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Preface 

The reports in these Proceedings are organized in nine sections corresponding 

to the areas studied by the various working groups. The coordinators and deputy co

ordinators for each group gathered and edited the individual contributions in their 

areas of study. The working groups with their coordinators and deputy coordinators 

are listed in the Introduction. 

Following previous Summer Study Proceedings, each report has received a 

PEP Note number. A complete list of PEP Notes is included in the following introduc

tory pages. Orders for individual PEP Notes or the complete Proceedings may be 

placed through 

Judy Zelver 

Building 47, Room 112 

Lawrence Berkeley Laboratory 

Berkeley, CA 94720 

I want to thank the Summer Study participants for their prompt reports, the 

coordinators and deputy coordinators for their effective editing, Walter Zawojski for 
the lively cover, and Bob Barton for his patient help in bringing together the many 
pieces of these Proceedings. 

Pier Oddone 

Coordinator 

1975 PEP Stmmer Study 
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INTRODUCTION 

K. Strauch 

The 1975 PEP Summer Study took place in an 
atmosphere of great excitement and great expecta
tion. The basic discovery of the J/~ particle on 
the AGS and on SPEAR has led to the revelation of 
a whole new "charmed" spectroscopy involving 
decays with single photon or multi-particle emis
sion. Jet structure has been observed in hadron 
production above IS= 7 GeV with the "jet axis" 
remembering the e- and e+ beam polarizations. The 
1974 Summer Study had considered the possibility 
of narrow resonances, of single photon emission 
and of polarization effects in hadron production; 
but who would have dared to predict that all of 
these would be observed within one year? The 
physics of e+e- annihilation has indeed proven rich 
beyond all expectation. 

The design of PEP has been refined since last 
summer. The high energy capability has been im
proved. The time for polarization of lower energy 
beams has been reduced by the use of wigglers. 
The lessons learned from SPEAR with respect to 
backgrounds from high energy synchrotron radiation, 
have been applied to the design of the lattice near 
the interaction region. Most of the suggestions of 
the 1974 Summer Study have been incorporated into 
the plans for the experimental areas. 

PEP has received a very strong endorsement 
from the 1975 HEPAP Subpanel on New Facilities, 
and there are good reasons for optimism that full 
funding will occur in FY-1976. 

The 1975 Study had the following tasks: 
1. Discuss the potential PEP physics 

program, particularly taking into account the new
ly discovered phenomena and the use of polarized 
beams. 

2. Prepare designs for experimental 
apparatus to carry out the physics program. An 
important question concerned the feasibility and 
desirability of building a General Users Magnet 
(GUM) with a basic central detector to which each 
user group would add necessary equipment for a 
complete experiment. Special attention was also 
to be given to the application of new existing, or 
potentially existing technology. 

3. Review the design of the experimental 
areas, designs which are largely based on the con
cepts developed during the previous year's study. 
Assuming full fMnding of PEP in FY'76, a call for 
proposals for "long lead time" facilities and 
experiments is tentatively planned for June 1976 
with submissions scheduled for December 1976. 
These not too distant dates helped to bring an 
atmosphere of happy reality to the 1975 Summer 
Study. 

The Steering Committee consisted of B. Barish 
(Caltech); D. Cline (Wisconsin); M. Goldberger 
(Princeton); H. Lubatti (Washington); P. Oddone 
(LBL); B. Richter (SLAC); K. Strauch (Harvard), 
Chairman. The organization of the 1974 Study had 
proven to be satisfactory; the modifications made 
for 1975 were due only to the more limited time 

available before the start of the 1975 Lepton
Photon Symposium. 

The first day (July 28) was devoted to reviews 
of the PEP design and of the work of the 1974 Sum
mer Study and to the organization of working 
groups. The next three days (July 29-31) co
incided with the Topical Conference of the 1975 
SLAC Summer Institute on Particle Physics which 
provided a good opportunity to find out the latest 
news in e+e- physics which had not yet appeared in 
the N.Y. Times. The main work of the Summer Study 
was carried out between August 1-18. August 19-20 
were devoted to summary talks and discussions 
of the work of the various groups; all delegates 
to the Lepton-Photon Symposium were invited for 
these two days, and a large number attended. The 
program for these two days is appended. 

