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ERBALL. UCRL-3230

On page 25, 7 lines from the bottom, the word devide should be
replaced by device.

Page 35 should be preceded by the insertion: in the field~theoretic
zalculation ‘; contained the usual inherent uncertainty. It can

be seen that the experimentally integrated cross section is in
general agreement with theoretical predictions.
As a final discussion

On page 42, 8 lines from the bottom, ¢ should be inserted after
the word since,

On page 48, omit the sentence at end of (d) beginning with: This

is in accordance 3
On page 5%, near the begiuning of (c), the 0,4 should read @, ¢4 ;
On page 67, (figure 9) L should be replaced by A2
‘z"“' dadwW
ndlE :
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BREMSSTRARLUNG
FROM PROTON BOMPARDIUENT OF NUCLEX
David Cohen

Radiation Laboratory, Department of Physics
Univeraity of California, Berkeloy, California

9 | : \ . December, 1958

A. Goneral Background

| Brem-etrahlung. or brakins radiation, may be
defined as the-electromagnetic radiation emitted by a free
charged particle when it undergoes acceleration with
respect to the obgerver. A well-known example of thie
phenomenon i the continuous part of the X-ray spectrum,
produced when free electrons in the kilovolt energy region -
strike and penetrdté A metal target andAhénce'undergo
decceleration., , |

‘In the experiment to be described, various tar=-
gots were bombarded with protone in the 40-140 nev region,
and the ¥-ray spactra were detected and analyzed. Under
‘the assumption that the ¥ ~rays originated from the de-

flected protons, the purpose of the experiment was to‘obtaih

‘information about the naturevoz the nuclear interactions
‘through ﬁhich the protons suffered changes of state.

In briof, the experimantal.methOd of investi-
gation congisted of bombarding various 1ntebna1 targefs
iith protons in the synchrocyclotron, and-vieﬁing thése
tnrgetu with a pair qpecfrometer. The bombarding éne:gy
ias kept below the neutral meson production threshold so

that photons from neutral meson decay would not distort the



‘bremsstrahlung spectrunm,

Although eome experimental work had already
been done on proton bremsatrnhlungl. it vas felt that the
application of 8 differont and more refined technique of
pair epectromotry might m@ke a more couplete study worth-
while. In particular, the Z-dependent and ené:sy'dapendenf
gpectra were invemtigated more fully. ‘Comparisona of é£~
perimental rezults and theoretical conclusions with this
prevJoua vork will be made later.

f Thero are a nunbar of possible avenues that
~ one may explore 1n‘atﬁamptins to predict thaoretically the
nature of theme ¥ ~-ray spectra. |

| The claseical olectrodynamics is useless in
thie case., It is clear that for the nuclear interactiones
vhich can possibly be involved the detected wave length of
tho }adiatton ig comparable with or shorter than the diame-
ter of the region in which the proton may bo supposed to b
effectively located during its change of stnte., Thio id
‘the well-known criterion for the breakdown of clagaical -
electrodynamics in such radiation proceasses, and the claggi-
cal spproach must therefore be abandoned.

Various authors have attempted to predxot.tho
proton bremsstrahlung spectra using the quantum electro-

2'3.4
dynamica.

Simon, Ashkin and Marshok assume single
proton-nucleon collisicns, and predict spectra based on
meson and phenomenological nucleon-nuclecn interactiona,
The phenomenological treatment is discussed in D(3) .

Rursunoglu assumes only & proton-nucleus interaction by
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means of a complex square~well potential, but at the present

time accurate quantitative results of this calculation are

not available due to the vast computation work involved, A

tabular suumary of these predictioné is given in figure 14,
and tigurés 12 and 13 give various graphical analysis.

‘The nucleon-nucleon collisions which contribute
to the radiation are only of the p-n type, since the quantum
electrodynamics shows there can be no electric dipole radia=-
tion from p-p collisiohs. Oné of the posaible resultu of

this experiment would be the test of the purity of the p-n

or proton~nucleua collision processes,

On simple theoretical grounds one would expect

that the pure p-n collision picture should not be perfectly

.valid'for proton bombarding energies of 140 MNev and*leae.

since the de Broglie wavelength of a 140 Hov proton is about
-13
3 x10 cws., which is slightly less than the diameter of

the Beg nucleus. Be was the target most carefully dealt with

4o this series of experiments,f'Kowevei,‘in view of the fact
- that at this time‘nh domprehensive. precige model of the

" nucleus is in existence, one must resort to perhaps arti-

ficial and restricted models which have been useful in this
bomb&rdiug énergy range. The nucleon-nucleon collision”
picture has been shown to be frequently'adequate at bom=
barding energies of 90 Mav'and greater. The target nucleus,
in the simplest caée. 1s‘viewod a8 n degeonerate Fermi gas

of nucleons. This is a rough first approximatlon fronm which

one easily finds a nuclear momentum distribution. This

distribution for 10w Z nuclei has been found to differ
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v'gigaificantly from the experimental distribution results,
and hence cnnnot.be used with any accuracy and validity for
the lower Z targets. | A

| For much lower proton bombarding energies,

where the proton de Broglie wavolength is appreciably

¢

greater than the diameter of the struck nucleus, in general
reactions are described through the comhound'nuclear modela.
| This can be justified from seve:al points of vieﬁ. On the
.wave~mechan1cal‘picture.4the bombarding proton "cannot'
distinguish any nuclear structure” and,thefefore interacts
with the nucleus as 8 whole, von‘the_more classical picture,
the bombarding proton is travelling at a lower speed, spends
'mofe time in the nﬁcleﬂr region, suffers more collisions
becauze the total p-n collision cross section varies
inversoly as the energy, and so the nuclear Byetém bas a
high probability 6f.readJuStment to a compound nuclear state}
ufter the proton has undergone enough collisions it will not
have enough energy to escape the nuclear well, and is oo
captured, It wou1d'appear, therefore, thaﬁ a theoretical
. description of the bremsstrahlung in this energy region | - ¢

: : ' . BN %
would be difficult. If the bombarding energy is low enough S ‘ |
so that 6n1y fhe,Coulomb field interaction is present, the
bremeetrahlphg cross sections may be prédicted from the
énalogous electron case, with proper .correction for the mass
ditference. _ _

In the energy region too high for compound

-nuclear consideration and too low for pure p-n collision

analysis (for example about 20-80 Mev bombarding energy for
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Be), where the qubérding proton has a good probability of
oscape from the struck nucleus, the most direct theoretical
approach for the prediction of the bremsstrahlung 6ffecta
would be consideration of proton collisions with a nuclear
potential well, The well is described in terms 61 réal and

imaginary pafte, gsince there will be secondary proton
4

enission, Such an approach was undertaken by Kursunoglu .
The general methods used in the nucleon-nucleon

8

collision picture were proposed by Serber”, enlarged upon by

6,7

several authors » and vere used to explain several nuclesr

phenomena®, among them the high-ehergy spallation reaotionas.
These methods consist of following the paths of a number of
bombarding nucleons in the nuclear region as they suffer
single and multiplo collisions with the target nucleons of
various momenta; due to the eleoment of randomness involved,

. the lonte Carlo method can be used, ahd a8 recent attempt has
beon asuccezsful in an application to (p,ph), (p,2p) and

@Dmanl reactionag;

%A full discussion vith appropriate references of this
type of problem is presentod on pages 30, 142, etc., of E,
| Segre "Experimental Nuclear Physies®,. Vol, II.

’
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The mean free path of the bombarding nucleon
in nuclear matter is given by

where ¢ is the average total

\ = \ cross section®™ for the nucleon-
d?ﬂt nucleon collisions and VIR

the total nucleon density,
so that for 100 Mev protons the mean free path is about 1,8

x 10“13 9

ces,, or somewhat less than the radius of the Be
nucleus; for 140 Mev protons the mean free path is about
equal to the'Beg nuclear radius, These facts allow a great
simplification‘iﬁ the theoretical application to the Beg
nucleus, for they show that for 140’Mev bosbarding protons
only single nuclear collisions need be considered for an
adequate approximation, and the Honte Carlo method may be
discarded in this case. For larger nuclei, such as Cu,
multiple nuclear collisions are more probable than single
collisions, and a theoretical spectrum prediction must |
involve & collision sampling process, such as the Monte
Carlo method.

The case for larger nuclei is further compli~
cated by nuclear events which compete with the (p,p) process.

