a con
siderable saving of processing time in comparison 
with conventional film, and the sensitivity of the Type 
47 appears to be comparable to that of x - ray film. 
It is reasonable to design a camera for exposure 
times of the same order of magnitude as the develop
ment time . Since the latter is about 2 minutes, it 
becomes of interest to determine whether a beam 
viewing camera using Polaroid film can be made with 
a sensitivity on the order of 105 particles/cmz 

The Camera 

The camera tested uses a d isk of Nai(Tl) as the 
light source. The scintillator consists of four super 
posed 5-in. -diameter disks, each about 0 .22 in. 
thick, in an a luminum holder whose bottom presents 
1/ 16 in. thickness for the particles to traverse. The 
top is closed by a 1/16-in. glass plate. The space 
containing the scintillators is filled up wi th "Dow 
Corning 200" silicone fluid (1000 cs), to pr ot e ct the 
Nai (Tl) from water vapor . In use the scintillator is, 
of course , p laced normal to the beam. 

In order to minimize the bulk placed in the beam, 
a first-surface aluminized glass mirror is p laced at 
45 deg to the beam, to deflect the light to the side. 
The light is then brou15ht to a focus on the film by a 
Nikkor N-C 50-mm f/1.1 lens used at 4 . 1:1 reduction . 
A commercially available Polaroid roll - fi lm holder 
is used, with Type 47 "Speed 3000" film. 

Results 

Test exposures were made in a synchrocyclotron 

meso2 beam, 210 Mev/c b efore filtering by 10.5 
g/cm graphite . It then consist s mainly of 88 -Me v 
pions (J3 = 0.785), with an admixttlre of 107-Mev 
muons (J3 = 0 .86). Figure 1 shows a pair of the ex 
posures, differing in duration by a factor of 3.3. 
The sharp straight edge on the left is caused by an 
error in locating the mirror, a small segment of the 
scintillator being b l ocked from view. T he somewhat 
diffuse straight edge on the right is the shadow cast 
by the edge of the co llimator. 

Fig. 1. Typica l picturea ubtained in an ex
ternal meson beam at the 184-inch s yn 
chrocyclotron. The y were taken at the 
same beam le ve l, with exposure times of 
0.8 and 2.6 minutes respective l y. I n the 
bright central region referred to in the text 
the reflection densities are 1.2 and 0. 7. 

Measure,:.,ents have been made of the r e flection 
density at a fixed central region of the beam pictur e. 
Over a wide range of exposures the density varies 
from 1. 7 at background (no distinguishable image) to 
0.5 at saturation. Ther e is easily detectable contrast 
with background at density 1.5. 

In order to determine the absolute b eam intensities, 
exposur es were made at reduced beam level with a 
counter te 14' scope determining the flux. An exposure 
of 5.6 X 10 pions per cm2 gave no detectable image 
(densit y equa l to l. 7 ). An exposure of 5X5 .6X104 
pions per cm2 gave a readily detectable i mage (densi
ty 1.5) . The thresho ld of visibility appears to corre 
spond to some intermediate value; on the basis of 
the density - versus -exfosure characteristic (Hand 
D curve ) of the film, a judicious estimate, corre
sponding to a reflection density of 1.6, appears to be 
about 2X105 pions per cm2. This result is subject 
to the reservation, however, that the linearity of the 
counting system was not conclusively established, 
though the recorded counting rate (2 .8 X 106 per min1) 
corresponds to an instantaneous rate within the pre 
s c aler specifications. 

Fr om the given H and D curve, density 1.6 
corresponds to 1.4 X 10- 8 lumen - s.econd per cm2 
(da y light). For this t ype of film, 500 lumens of day
light corresponds to about 1 watt of 4000-A light, 1 
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so that the blue light exposure should be 6X 107 
photons per cm2 

Discussion 

It is of interest to see whether these numbers are 
consistent . The illumination of the film, I, is 

where 

B 

y 

n 

F 

f 
l5 
m 

By 
2 

l 

16 

l 2 l 
---- photons/em /sec , 

n (m+l) 2 

( l) 

particle flux, in cm 2/sec
1 

, 

number of photons emitted isotropically in 
the scintillator, per particle, 

refractive index of scintillator relative to air, 

transmission factor of the lens and mirror 
system, 

£/number of the lens, 

magnification. 

For Nai(Tl), assuming an efficiency of lO o/o for con
verting energy lost into vioiet photons, y = 4.2 X 105 
for 0.88-in. thickness and J3 = 0.785. With n = 1.77, 
F = 0.5, f/D = l.l, m = l/4.1, the illumination is 

2.2X l0
3

B . 

If B = 2X10
5 

particles per cm
2

, th": illumination is 
4.4X108 photons per cm 2 . This figure is about seven 
tim es that inferred from the given H and D curve. 
As some of the numbers entering in the ca lculations 
are uncertain by a factor of 2, the discrepancy is not 
serious. Agreement within a factor of 10 should be 
considered g ratifying. 

D esign Considerations 
for Luminesc ent Beam Viewing 

In the choice of a scintillator one seeks maximum 
light e mission pe r beam particle, subject to there
quir ement that the imag e from a single particle not 
be so lar ge as to blur the beam shape. The size of 
the image increases with the thickness of the scin
tillator, for g i ven optical conditions. In view of data 
obtained from Jones, 1 a figure of merit for comparing 
different scintillators is the photon output per unit 
thickness divided by the square of the refractive in
dex. The best material is Nai(Tl), with Csi at room 
temperature worse by a fa ctor of 3, and plastic scin
tillator worse by a factor of 12. 

How thick can one make the scintillator? The 
scintillation light from a particle spreads in all di
r ections inside the scintillator, but, with optically 
smooth boundaries, only the light emitt ed in a narrow 
forward cone reaches the lens. This effective l y limits 
the breadth of the brightness distribution in the image 
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produced by a single partic le, so that the geometrical 
aperture of the lens determines the usable 3cintillator 
thickness. With the f/l.1 . lens at m = 1/4.1, the cone 
determined by the lens aperture and a point at the 
center of the scintillator intercepts a eire le about 
0.045 in. (approx l.lmm) in diameter at the front and 
back of the scintillator (the equivalent air thickness 
of the scintillator is on l y 0.88/1.77 = 0.50 in.). One 
would not wish to make the ci rcle much lar ger. Som e 
thing like an inch of Nai(Tl) appears to be the greatest 
thickness one might use . To obtain adequate reso
luti on with a greate r thickness would require stopping 
down the lens, which would defeat the purpose of in
creasing the scintillator thickness. 

One cou ld gain a factor of 5 in illumination of the 
film by placing the film against the scintillator with 
out use of a lens. The li ght produced by a particle 
would, however, be spread in a circular pattern of 
radius 

t/(n
2 

-1) = 0.685 t 

for Nai( Tl). Half of the li ght would be contained in 
a circle of diameter 0.38 t. Limiting this circle to 
0.1 in. would limit the scintillator thickness to 0.26 
in. , and nullify the advantage of this method for prac
tical purposes·. I n addition there is a practical d;ffi
culty: Polaroid 3000 film is !lOt at present available 
in sheet form. 

Cone lusions 

The gamera tested afpears to respond to fluxes 
> 2X 10 particles/em , of velocity 0.785 c. Thus 
externa l beams of 104 to !Q5 particles/cm2/min1 

require exposures in the range 20 to 2 minutes. The 
d eve lopment time of the Polaroid Land film is about 
2 minutes. 

It appears that any further increase in sensitivity 
of a photographic beam viewer could be gained only 
at the expense of resolution. 

·~ 
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