The Steering Committee had the difficult task 
of selecting 25 physicists from outside the LBL
SLAC community from the 60 who had responded to 
the letter announcing the Study sent in February 
to all members of the APS Division of Particles 
and Fields; and 20 physicists within the LBL-SLAC 
community. These were joined by ll colleagues 
from England, France, Germany, Italy, and Japan. 

The following groups were formed at the start 
of the Study, each with a Coordinator and a Deputy 
Coordinator: 

1. Production and use of polarized 
beams (D. Miller, F. Martin) 

2. Weak interaction experiments 
(W. Ford, D. Hitlin) 

3. General purpose magnetic detector 
(R. Cool, G. Hanson) 

4. Multi-User Magnet 
(F. Lobkowitz, J. Kadyk) 

5. High momentum particle detector and 
particle identification (U. Becker, 
M. Strovink) 

6. Neutral particle detector (c. Peck, 
T. Mast) 

7. Searches for new particles (J. Marx, 
C. Morehouse) 

8. Two-photon physics (K. Berkelman, 
N. Mistry) 

9. Experimental areas (G. Manning, 
L. Keller) 

This particular group structure proved satis
factory and survived until the end; there was some 
specialization within groups as is indicated in 
the papers reporting the work of each group. Par
ticipants joined one or more of the groups. 

Participants had to work hard and efficiently 
to make good use of the somewhat limited time 
available tu accomplish the goals of the Summer 
Study. It is not possible to summarize all of the 
work which is reported in these Proceedings. I 
found the following of particular interest. It 
appears quite feasible to study interference ef
fects between the weak and QED interactions with 
one beam longitudinally polarized, the other un-



polarized, at least in the reaction e+e- ~ ~+~-; 
promising solutions were discussed for the problems 
of space limitation and synchroiron radiation 
which are present in the polarization scheme of 
Richter and Schwitters described in the 1974 Pro
ceedings. All final large magnetic detector de
signs use a solenoidal field produced by a super
conductor; differences arise mainly from the use 
of lumped or continuous coils. A General Users 
Magnet appears quite feasible and practical; its 
desirability will, to a large extent, depend on 
the interests of the user community. With one ex
ception, the specifications of the solenoidal field 
and volume were simila~ suggesting that perhaps 
two such devices would serve most of the presently 
envisioned experiments needing large magnetic 
volumes. (The one exception is a design requiring 
the use of many micro-channel phototubes which is 
not yet an economically viable reality.) Photon 
detection over a wide energy range remains a 
problem. Nal has most of the desired character
istics, but is too expensive to surround a 
magnetic field; argon calorimeters are bulky and 
have problems with low energy response. Every 
interaction region needs a tagging system, either< 
to study two-photon events, or to at least esti
mate the two-photon background. 

Every general magnetic detector design tries 
to achieve 4n solid angle coverage, reliable i
dentification and accurate momentum determination 
of both charged and neutral particles. The dis
coveries of the last _twelve months reemphasize 
the importance of these goals. Since no one 
detector has yet been designed which incorporates 
optimum solutions for each goal, designs differ 
mainly in their emphasis on different desirable 
properties. 

At PEP energies, hadronic events are expected 
to involve about twice as many individual particles 
as at SPEAR. These particles will probably be 
emitted in two back-to-back jets. Such jets would 
produce difficult problems in individual track 
reconstruction and in the us~ of big Cerenkov 
counters. To alleviate the problem of track re
construction, two-promising central detectors 
surrounding the interaction region were discussed: 
the Streamer Chamber and the Time. Projection 
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Chamber. However, because of limitations in time, 
only a start was made on the evaluation of the 
performance of the various detector designs for 
events with jet structure. Further analysis is 
needed. 