9

For example, for a nucleus of mass 64, Meadows  has shown

% Values for ¢ were chosen for the bombarding an@rgias
of interest by using the experimental values from references

15 and 16 of Meadowa'g paper.
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theoretically that the probability for the (p,2p) event is
conparable to the (p,p) probability, which i8 in agreemont vifh
experimental results., Tho energies involved with the oute-
going nucleons of these conpeting reactions are such that a
significant contribution tq the photon spsctrum may be ex-
pected, |

| Theée considerations show that the 140 liov proton
bombardment of Beg is the least complex case in these axpeti-
monts for @ theoreticel nucleon-nucleon analysis. This case
was given dotailed consideratior and interpretation, whilé
all othor spoctra were tréated in a more qualitative fashion,

The experimonts here described also set limiﬁs_

to or mensure the coross séction for the reaction ptn—> g+
ingside the target nuclei., A siwmple snalysis of this reaction |
shows that for stationary target neutrcns and fized detcctorxr
geongtry thé resulting photons are confined to a narrow .
spectral region, where the maan photon energy is about ona-
half the proton bombarding energy in the laboratory system.
For moving target nucleons this narrow spectral region is
somowhat broadenod, If the photon flux from this reaction
is comparable in magnitude to the bremsstrahlung photon
flux in the same spectral region, a "hump" should be seen
superinposed on the more slowly~varying bremsstrahlung

spectrunm,

B, Exzporimental Technique

(1) Pair Spectrometry in General

The essential principles and techniques of pair

spectrometry have been known and used for some timelo. and
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vill aere be only briefly reoviewed. A photon of energy
greater than 1.02 lov, in pasging through a metallic foil or
“"converter"™, may undergo pair production. The resulting
electron-positron pair, in a uniform magnetic ficld, »nroceed
‘with opposite circular orbits to dotection arecas, where
charged particle detectors record the coincidont passage of
the pair. (Ece figure 1. For the case where the detectors
and converter lie on the same straight line pafpandicular to
the ¥-ray direction, the palr spectrometer is called the 180°

typo, and a sinple snalysie shows that

"2 4 2 2 24 2 2

- + :
Ve m, ¢ +pmc mc + g_)c .

) &4 pc':b mocz then

o x %+)° + Ry G

and for a charged particle in a magnetic field

p= Be/) s 80 that

W x Bec(P t ﬁ..)):

where W is the photon energy, B is the magnetic flux density,

‘e 48 the electronic charge, ¢ 1s the velocity of light, and

/)y P+ Bre the radii of curvature of the electron and
positron, respectively. Thus for a given magnetic field,

| the Y-~ray energy is uniquely determined by the electron-

positron geparation onlthe line. The pair spectrometer used

in this research was of the 180° type.

(2) Desiecn and Use of the 180° pair Spectrometer

The pair spectrometer was set up at the 184"
synchrocyclotron outside the concrete shielding, and viewed

internal targets from about 45' through the shielding holes
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end tank ports. (Sce figure 2).

The primary consideration in the general design
of the spoctromster was to minimiﬁe the energy loss and
gcattering of low-energy pairs in passing‘through tha con-
verter so that continuous ¥ -ray spectra in the i0-150 Hav
interval could ba detected and analyzed without the inpexrtion
of severe corractions, The spectrometer was designed, then,
to use relatively thin converters; e.g., 003" tantalum
'foil. Tantalum was chosen bocause of its relatively high Z.
A high 2 material wag justified beclusa:

(a) the pair production (desirable process) cross.
section 18 proportional to Zztg }

(b) the Coﬁpton effoct (undesirable process) croes
section i proportional to Ztp ;
| (c) the mean ecatterigg anglo qf?* (undesirable
 process) is proportional to Z _%g; |
.'(d) dE) (undesirable process) is proportional

dx /ion.
to Zte H
A .
(o) gg) (undesirable process) is proportional
' ! dx/rad. ‘
to 23t ;

_where t,2 , and A are the target thickness density, and
atomic weight respectively.
Since the (gg and radiation straggling
éx/rad,
effoct were not serious for continuous spectra doterminntions

with tantalum converters of .003" (or thimner), and the moan
scattering angle was of importance in both horizontal and
vertical séattering, a high Z material wase chogen, It wae

also found that Compton electronas, under some conditions of
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detection, were botherscme (accidentals, blocking of geiger
tubes) and it was useful to have their relative effect min=-
inizod.

With thin converters it was necessary to evacuate

the air in and preceding the converter region in order to
eliminate pair production in air and the resulting detectable
spectrum distoftion. Ten geiger tubes on each side, sym-
metrically placed with respect to the converter, detected the
electron pairs, (See figure 3). 8Subsequent electronics |
analyzed the spectrun,

(3) Physical Arrangement in Detail

The pair magnet was originally designed by
H.F. York andvpaul Hernandez for general high energy pair
apectroscopy at the synchrocyclotron., The pole tips formed
the top and bottom of the enclosed pair chamber, and the
entire chamboer was removable. The tips were of 13" magnetic
steel, with a 3}" separation. The chamber sides vere of
stainiess steel, and all joints were welded vacuum tight.
Vherever possible the chamber was lined with aluminum plate
.to réduce scattering from the top, botto@, and sidesvinto the
geigor tubes. (See figure 4). The converters were mounted on
vire frames which were controlled from thé outside by means
of springé, strings, and rods through Wilson seals. The two
windqws in front of the geiger tubes were covered by .007"
aluminum foils, and were the best compromise between strength
for maintaining vacuum and small electron scattering.angle
into the geiger tubes. A 6' long, 4" diameter brass pipe
comnpleted the vacuum system. An 18" collimator with sides of

brass and top and bottom of magnetic steel was built into this



=13~

"pipe at the cntrance end. [leavy almico magnetﬂlamdsteel
yoke around tho pipe provided the nocessary magnetic field
}1nside the collinator for clearing away_pairs forned in the
end foil (.007" Al.) and the collimator.

The various internal cyclotroﬁ targots voro
mounted in a copper clanp at the end of a thin copper bar of
6" length which was‘extended radially into the cycloiron tank
and the entire unit was bolted to the water-cooled end of the
"hplldw" proba. (Soe figure 5). Constantan wires wore |
goldored to both ends of the copper bar, and the resulting
thermocouple alléwed»measurement@'of beam.power‘diasipated in
the'target and hence a calculation o:vbeam current nécesaary

to nbsolute'cross section measurenents,

(4) Pair Spectrometer Concepts in Dotail
(a) The Matrix Principle

The electronic aspects of this principie had been
developed some 8 yeara ago, and were laat used in 1t5 preaent
form by Crandall and Moyer.ll' S8ince pairs may originate any-
'-vwhere in the extended converter, and all typea of energy
8plittings are possible, it can be seen that pairs originatin
from a particular photon may end up in any .one of a nuuber of
paira of goeiger tubas; i.e.,, & particular pair of geigor tubos
determinoes the photon energy only by virtue of the dimtanca
between them, Referring to figure 6, it is appareant that if
gelgor tube outputs determine the rows and columns of the
matrix as indicéted. the lipes parallel to the vertical diago-
nal are monoenergetic in hature (to a rezolution aw detcrnined

by geiger tube width and magnetid ficld). Dach vertical line,
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then, rofers to a particular Y =ray energy within rego~-
lution aw , and the V¥ ~ray enorgies of the various co=
incidences con be neatly sorted by'the electronics of such
a matrix, Honceforth, these vertical lines will bo desig-
nated ag “energy channels®, The channel energies sare uniquely
determined by the magnetic field for a given tube epacing.

(b) Channel Efficlencies

The efficiency of each channel in recording the
numbor of photons of appropriate energy which are directed
-at the converter depends on 8 number of conmideraﬁionm. To
derive the value of the efficiency of each channel it is
useful to trace the events which may occur to a number of
photons of various energies which are directed at the con-
verter.

| The first phenomenon enconntered is that of pair
production in the converter. The probabiiity of one of these
photons producing a pair in the converter depends on the
total pair production cross section, which is a function of
“the target Z, and the photon energy. HRethe and Heitler have
theoretically derived thie croass section on the basis of the
Born approximation, and a particularly useful form of the

12 Since the

cross saction ie given by Rossi and Groisen.
conditions for the validity of the Born approximation in the

energy ranges considered here is that 2 W 7 & 1, 1t is
137

expocted that the Béthe*ﬂ@itler croas section may be a2 poor
approximation for increasing 2. Experimentla shows that this

is indeed the case, (for tantalum the error is of the order

of 10%) and the pair-production cross section here used



. contains the suitable empirical corrections, The tofal paire
production probability in the converter is then a;%;t— g(w;,) y
vhere N,%t is the numbsr of nuclei per unit area, and

f(v/,z) is tho correccted tot}al pair-production cross section’
'for the converter material, of atomic number Z and photon of.
energy Y.

For a given gotting of the magnetlc field of the
pair spectrometer, only those pairs in the appropriate energy
range have a chance of coincidence detection by one of the ‘
19 channels. Other energy pairs may eplit in such a wni 80
‘that one membeé cf the prir may pass through a goiger tubé
on one side or the ofheg,'but the other member will fall in~
side or'outside the geiger tube fegiqn on the opposite side.
The production of Compton electrons, (which 18 not insignifi-
cantlbelow 20. Mev photons) and photonuclear events in the
converter do not produce paifs'for coincident-detaction‘

The production of electron-positron paire by the photons in

14 is another effect to be

the field of the atomic electrons
'éonsidered; caleulafibns show that for tantalum the proba-
bility 18 of the order of 1% of the nuclear analogue, and
hence this offect can be neglected.
| - One or more of the following four events may now
occur to a pair of appropriate enorgy. |

One or both members of the pair may be vertically
scattered into the top or bottonm of the pair chamber, and be
lost by penetration into the aluminum plate. (For aluminum
this is far more probable than backscattering into the

geiger tube fegion). This vertical scattering loss will be
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dealt with nmore fully'in_later gections,

One or both moubers of the pair may paﬁa'be~
twoon the counting areas of neighboring geiger tubos and are
lost fof detection. This "dead".area is evaluated by géo~‘
motric considerations and by a sinplo anslysis of the effoct-
ive geilger tube areas which involves tho'cylindrical form of
~the tubea. |

‘The next type of event involves the character-
istics of the divigion of available kinetic eﬁeigy between
the meﬁberé of & pair. All typos of splitting are possible,
and a typical splitting probability curve is shown in figure
6. The total pair production cross section is proportional
‘to the area under this curve. Oaly a certain range of
eplitting can be rec@ivod for a particular channelj this
range depends only on the geometry of the coaverter and
gelger tube arrangement, and is inaepandént of the magnétic
field Getting. I2 the oplitting curve was flat, then it ias
clear that this gocmetric efficiency is the ratio:
actual peiﬁer tube arco for thig chamnel

totul area in the detoctor pinne idealliy available for pair
particle traversal at this onorgy

However; since the curve is not flat, the precige dotermi-
natibn of the efficienciés_involved is complicated and
involves some tedious numerical work., In the appondix (15

8 full derivation is given for the channel efficiencics, and
approximations are made in crder to obtain simplé. veable
rosults. Porany3 the moat significant approximation ie

considering the splitting curves as flat. 1In practico the



heiglhit of this horizontal line wés chosen'td correspond to
U = .3 = .7 on the actual curves; this was considered a
good averaging, and allowved rapid calculation of tho ef~
ficiency.
The fourth possible event is actual coincidence
doetoction,
| The abzolute channel efficlency is then approxi-
mated by (pair production probability for a particular con-
verter and energy) X (fraction of pairs surviving loss by
~vertical scattering) X (fraction of coincidences surviving
- loas by pagsage betwsen geiger tuboes) X(geometric efficiency).
(c) Geigor Tubes
' The geiger tubes would have been considored
ideal if they all had the same area and counting efficiency,
and if their characteristics reméined constant throughout
many months. Unfortunately, neither of these conditions
existed, and some time was spent in overcoming the resulting
difficulties.
it is clear that if, say, the inside goeiger tube
on one side had, say, 30% greater area than all the 6ther 19
tubes (which may here for the sake of argument be considered
as a "matched set" of 19), then appropriate corroctions must
be inserted in the channel efficiencies. Since this inside
tube does not appear in the 1llth channel, it may be called
a'”good" channel, and with réépact to this channol a corroction
of‘so% must appear in the first channel, 15% in the secord
-channel, etc. If the 30% changed after some months to, say,

40%, then ideally these corrections must all be changed, '
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with resulting numerical tedium.,
liethods ahd ideas were finally evolved so that

none of tbese gelper tube efficlency corrections were neces=—
saryes To deal éith the problens involved it was essential
‘that a becam of particles be found which was uniform over a
large area in order to test the counting efficiency of fhe
tubeé; Such a beam was furnished by the cosmic rays, which
have an energy and areal spread quite suitable for testing the.
tubes. TheAtubes vere eventually tested by being placed in
. & horizontal plamne on a table and allowed to count’dﬁringlthe
night so that the acceleratoxr radiation background was not
present. Hach set of 10 tubes was contained in its pair
spectrometer mounting, and during succeeding nights these
mountings were rotated in various ways so that'vafiationﬁ
(due to nearby structures) of the cosmic-ray intensity along
the surface of the table would be compensated for by suitable
averaging. The electronics involved in recording the cosmic~
ray counts consisted of the available pair spectrometer
~counting and recording equipment, and the resulﬁs appeared
on the geiger registers. (See section (5)).

‘By means of such testing it was possible to find.
a set of tubes Wﬁich had count;ng efficiencies matched to
within 8%, and which did not change in couhting character-
istice over the many nights of testing. Occasionally, of
course, a tube might radically change characteristics during
an actual cyclotron run, and was replaced by a suitably tested
spére.

The maximum 8% efficiency difference between
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- tubes way beo shown to produce no significant resulting
gpectyrum distortion if the spectra are viewed with suitable
magnetic field settings in the spectromcter. That is, if the
energy rangeé corresponding to the differeﬁt magnetic field
"gettings overlap one anothexr for a given ﬁpéctrum, then the -
golger tube efficiency errors tend to be nminimized, since a
paftiéular photon eunorgy will be associated with diffcrent
geiger tube arrangceients for each magnetic‘field sotting,

(d) Yortical Seattoring

An appreciable number of electrsna will not veach
the g@ig@r tubos b@cuuseiof vortical acattoering into the pole
tips. If it can be shown that at any vertical line (i.é..
for any given electron path radius) in the gelger tube rogion
the fraction of electrons lost from the sensitive segnent of
this lire by vertical scattering is a constant, Et then -
follows that there is no resulting Bpectrum,diétortion. In
the appendix (2) it is proved that certainiy at least to a
first appronimmﬁion this_is‘true; and by use of thin con-
verters and proper matching of spectra from diZferent magnet
'field gettings this second order distortion is made negligible,
‘The constant fractiomal losgs, howover, is not negligible and
is deternined both theoretically and empiricaliy.

(e) Dorimontal Scattering

The focussing properties of 180° circular orbits
are well-known, so that horirontal scattering resnlts in no
gpectrun distortion, if thz scattoering angles are esuall.
Orbits weré exmperimentally invcstigated by thoe "wire orb;t"

method, (See field calibration section).
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(5) General Description of Electronics

Figure 7 outlines thé geheral electronic
arrangement.' Each of the 20 geiger tubee was followed by
& pulse~forming unig,-designed by Charles Waddell, which
tranasformed the rising portion of a geiger pulse into a one
micfosecond sqﬁare pulse. The bias on each of the 20
thyratrons was controlled by means of a potentiometer, and
allowed the firing voltages to be lined uﬁ with a pulser. In
this way all thyratrons fired at the sane point on the rise
.‘of the geiger tubé-pulses and would not distort succeeding
coincidence charécteristics. The thyratrons in general fired
at a snall fractipn of fhé maximum geige: voltage, so that _
the firiné vdltages were not critical andjelectronic "Jittexr"
was effectively eliminated.

If the geiger tube events occurred so that only
one tube on each side fired within a time range of .8 micro-
seconds, then thié was called a "true” ¥ -ray coincidence
and a'gating'pulse (from‘the lower half of the electronics
in figure 7) allowed the modified geiger pulses to pass
'through the 35 channel gated amplifier. Twenty channels of
the 35 channel amplifier were uéed; one Qhaﬂnel for each
geiger tube.‘ Theée amplifiers aérved the purpose of ampli-
fying the modifiéd geiger pulses into 20 millisecond pulses
to suit the current requirements of tqrning over the subse-
quent channel registers. One bank of ten amplifiers fed the
rows of the 10 x 10 mdtrix; the other bank féd the columns.
The matrix proper consisted of a8 square of 100 68J7's. Along
any row all suppressor grids were tied together, along any

column all control grids were tied together, and along any



diagcmui.all plates were tied together. The tubeq normally.
operated at cutoff, and[a co1ncidence on any row and coluun
would allow-@lato current to flow in the tube sithatoﬁ at

the junction of the row and colunn, The signal wag trang=
'mitted along the diagonal.‘amplifiéd. and operated a chnunél -
roriater which referrad td this particular diagonal. The
g@igér registero indicated which particular two goiger tubes
had fired, and primarily served as monitors éllow;ng rapid

- spotting of any 1nef£ect1§o ceiger tube.

| b ¢ two Separate cotncideneeu wore allowed to

- arrive nt the matrix -eparated by. say, one millisecond,
'thau it can be seen that as many as fourlregimtaru_may turn
over, giving two falae counts, This gort of mixina 18 olimi~
nated by the dead-time circuit, which only pnﬂmed‘gatxna |
signale to the 35 channel amplifiers if they were aeparated
by at least 16 millisaconds.