The PEP design group under John Rees and Tom 
Elioff worked closely and effectively with the 
Summer Study. The participation of colleagues 
from the CERN, DESY, Frascati, KEK, Orsay and 
Rutherford laboratories was most helpful and 
much appreciated. We thank the management of 
these laboratories for making this participation 
possible. 

For the second year in a row, LBL played host 
to the PEP Summer Study. The LBL staff, under 
the direction of Andy Sessler and Bob Birge, 
worked most effectively to provide all necessary 
support and assistance. All participants are 
greatly indebted to Pier Oddone who more than any 
other individual was responsible for the· fine 
organization and smooth working of the Study. 
Margit Birge and helpers cheerfully satisfied all 
reasonable and unreasonable secretarial requests. 
Jean Lynch was everybody's friend- and helper in. __ 
her multiple roles as effective housing agent for 
families, understanding sorority mother for lonely 
bachelors, cook of delicious barbecues and snacks, 
elegant and charming hostess of a splendid dinner 
dance at the San Francisco St. Francis Yacht Club. 
The hospitality of our Berkeley colleagues was in 
the best western tradition and greatly appreciated 
by all visitors and their families. 

We thank ERDA whose support made the Summer 
Study possible. There are many similarities 
between a Wine Tasting and a Summer Study. Par
ticipants are exposed to many bouquets and flavors 
with the expectation that one or two will prove 
attractive enough to be worth long and continuous 
enjoyment. Realization of such long term activity 
requires, of course, interest in participation and 
availability of supplies. I believe that the 1975 
PEP Summer Study further encouraged the U.S. High 
Energy Physics community to participate in the PEP 
program. And, I very much hope that our work 
helped some to bring closer the realization of this 
most exciting new tool for probing into the funda
mental properties of nature. 

._,.__ __ ---
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Appendix 

Summary Review Sessions of Work of the 
1975 PEP Summer Study 

Ttiesday August 19 

Welcome and Introduction 9:30 A.M. 

An Experimenter's View of 
PEP 9:45 - 10:30 

J. M. Paterson 

Polarized Beams at PEP 10:30 - 11:15 
D. Miller 

Coffee Break 11:15 - 11:30 

Weak Interaction Effects in 
QED Reactions and Hadron 
Production 11:30 - 12:45 

W. Ford 

Lunch (LBL Cafeteria) 

General Purpose Detector 
R. Cool 

2:00 - 3:00 P.M. 

Multi -User Detection System 3:00 4:00 
F. Lobkowicz 

Coffee Break 4:00 - 4:15 

High_Momentum Detectors and 
Particle Identification 4:15 - 5:15 

U. Becker 

Wine and Cheese Reception 6:00 
(LBL Cafeteria) 

Wednesday, August 20: 

Streamer Chamber Detector 9:30 - 10:00 A.M. 
D. Yount 

Time Projection Detector 10:00 - 10:30 
D. Nygren 

Neutral Detectors 10:30 - 11:15 
C. Peck 

Coffee Break 11:15 - 11:30 

Search for New Particles 
J. Marx 

11:30 - 1:30 P.M. 

Lunch (LBL Cafeteria) 12:30 - ·1:30 P.M. 

Two-Photon Physics 
K. Berkelman 

Experimental Areas Report 
G. Manning 

Concluding Remarks 

1:30 - 2:30 

2:30 - 3:30 

3:30 - 3:45 
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AN EXPERIMENTER'S VIEW OF PEP 

J. M. Paterson 

Stanford Linear Accelerator Center 

Abstract 

· Since the 1974 Summer Study, the PEP design 
has been greatly refined in ways that have very 
much expanded its physics capability. In this re
port, I shall briefly discuss the effects of the 
changes on the luminosity vs. energy function, beam 
polarization and backgrounds. Experimental facili
ties are discussed elsewhere in these Proceedings. 

INTRODUCTION 

During the past twelve months, there have been 
two very important changes in the basic PEP magnet 
lattice. The first of these is the change from a 
48-cell magnet structure through the curved sec
tions of the ring to a structure with twice as many 
quadrupole focusing elements evenly distributed; 
i.e., a 96-cell structure. This structure change 
does many things to improve PEP, but from the ex
perimenter's point-of-view, the most significant is 
the expansion of the energy range to higher ener
gies. It also leaves open the possibility of fur
ther extension to still higher energies in future 
improvement programs. 