| The most critical section of the electronice is
”nituafad in the lower half of figure 7. This im the é@ction
in which the coincidence characteristics of the goiger pulses
aro analyzed. It can be seen that téo.cablos.‘lubaled L and
R, feed this lower section. Each cable carries all outputs
from each bank of 10 geiger tubes, the left bank and the
right bank. The thyratron outputs on each bank were mixed

by mesns of cathode followers to yield those added left ahd
right bank “singles™. The unit laboled "amplifiers and anti
circuit".merved tvo purposes. Tﬁe first vaé to anplify those
addoed pulses so that their hoights are suitable for oporsting
tho sulkoeguont adjustable gate~foroing units, The ono micro-

voeoad pulce width was unnltered. The second purrpoze wan to
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détermine, by means;of 8 gSermanium diode system} if tripie?_
cdincident events were present and to transmit a pulse for

any such event, Triple-coincidenf events were defined as
events where three or more geigér tubes fired within .8
'microseconds of each other, involving both banks of geiger
tubes., For example, if two geiger tubes on the left aidé '
firgd in coincidence with one geiger tube on the right side,
such events were not permitted to enter the matrix,_by_the'
actidnvof the_"anti".circuit. - There vwere several reasons

for monitoring such events, It was possible, by means of

such monitoring to 1nvestigaté the kinematics of the pulsa¥
producing particles in the geiger tube region, so that geiger~
'tofgeiger scattoring, and other such events, could be.exposed‘
if they took place. Also, the frequency of these events with..
the rise and fall of the cyclotrén beam level gave infor- |

: mation about accidentals from Compton and pair electrons from
the converter and the general radiation background.

| The left bank, right bank, and anti-pulses were
~then 1lined up with respect to one apother’and the arrival

time of the'modified geiger signals throﬁgh the deiﬁy lines
into the 35 channel amplifier by'means of the three adjustable
‘gate-forming_units'precéding the 10 channel quad mixer. (This
mixer is simply a multiplex coincidence systenm 1n,which any

- combinations, up to quadrupie coincidence, may be'selected‘
out of ten input dhannels). The left bank added pulses were
also fed into an auxiliary adjustable gate-forming unit which
delayed these pulses by 5 micrdseconds._ These delayed pulses,
when mixed with the added right pulses, allowed mohitorihg of

the purely accidental cdincidencé rate. The pulses frdm all



four gate-forming units were adjusted in width so that the
various coincidences, which were determined in the 10 channel
quad mixer, were of .8 microseconds resolving time.

| The 10 channel quad mixer was adjusted so that
it was used as a coincidence unit which determinod events as
_ labeled on the four subsequent scalers, Ceortain scalers were
disabled with a 120 microsecond gate triggered by the cyclo=-
tion r.f. pulse, and thus monitored only the "off-beam" counts,
The gated scaler which recorded the true coincidencds of
- particles of a single pair, labeled L+ R - A, also sent out
the gating pulse, through the dead-time_circuit and a |
variable~delay, variable gate (V.D.V.G.) ﬁnit, to the 36
channel) amplifiers.

In'genexal, the electronic arrangement.was

designed to use as.much available equipmeht as posaible,
hence was scomewhat more involved than was realiy necessary.
'ﬂowever, it was found that aatisfactory operation was obtained
1f‘frequent. generhl tests were nade with a pulser substi-
tuting for the raw geiger pulses., GLventually a eemi~aut0matic
pulsing tester was evolvéd which tested all phases of the
electronics in the order of 20 or 36 minutes, The monitoring
‘scalers and regiateré were ao-arranged that any.bad electronic
fubés along the liﬁe could be defeétqd without having wasted
much beam time during an actual run, |

(6) Marnotic Field Calibrations

The magnetic field distribution and field
strength as a function of magnet current were calibrated by

three independont methods, It was of primary importance



that the properties of the field'distr;bution be such that
: a plot of electrbn enorgy ve. distance along line of cenfers
of the geiger tubes yield a straight line for an electron
leaving tho converter region._ Xf ho.straight line results,
then the matrix principle is not applicable.
(a) Floating Wire Techniquo

_Por a current*carrying wire 16 a magnetic field,
| where no forces on the wire other than the amperian force and.
tension are acting, it can be shown that the wire will tnke
up an orbit such that | |
= g,o where T. 13 the tension
, . 8 the current,

is the magnetic flux

T
T
B
density
A 1is the radius of curvaturog

but since for an electron

Bo= p | vhere p 1s the momentum |
e 1is the electronic charge

and if /381 then 7 |
Pa E where E is the total or kinetic

c energy;
80 that
T E.
I T ec

Thus, by suspending & wire in the median pléne of the pair
chamber; vﬁrying the current, tension and exit angle from

- the converter, it was possible to plot orbits, chedk'the 180°
focussing properties, and obtain a general picture'of the
magnetic field properties. |

(b) Proton Probe Neasurements

The magnetic field at various points 1h the
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pair chanmber was moasured with a proton sp1n4resonénce
probe, and the resulting magnotic field distribution allowed
the plottinz of orbits of the pairs as a function of
current through the bair mnagnet .

(c) Calibration with FKnown ¥ ~ray Line

The well-knownis

17.6 Hoev Y -ray line from

g= 7

| wag generated by 440 Kev protons on Li" at the Van de

Bo
Gréaf geﬁerator. and the bair spectrometer was moved to the
target region in order to detect this line. In spite of
low counting rates, the line was suitably detected and»‘
analyzed, |

The agreement betveen all three. calibrations
vag very good, and the results of the floatingewire neasure=
ments showed that the matrix principle was‘appiicable, :

(7) Evaluation of the Accidental Spectra

During some of the runs the percentage of c¢o-
1ncidéncea which were accidentél 15 origin was found to be
. a8 high as 20%. In order to determine the apparent photon
spectra due to these accidental coincidences, as a function
of taréet'material and magnet current, the 20 smplifiere wérq
gated wiih a wide (about 100 microseconds) 6on~gate" derived
 from a frequency-sénsitive 3§§§§bfsampling the cyclotron R.F.
and initiating the gate at that frequency for which the boam
will emerge f:om the cydlotron. S8ince only a small per-—
centage of geiger counts had their origin 1nv Y -ray pairs,
the-registersbin this case.rahidly accurulanted tho gceli-
dental spectra. vThese spectra were then properly sub-

~tracted from the spectra accunulated undor proper running
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conditions,

The accidentals had their origin in Compton
electrons from the cohverter~(especially at lower ﬁagnet
currents), the secondary products inside the chamber from
| target neutrons, the general radiation backgroﬁnd. gnd frqm~-

fragments of two or more independent pairs.

C. Evaluation of the Data |
'Thé sbectra from the different magnetic fiéld.
:ettingé,vsuitably corrected for accidentais, were plotted
independently of one another. (See figures 8 and 9). In
plotting these spectra abéolutely, some care waé given to
the use of tho target thermocouple readings. In particular,
it was necessary to know how much heat was being lost froﬁ
the farget.by xadiation. Since enlegivity

conductivity
nuch higher than in the metals, a large radiation loss

in carbon'is

relative to the metals was to be expected. The problem was
‘molved by plotting.thermal rise and decay curves'for
different targets bombarded to varioﬁs temperaiures. It
wag noticed that qfter a‘relétively low beam was turned'off,‘
fhe thermal decay curve was. an exponential fiom a metal
targét. Deviations from the éxponantihl were found at

| 1n1t1a11y.h1gher-target temperaturéé, this deviation being
especially maiked with carbon.' By solving for various
éonstants in standard thermal exponential equations from
the decay and rise curves, it was possible to evaluate
‘réughly the radiation loss. This loss was small 1n metals,
but of the order of 50% at times in carbon.

A more accurate method of dealing with the
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radiation lozs wasg based on the assdmptibn that the 1e£t~
bonlk and right-bank aiﬁglas rate was directly proportional
to the beam lovel up to the point wﬁei@ "plocking™ bocang
appreciable in tho geiger tuboes. Thus, at low beam levels
vhere tho radiation loss from the tﬁrget was not appreci-
able, the singles rate could be calibrated for absolute
bean lovel from the th@rmacouple‘reading.' At higher beém
lovels bﬁt sﬁiil.mhart of blucking conditions, the singles
rate then aéxvad a8 an aﬁeQuata monitor for ahsoiute bean
iévels. |

Figures 8 and 9 show that the various spectra
overlop and match quite nicely. Bince wide variations of
target teomperatures weye attained in gathering these speétra, 
“the'suitable matching indicates that the thermal radiation
wag adequately dealt with, | |

The errors showa on the curves are the "proba-
ble errors" from statistics,

D. Pinal Results

(1) Coneral Discusoion

Pigures 8, 9, 10 and ll_ahow thé exporinental
»reaulte, The poinﬁs for thevvnriouﬂ mapgnot cur:enta ware
plotted absdlutely and 1ndep@hd@nt1y, and the satisfactory
continuity of the resulting average curves through these
poiﬁts lend confidonce to the general experimental technique,
emp@éially to the th@rmo@qupl@ beam nonitoring.

It is peen that the numbor of points 1s con-
siderably less than tho nusboer of eneigy channels involved,

For exanple, in fijuare 8 thore would be 587 peints if evory



energy channel wa&vdirectly piotted. Since the total number.
-0of counts accumulated by each channel was quite small,
(génerally less than 100), and since the inherent uncertainQ
ty of the resulting curve is not a sensitive function of
v_the nanner in which the counting information ie graphically
distributed, 1t was coanvenient to simply.combine‘channels
arbitrafily before plotting. The eneorgy uncertaihty of
“each point on tha figures can‘be 1nferréd f:om the horizontal
spacing of'neighboring.points. Thus,‘fqr instance, while it
appears in figure lﬂ_fhat all curves conme together above the
high end of the energy ﬁxim,,this point of viéw nay be de~
_ceiving 1f one considers the horizontal pfobable erxror of
each point, The moatione may safely conclude in consider—
ation of the statistics in this cose is that the curves
probably £all within a range of»2-4 cross sectional units at,
say, 65 lav.

Data was not shown for energies@ below sbout 15
llev, since it appeared that a different mechanicm was re=-
sponsible for the production of the lover emergy ¥ -rays.
At some point~between 8 and 12 llev the yleld euddehly
1ncreased'very greatly with decreasing ¥ -ray energy, &and
it was assuned that nuclear excitation was responsible for
this effect. DRecause preliminary studies in this region
indicated that tho change was quite sudden, it is suggested
that fuﬁthox oxp@rimenté be dene to check such charactor=
istics 2s the structurce, cutoff point, and awlopno of thia

rapidly rising curve.
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(2) Ccnparison with Provious Work
: Wilson's® technique consisted in brief of

meaguring the electron pair energies from pair produétidn
in thick lead converters by abéorption in a carbon block,
and hence the uncertainties in his experimental technique
were relatively large. Thus comparison of this work with
mimildr targot and beam situatione in wxlson'a'work.can at
best be an order-of-magnitude‘comparison. The following
experimenfal results may-be compar9ds |

(a) Goneral Spectrum Shage

His spectra from 143 Nev protons on Be, C, and -

Cu at 90° have roughly the same shape as those presented here,
with the outstanding dittorence that his Z-dependent cukves
do not diverge at lower energiles. o

(b) Absolute Cioss Eections

| ~ In calculating an absoluté total cross section,
- attention mnsf'be given to the angular diatr;bution. A~
though no definite data is now available on the yields at
Oovand 1860 in the laboratory system, preliminary experi-
ments at these angles have shown that‘thé 0?. 90°; and 180°
| yields probably do not di!fer by more than a factdr of thréo;
' This information, along with the fact that 90°'emiseion is
characteriaticyéf a8 large fraction of solid angle, and the
fact that detection at 90° to the beam involves emission

( frdm a 1arge angular range of the p~n center-of-mass
systens (which move at all angles to the beam) Jjustifies
multiplying the 90° differential cross section by 4T to
obfain the total cross section. In doing this, then, the
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total cross section for the production of ¥ -rays with
groater than 20 llov energy with 140 Hev protons on Be is
(1.3 = .s) x 10729 cm.z, which is in agreement with
Wilson's absolute cross section |
| The relatively large error of £ .5 x 10~29
ém.z is a result of the counting statistics, lack oivprecise
knowledge'ot the angular distribution, and uncertainty in
such mensuremenfs ag effective geigef-fube areaé, vertical
scattering loss, etc.

(c) Cross Soction Dependence upon Beam Energy for Be

| In the preseﬁt work, the total cross section

for »U’-ray production above 20 Mev is nearly iﬁdepandent
of bean energy; while in Wilson's paper the yield increases
with increasing beam energy. Since his estimate of beim
current was based largely on indirect deduction instead of
'.direct measurenent, one assumes his eirors in these de-~

cutions could have been large.

(d) Total Cross Scction Dependence on Target Material

Both experimental results are in general agree- .
nent,

(e) Transformation Calculations

Calculations on the transformation for a

VEo-hY spectrum from the center-of-mass to the labora=-
EohVY V

tory system with both stationary and Fermi gas target nucleons

were don2 for Wilson by J.B. French and P.B. Baitch, and are
shown graphically in his paper. These may be conmpared with

their analogues in this work; (see the following msection 3).
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A nunerical comparison shows that while the stationary-
" pucleon curves agree.almdst exactly, thé noving~nucleon
curves disagree by about 25% in some spectral regions, In
the stationar&-hucleon case they apparently chose 5~10 Mev
for the energy picked up by the bombarding proton in the
nuclear region. In’'the present work 8 lev was chosen,
(See the end of appendix 3C for a discussion on this energi
gain). The 25% disagreement is most likely dua to the choice
of moﬁentum‘distribUtion: the form of disagreement is such
that 1f both calculations had been done with the same mo=.
mentum diafribution. the agreement would have been much
better.

(3) Comparison with Thooretical Predictions

Both the predictions of the Dhehcaenological

theory of Ashkin and Marshak®

2

» and the scalar meson (scalar
coupling) theory of Simon give'spectru‘of which the center-

of-pass ylield is JEEEE§E:- for p-n 60111:ion8, where E, is
. . [4 :

the available energy in the center-of-mass system. -
Pseudoscalar meson theofy with pseudoscalar
coupling (by.81mbh2) gives a E:Ln«fngﬁ;' spoctrum, which is
ruled out byvthe experimental results of, BaY, figure 9. It
can be shown through considefation of nuclear momentum distri-
‘bution and proper transformations that the curve shape of r
figure 9 cannot result from additions of %}’vﬂg::157— curve
éhapes unless perhaps a greater number of extremely low~
energy collisions are postulated. This extreme multiple-

collision picture is certainly an inconceivable one for Be®.



In the phenomenological'theorys, Aghkin nhd
lMarshal: use the quantum electrodynamics, with.non*reldtivistic‘
nucleon motion and the Born approximation, in order to derive
expresgiong for the tranﬁition probabilitiés from initial to

 final states, Th@ nuclear potential used is the S@Eber .

V(r) = (” P" 9 !a » vhere B,

operator. This potential is found to give & good fit to 90

48 tho ilajorana

Hev neutron scattering esperiments., Of the six possible spin
function trqnaitions, twoigive rise tb magnetic radiation,

.~ the other four give rise to electric radiation., The magnetic '
radiation from spin £1lip is calculated to be emall compared
to the electric dipole radiation, and can be neglected.

| é%%%h; for tho electric dipole, radiation is given nc.

- @& complicated function of E, and hy , which can be simpli~
fied in the high-energy spectral region to be proportional
JJEE:&Z— The 1 dependence is & reasonable one,

E"V | ¢ Eo
- 8ince the elastic n-p total scattering cross section varies

to

with E in the same way.

As a first trial in this present work, the '
center-of~massv 1%%;&5— spectra were transformed to the
laboratory system for proton laboratory bombarding energies
of 38, 100; and 140 Mev; the struck neutrons were considered
to be at rest. Figure 12 shows the results. It is apparent
that these curves are roughly similar to the correéponding
experimentai curvéa of figure 11. A striking difference is
the raised position of the 38 Mev experimental curve. The
probable exzplanation is that for 38 Mev protons the single

nucleon~nucleon collision picture is not valid, and the
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proton~nucleus collision mechanism is mainly responsible for
the production of these photbns. It is then obvious that the
yield would be greater in this case. |
| The rough agreement of the figure 12 curves with
éxperiment points the way to refinements in calculating the
-actual laboratory spectral yield from Jigaiél—- to compare
with experimental results. Appendix (3) ;;tlines the deri-
vation for the calculation to take into account the nuclear
motions. In accordance with recent Berkeley expariﬁents, a
gauesianvwith hnlf-width of nuclear momentum density corre-
sponding to 19 Mev kinetic energy was used. It was also
asguned that the angular digtribution was spherically
symzatric in the center-of-mass system; however, it can be
shown by the methods of numericallintegrations used that the
resulting emitted epectrum in the laboratory system would not
be markedly influenced by at least a mild departure frosi this
distribution, Because of the use of SBimpson's rule for the
' numerical integrations, it is to be expected that the high-.
énergy teil (say above 80 HMev) may be in error by as much |
as 25%, ' . | |

The results of this calculation are shown in
figure 13. A conparison is made of this calculation with the
experimental result and the previous nucleons-at-rest calcu-~
lation, The two theoretical curves sre normalized at 15 Mev,
while the experimental points are scaled to be grouped about
the moving-nucleon curve, An absolute determination of the
yield from the theory involves some considerabie calculdtion,

and has been done for some special cases by the authors; the
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results will Do presented in a following di&cu scion.

It is seen from figure 13 that 1in geueral there
is goocd agreemont batween theory and experimont. Up to about
75 liev the curves agree to within the‘experimeﬁtal error,
‘while above this energy the theoretical curve is scmewhat
highker than the experimental one. This discrepancy may
result from three sources: | H

(1) Inadequacy of the giaussian distribution as a represen~
: tation of nucleon momentunm diatribution;

(2) Simpson's rule error as-préviously éxplained;

(3) Iuproper choica of curve fitting to the experimental
points, : .

It 1s of interest to compare the total cross
soction of experiment with theory. Simon lists some calcu-
lations for the fieid theoretic caseé,=Where the proton
laboratory bombarding energy is 180 Mev and the integrations
took place between photon energles of 45 and éO'MOVQ Th;g
should not differ greatly for 140 ugv bombarding eneréy and
] yieid'between Ss and 70 Mev. The'experimehtally-1ntegrated
' cr9sa section assumes a spherically symmetric=distr£bution
1n‘£he center~of-mass. A comparison, between theory'ﬁnd
experinent, then showsat

exparimentally integrated cross section per neutront = - -

scalar meson theoryt= = = = = = = @ « =« 3.0 xlo‘socmzt
pzeudoscalar meson‘theoryz— - . e e e o- 1.3 810*300m2;
-30 2

phenomenological theoryi« = = = = = = = 1.0 x10 ““cnn”;
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figure 10 should be examined, As previously explained, it
iz not to bo assumed that the curves are restricted to union
at the high-enoergy end. This is simply what appoars to be
the most prcobable set of curves through the experimental
points. There are at least two reasonable qualitative ex-
planations, however, for the general méfging effect of the
high-energy tails, ’

The moét plauaiﬁle expianation involves con=-
gideration of multiple collisions in the p~n collision
picture, For a given protoh bombarding energy, the mean
number of colliaions-wifhih the.huoleus nuat increase with
increasing‘atqmicwnumber‘of the target material. In the
100 Hev bombarding energy region, the mean energy lost per
collision is about 20 tav>'C, Since the probability of
bremestrahluang émiseion varies npproximatély inversely with
the collision energy, then the lower energy second, third,
aqd fourth collisions have a successively higher probability
of contributing to the bremsstrahlung-spectrum§ and as the
atomic number of the target is increased, the mean p-n collision
énergy will decrease, Because of the VE—~hy. factor, the
yiold per nucleus at the‘higheenergy'end of the eﬁectrum |
should not increase uniformly with 1ncreaslng A and/or z
of the target material, o

Another explanation or factor which contri-
butes to the merging effect 1nv61ves the nucleon momentunm
distribution, If the ratio low-momentum components for the

high-noxentum coupodnents
target nucleons was such. that this ratio increased with

increasing “A", then, for example, the Be high-energy photon
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yield would be proportionately larger than for Cu. There
is no experimental evidence as yet of the nuclear ﬁomentum.
distribution for the heavier nuclei such as Cu, although
one may present some arguments to show that the relative
"high-mcmentum components would tend to decrease with in~
lcreasipg A, One argumenf would consist of making & case
for a system of nucleons appréaching a Fermi gas (from, say,
the near-Gaussian distﬁibution of Be) as the number of
nucleons is 1ncreaaed,.with the'co:respondlng decrease in
‘the highémomentum components, Another argument would assume
a equarebweli potential, having a radius which increases
with increasing A. The wave functions for the various |
.}angular nomentum states.wouid gpread ouf with the radius,
resulting in a narrowing of the corresponding momentun
distribution fﬁnctions. |

The rapid divergence of the curvee with de-
creasing photon eneréy‘ie to be expected because of the
multiple-collision effects for heavy}nuclei. Second and
third cdllisions within a nucleus (assuming, of course, the
vp-n collision picture) will be correspondingly leas energefic

dnd because of E‘;_y will contribute & higher ratio of

low=~energy photons ‘
high-energy photons than the first co111s1on.

It 18 suggested that further experiments be
done on hydrogen and deuterium, in order to further check
the validity of the ﬁé—‘% type of spectrim and to examine

[ 4
more carefully the high-enerby tail for these simpler cases,



(4) The p+ n —> d+¥ Eeaction

| Figures 8, 9, 10 and 11 indicate no "hump"
in the spectral region where the photon energy is abcﬁt one-
hélf the bonbarding energy in the laboratory system, to an
"accuracy determined by the.counting statistics in these
gpectral regions, This.im in agreeﬁent with Wilson's
results, Xf the reaction was allowed to -take hlace in a
field-free region (as opposed to inside a nﬁcleqé) then calcu=
lations quotod in Vilson's paﬁer 1ndica€e that the‘résulting |
photoa flux should be comewhat greater than thélpure p=n
collision br@mmwtrahlung £lux in tha highér.energy spectral
region, OCne must therefore conclude, as does Wilson, that
‘the perturbations of the final reaction étntes due to the
presence of the other nuclear constituenta greatly decrease
the cross section for the r@action per target neutﬁou. It
can be deduced from the.experimenfal resultsvthatvfhé reaction
crogs section per neutron must be decfegaed by a factor of
at ieast 40 for the b@am~targét éituations here 1nvest1gated{
In conclusion, then, this experimental work
shows that: | |
(1) the total croms section for Be? for the prbdnction of
photons above 20 llev energy by 140 liov protons is (1;3:f 1))
xlonzgcng |
(2) the center-of-mass spectrum shape for p-n collisions is
- given by ;[E%?ﬁ[: with an energy dependence of about %; 3
(3) thevpseudogcalar meson theory with pseudoséalar cqupling

prediction islinconsistent with experimental results;



(4) the phemomenological theory prediction is consistent
with eip@rimentai results; '

(5) the scalar meson theory with scalar coupling theory
prodiction is indicated by éreliminary experiments to be
inconsistent with exzperimental results only in the angular
digtribution; ,'

(6) there is no evidence for the reaction p+n —> d+7 .

‘E. App@ndix
(1) Channol Efficiencies Derivation

The following consists of a deiivat;bn of phe
absolute channel éounting efficiencies for a ﬁ@am of photonsg
directed at the convertér.' The two factors of vertical
écatteringAloss, and loss between affectivé goeiger tube areas
are here ignored, henée it is assumed that there‘is no verti-
cal scattering, and that the geigér tubes form a continuous

counting area, The terminology consisgts of:

d, the converter density;
No; ' Avogadro's number;

A, | the atomic weight of the convertervmateriils
h, the converter height} |

t, the converter linear'thicknese;

¥ the distance from the qonverter'center'nlong

the line of geiger tubes (see figure 15);

y', the distance along the converter;
v, the photon energy; |
u, the ratio o.‘f the electron(,-) energy (total &

kinetic energy) to W;



Ik,

AV, 1o

J
QY

€ (z,%,u)du,

The absolute channel efficiency is then ggwﬁf”"'
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a functioa of the maghetic field strehgth
sucl: that the electron energy equala ky for
an orbit through 0 and y (see figure 15);
the encrgy spread or interval of the j'th
chanuel for the same magnetic field setting

ag is involved in th@ above kj

the intcnasity of tho photon beam striking the

converter, confined to an emergy range AWj K’
. »

‘the number of pairs which are detected per

unit time;

the genoral 1nt@grh1 dosignation of the J'th
enexrgy channel; |

the distance between geiger tubes =Y¥gg9 Yo0 =
Y20 = Yig» etc.y

the crods section for pair production fer a
photon of energy W with a fractionai splitting
of u in an interval du, in a converter with

atonic number Z.
: [}

J

It is clear thatvls ia proportional to the converter thick~

ness t, the number of nuclei per unit volume N, % » the con=

vertor height h, and I4o In gddition, it is proportional to

an integral with scmewhat involved limits.

To evolve thig integral, it i& instructive to

study pairs originating at y' in the converter in an interval

dy', and which are produced by photons in the energy range

tle e and of energy W appropriate to the j'th energy channal.
- .L

Tho integral is built around the crozs section ¥ (UW,uddu;
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and the first step i to sot the limits in u., An inte-
gration over u then gives the total croos saction for
detected photons for the case of particular photon emergy
W, originating at y', and the J'th channel., It should be }
noticed that ij,k = 2k Aoy |is 1‘ncvlependentvof ‘J; TQ |
visualizZe the limits it is helpful to imagine a line
corresponding to W, slid back and Iorth parallel to y
(figure 15) and of length in yzg. | -
Fdr 1< § < 10:

21 £ W £ 2y
For 2ky £ W 2E€yjfz 3

J+4

vthe lower limit is u_ kyE ;;ky' 5

the upper limit is u_ W - k?r% - ky!
' 7

For 2ky. < W & 2ky. :
3:h‘:. yJ*B :

the lower limit is u—- W=~ ky - ky';
- &fz

W

 the upper limit is u _ kygj...z - ky!
W

For 10< 4 & 19¢

< W4 2ky

-

o ?‘-’r,m‘%u 35-2
the lower limit is u :-. W H
] ‘ W

the ﬁpper limit 18 u = W - kyzj_m - ky*
W

For 2ky‘h2 £ W& 2kyj+3 :



W = kyyy - ky'
—
kng - ky!
]

the lover limit is 'u - ;

the upper limit is wu -

In addition the resulting|j? (v) must be suit-

- ably weighted for all values of W between 2ky and Zky

J+l J+3
This denotes a second integration with respect to W between

vhere
the linits 2kyj+1. Zkyd +a } and 2kyd+2, 2kyJ 33
- these integrals are divided by

V-5 A | Cate
. 1= 2ky - 2k = 2k - 2k eto.,

‘forzbroper dimensional and weighting treatment.
Finally, a third integration must be performed
‘over tﬁe entire converter by means of the ditterent;11 uy#‘
The results aret -

For j £ 10t

‘absolutefchannel efticiency’::

7y, WddioAy

,7‘ /f / ?(u/,u)ludwtfy +

2y, 'lv_

4
1’ M J*; 2 fl

/ / | E(Wu)du;/u/afyj

v—/



For 4 2> 10

abzolute channel efficiency =

| ,.w{.ﬂ W Bohalus Ay
“'_Mél,l;’--t ¢ , —%‘-“-‘{5’

/ Yl y{mwzﬂy
@as:;‘zfg/

Unfortunately f (‘W,u) a8 expressed in"ihe_’.usual
literature is not an integrable fumnction, and methdda.‘ for
| numerical approximations must be fouxid. The simpletzt»vahd
' most useful of such approximations coni_st of:
‘ 5(a)v éonsidering the gplitting curves as flat, 'so that F
-i8 no loﬁger a function of u;
(b) choosing a mean value of W for each channel = Zkyd_'z).
‘so that P is a constant for each channel,
| The second approximation is a good one since §
does not vary rapidly over the relatively small range of
AVg4 i 3 the first can be shown to be an adequate approxi-
mation (to within several §) if f is properly chosen for
each channel. As explained in 4(b), f was chosen to corre-
spond' to vu='- 3 =.7. Henceforth_f may be designéted by )_Z;,
S0 that for 'the J'th channel f; is evaluated at the mean

energy W= 21:yd+2. With these approximations, then,



for 1 % j < 10

absolute channel efficiency =

+ 43/.//2 |
“ 4 [ /(1— 244, )4y47/+
ﬁzy ¢3u/ ) .

0+l

2450*3
(Mz,wfz—-l ) Zk/%7 7 =
%»‘-z

(by using the first term of the ln expaunsion)

m——————

AW, 4 Yo d  7Jv¥2

—n ) 2

mit s, “‘*7’@»-+=‘7= - f“’“ﬂ;f’%*‘)s

and for 10 < 4§ & 19, using similar procedure:

absolute channel efficiency =
F. el oy #2)
J y‘v’. O’y pl -

These were the approximations used in the actual computationa.

(2) Vertical Scattering

Let 1t be aszumed that all electrons originate
on a vertical line of the converter, and let the previously
circular electron orbhits be "unrolled” to straight lines.
Referring then to figure 16 lot the x axig be thz? vertical
converter line, and the y axig theblina of pricer tubn conlors
in a horiéontal'plane. This latter auxis is liseoary in oloction

kinetic enorgy, to a gocd apprerination,



Considering electrons of a particular energy
.E' which terminate on & vertical line through'y', it is seen
that fwo special orbits of this enorgy electron are ry and
Ty which make angles ei and 05 with the horizontal. Any
'electronvof energy B' is "lost™ if its angle with the hori-
zontal is mo great that it meets the y axis at a distance
enaller than y', and therefora-oi and 02 aré two'critical-
angles. |

| Now for a.beam of photons passing through the
 1ine converter one may define a line density-of electrons
” (8,x) which leave the converter in the forward direction.
This density must be of such a form that 7(E x) = f(E)x(x). _
where f and X are functions at this point undefined. This
is so because the distance from the cyclofron target will
be great enough.so that the photon enafgy distribution will
not change over the space of the converter.

The object of the following calculation 18 to
find what fraction of electrons of energy E' are "lost®
through vertical scattering.

| The Rossi-Greisen paperl2 deals in part with
the scattering of electrons through thin foils, and it is
shown thaf for a pencil of electrons of kinetic energy E
{in Mev) passing through a converter of radiation length thick-
ness t

- F*

E YVor
37.2 I/t_' / /ﬂ

G—(e,t;ﬁ)/f =

2

where G(X,t,0)d8 is the probability of an outgoing electron
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being scmtteréd into the range de-at'an angle in radians of
9 with the forward direction. But for the case hore dealt
with, that 1is, pair electrons uniformly created throughout

the converter, this distribution functidb becones

| | +
E
g1, 8) =N / 4 "’"f /ﬂ‘
F(/) ’/2_—;
[~
whore N 1is determined by the normalization
+o0 t
-&P*
E i
”///72-71 ;éz‘/ﬂ
—-e0 P

{
@o that NV o= — ,
: f Vo sor ' /
+

Ny

and

9?'.«.‘ ’
F(Ef ﬁ)—f[/;;’;;— A’—“a é’-‘.

Now 1f one assumes that the critical angle for
any point x of the converter is given by -%, (so that
tan £ = E, ) for loss at the bottom, then for ahy element

y
dx at % tho total number of electrons lost at the bottom ia

given by -z
/ 7Cey ) FCES 2, 904247
=X | | |
7/

Thus the fraction of electrons of energy LE' which are loat

from the entire converter to both top.and bottenm is given by



x o 7;/

2 [ ) geerorcessoiton

Xr"‘/'

Y&

{5’7247(
7o

T ¢

Xy '
- — E"f
/ --'2(__(1/_ _t_'—.___ et /
2 t 9Y¢ ﬂ 4417 .
[~4

of the magnet current only.

e

wvhere y' has been replaced by k(I) E', k(I) being a function

It can now be shown that this fraction is in-

dependent of thoe orbit energy E'.

From the first integration in the above integral

2.2
it 18 seen that € always appears as BE' &

ﬁay be written as E'F'(E'9,t), and the integral may be written

fraction lost =

Xa T
X E FCES +) A8 o

< t V¥ 7 =

X,

RS,
E' AT



_)(1. oo
256"f:?1542,t7 )
“[/ Thr . 462247

Xa i
'[Xm Ax
Xe

e

in which the limits of the first integration have boen
changed according to the new variable of integration. The
use of o in the new upper limit.is Justified because of

the form of F'(E'€,t) which contains a-gauséian function; and
for thih foils this gauggian is vanimhingly;small at_0-==§f |
or BE'¢ =izﬁ'. - |
| This last integral e#presSion‘for the fraction
of electrons lost by vertical scattering is independent of B',

The derivétion contains two assumptions-which
denand further comment,

The first assumption is that the electrons
originate on & vertical line, instead of an actual areal con-
verter. But the dorived fraction is independent of y, hence
it must be valid for any vertical line comverter on the y
axis, and hence for an actual areal converter.

The second assumption is that tan ?a:; %. ) or
that the npean scattering angle is quite small, This inplies
that the derived remults are ohly true to firmt_order‘ The
second order dietortion may be ﬁinimized by using thin con?

verters and/or convertors of narrow height.
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(3) Calculation of Lahoratory Spnoectryrum for 140 lov

Protons usinz a Nuclear Mouentun Distribution

Asgunptiong:

(a) There is at most one nucléar collision pér proton,
Thiz is justifiable on mean free path cdnsiderations.
(b) The epectrum in the center-of-mass systém depends
on the photon energy (Avi,, and the available enorgy
Eo » by means of VZZQIEZ , wWhere the subscript o

“EGT,

refers to the center~of-uass system

{e) The photons arae emitﬁed with spherical syumetry in
the center-of-mass system,

(d) The target nucleons are considered as a gas inside
the nuclear potential well, and in order to 1ntér-
act with the neutrons of the nucleus the bonbarding

protons nusat enter the well and pick up scue 8 lev

in available reaction energy.

(e) The mouentum distribution of the target neutrons
18 asousmed to be a gaussian in accordance with
recent Berkeley éxperiménts”, sucﬁ that the proba-~
bility that a neutron have a moaentum p in a rango

if? o
_/®LQ’1}f7aa%b

dp is given by

% These results are given in a nuaber of 1953-1054 UWLTL

reports, among them J.M. Wilcox, UCPL-2840, 1953 (unpublichod).
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vhere p iz the neutxon moilentum corresponding
to 19 Hov kinétic encrgy, and I is the proper
normalising coastant.

(£) The neutron motious are treated non-reiativist~
ically.

Terminolaozy:

Lot the subscript o refer only to quantities
neagured in the center-of-nags systenm,
p/ is the angle of photon emission with reapect to
the direction of the center~of-uass motion;
£ is the angle made by a target neutron with respect
to the beam direction before collision: (the "lat=~
itude™, with tho north pole pointing in the beanm
direction);
X, V.2 represent laboratory cartesian axes such that x is
upward, y is toward the pair sbectrometar. % i8s in
the bosm direction, and the origin is 1maginéd ag
fixed in the target nucleus;
is the angle of "longitude" as measured upward from

the y direction for a target neutrong

<, \§

is the velocity vector of the center-of-mass system
in the reference frame of =x,y,z; with magnitude V,
along with the usual terminology of

—_!:’, and
C

¥, and
C

e e e

/=37

AR
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n and p as subscripts refer to target neutron and hoabarding
proton}

£ is tho total energy of & nucleon;

4

iz tho kinetic enorgy of a nucleon or system of
nucleons;
P is theo mcm@ntum-of a nucleon}
i8 the proton beam intenpity;
ﬁ%i{t is the number of nuclei per unit area of target.

Coneral Procedura

The experiments here described measdred the cross
section for photon emission per nucleus per unit solid angle
per 1 Mov ecnergy interval. This, then, will be the qdantity
which will be theoretically calculated in the following work.
The method used will consist of these stepst

(a) yinding/e » ¥, and E_+ E_  of the center-of-mass system,

v
which is composed of a boabarding proton and a target
neutron; because of the neutron motions this system will
in general not move along the beam direction,

(b) Pinding the relativistic transformation for AL

An,2U,
L3
into the laboratory . ., a8 a function of
/5,7 »and Bo= I+ B, .
-

(c) Completing the transformation having found /c? and 7
in step (a).

(a) The center-of-mascs systent

The following relationships are given from the

mechanics of special relativity:



(L)
(2)

(3)

(4)

(6)

(s*)

(6)

€po2v (. =VF) 5

e G et :
g+ gr
Ep-= Epomrmec’

and by substituting (2) into (1), thea (1) into (3),

s LI
Effq =.?'[;;;+/nn.c /1*;:c - <5;~1-5}, .

But since this i1s a case of two nucleons of equal

nasa, the total available kinetic energy

Eo= E”o-‘-E."‘-D: zgf’ | and

E, =-?3'[;—1’+Moc‘—woc‘__ (f’~%)c='7€ ¥
v &t €&, )

or more conveniently

E_~

2,

———-

r zﬂ‘n.ci-f t._;*"-:m

7

Using the definition of ¥ , and (2)

'Y::. . !

% &, ; 20, C 2. 000.cE. + 2 6’ L i )/ G/;—m,c L, wg)

(ﬂo«oc?‘fgr,/‘k;)z v

:a’[‘; Aol i__m!pc‘_ E', Mtoic tf‘ I/{é}:’”'oa‘ Y)(zmpcaawa
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—y

The mpagnitude of /5 is given from (2) to be
n

J—'fr-mzc"v‘?/mpc €. *Z[‘é‘ mYV)(I/,?Mc‘F M#)

- and fron (2) and definitions of 9, M

(8 ﬂg = mezC - V2ot c? E,. /44/:9-90"/4/

Et+ e | Koottt £ e

(b) Findinz the transformation:
The qumntit& to be transformed is
9) L% = 4°c = . ! R where
Za,d0, Aa,2Chy), T, 4 td4 Hadi,

o) L KYE TG . w= by
' L ,au, E,ChY 7 -
in which n represents.the nunber of photons, and
K'' represents a constant containing the necessary
fundamental constants for correct dimonsional
expression, Io nugst here be a constant because of
the methods used in finding the experimental ord-
inates, which consisted in part of dividing by an
effective protbn beam current and neglecting any
such concept as nucleon motion. TFor ﬁhe nucleon=
' nucleon systen concept here used, this variation
of effective current with center-of-mass motion
will be talen into account as the.calculaﬁi@n

prosresses,
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Subotituting (10) into (9) regults in

{(11) L - I(l pr"O)% where
- Aa.au, E.Ch)g

(12) g*o A .
ighg td

How the relativistic energy and angle transform-

ations yleld
(13) (holy= Cho)r (1—-Feoe )

(14) AWo = LChy), = Chy) T((—ﬂmﬂ);

and

(15) Chd = cobtf from which
Ry Ll

(16) Aa, - g _
n ’)"[/—'KW) °
Substituting (13); (14), and (16) into (11),
(11) becomes

an sr g Al
Adodw y(1-fad)* Eoh¥

Eo, of course, is not to be transfotmed since it

18 the energy available for photon emission, and

i8 invariant.

For a pair spectrometer set up at 90° to the proton

boan v
18) g-rz ——/«-«:»“'k@'_?_

and

(19) covw = (%2 ;

=
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substitution of (19) into (17) yields

(20)

L0 el \/kEo—(‘)V)?'(/"/S,’)I
Lad G4 EChv)

(c) Coapleting thoe derivation:

The probability that a target neutron will
have adgirection O,n in a range do, q;o is proportional
to dégf« , since the nucleon situation is assuned to be
one of spherical symmetry. Furthermore, as previocusly
- mentioned, the ﬁomentum distribution assumed is a gaussian
one, and the probability that a targot neutron have an
energy Eﬁ in a range dE; is given by 446“5%Z§;4{¥3~.

Theré=1s one pore welghting factor to be dealt
with.. This is the relative nuuber of collisions per unit
time, as a function of En,'eq and //94 . As an éxample.
it 18 clear that for target neutrons noving in the -Z
direction there are more collisions per unit.time than for
neutrons moving in the Z direction; and so a tern which is
- proportional to the relative velocity between proton and
neutron must be inserted as a Weighting factor.

The relative velocity is proportional to

\/ EptEn-2 Ve, £ Lo ¢

in the laboratory systen.

The result soupght for is then



G Y
PR YWAS

,Z- ml[E (Epré- :F‘”ﬂ)(”" l,vr(h/ﬁ,)) A Ao,
>2()- ﬂ77 £, hv

whore all the conctants of proportionality have been included

in the nev ceoastant K. By substitutiong (5'), (G), and (8)
into (21) the entire integrand becomes a function of only Iy,

6’. anﬂ/;¢ ’ and 10 nunerically integrable. s
Since B, appoars in unito of llov in 2 7 ’

thon Ly, by , mocz, and.mp nust aloo bo expr@ma@d in thoso
unitae.
- Bomo thought nmust boe given to tho nunorical

value for E_ becauze of tho concept of the nuclear potentinl

p
well., Xt has been the foohion in recent yearsﬁ’g

to acsuuo
that tho concept of tho nuclear potential well is applicable
to kigh-energy boabardunents, and that boubarding nucleocnd
.pick up some 30 Iov in the center-of-nags agystem in entering
the nuclear region., While the concept of the "30 lov"
potential well is a useful one for low-energy nuclear phe-
necnana such as encrgy-level structure, low-energy p=-n intor-
actions, etc,, theore is no published exporinecutal evidence
for boubarding enorgies of 100 ov and rroatoer chowing tkmt‘
such a "30 lav" well exista, It cannot be detected and

nmensured in high energy boabardiaents cuch as nucleon~nuclceon
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scattering, for the effect of the well "“cancels out"., In-
deed, one may present sone sinmple argunents to show that
it may be unwise to add'this 30 Mev., In a clagsical type
of argument one may say that for, say, 100 llov protons on
'Ee the bombarding protons suffer only about one collision
within a nucleus and do not strongly interact with the
_othef nucleons within the same nucleus. The concept of the
"30 Mov well™ is intimately tied in with_nucléar interactions
which are strong and full, such as the bound nuclear states.
" Very recent work on the new Teller model at
this laboratory indicates that for high?en@rgy bombardments.
(100 Yev and greater) the bombarding nucleons should ex-
perience forces which sre appropriate to potential wells
which are shallower than 30 llev, perhaps by a large factor.
| In this present wofk the conservative choice
of about 5 Mev was made for the energf picked up by the 140
Mev protona in the nuclear region, in the center-of-mass |
system; this b Hev was cariied into the transformation

calculations, both with and without nucleon motion,
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Fig. 3
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Fig.
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