At the same time this design change was made, 
six short straight sections of 5-metre length were 
incorporated into the lattice. They are in the 
centre of each of the curved sextants. The idea 
was to leave space for the as-yet-unknown beam con
trol devices which mav be desirable in the future. 
Shortly thereafter, three of the six straight sec
tions were occupied by "wiggler" magnets. These 
magnets are used to control the beam size at ener
gies less than 15 GeV by increasing the synchrotron 
radiation emitted by the particles. As the wiggler 
magnets are independent of the main bending magnet 
system and only locally perturb the orbit, the syn
chrotron radiation power emitted by the beam can be 
controlled at any fixed energy, giving smooth con
trol of beam size, energy spread and damping times. 
A more complete discussion of this system can be 
found in reports SPEAR-186/PEP-125. Beam size ~an
tral is necessary to optimize the luminosity at 
energies less than 15 GeV where one is no longer 
rf-power limited. This control was previously ac
complished by the use of different lattice arrange
ments at different energies. The new technique is 
more flexible and has several advantaqes, includinq 
shorter injection times and shorter polarization -
build-up times at these lower energies. 

The updated PEP design, which includes the 
above changes, is being published essentially si
multaneously with this report (viz., PEP Conceptual 
Design Report, LBL-4288/SLAC-189, October 1975). 
The reader is referred to this report for the de
tails of what I am about to discuss. 

LUMINOSITY VS. ENERGY 

Figure 1 shows the luminosity versus energy 
function for the present PEP design. In the regton 
below 15 GeV, the~minosity ~ E2 and the stored 
current I ~ E, risin~ from 3 x 10 11 particles/ 
bunch at 5 GeV to 10 2 particles/bunch at 15 GeV. 
It should be noted that since last year's Summer 
Study, SPEAR II has come into being with the same 
rf frequency as PEP and therefore the same short 
bunch length. Already in SPEAR II, currents of 
3 x 10 11 particles/bunch have been stored at the 
much lower energy of 1.5 GeV. This has greatly 
reinforced our confidence in the projected PEP per
formance. In this energy region, the wiggler mag
nets will be used to maintain a beam size indepen
dent of energy, a necessary feature in obtaining 
this performance. 

Totollnslalled RF Power: 9 MW 
Lc : Active Cavity Length 

Number of Bunches: 8 = 3 

E (GeV) 

Lc= 38 

Fig. 1 -- Luminosity versus energy. 
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As before, the luminosity peaks at 10 32 cm- 2 sec- 1 
• 

at 15 GeV, where the power lost to synchrotron ra
diation and to higher-order-mode losses in the 
vacuum system is balanced by the planned 9-MW rf 
accelerating system. Above this point, the current 
that can be stored falls very rapidly, and with a 
fixed magnet lattice, the luminosity would fall as 
E- 10 • It is here that the increased flexibility 
of the 96-cell lattice becomes important. By using 
the variable-tune method of beam size control to 
decrease the beam size as the energy increases (in 
a fixed lattice the beam size increases as E), the 
rapid fall in the luminosity function can be ame
liorated to a I.e~ E- 3 dependence. Figure 1 shows 



three different cases where, keeping the rf power a 
constant, the length of the accelerating structure 
is increased. The first curve corresponds to the 
present PEP design and now has a luminosity of 
1031 cm-2 sec-1 at 18 GeV. The other curves indicate 
possible future expansion of the energy range by 
increasing the length cf the accelerating structure 
without modifications to the lattice. These steps 
toward a PEP II, although outside the scope of the 
PEP budget, are inexpensive enough to be undertaken 
as accelerator improvements. 

BEAM POLARIZATION 

During last year's study, there was consider
able interest in the potential use of the predicted 
transverse polarization that builds up in a circu
lating electron beam that is emitting synchrotron 
radiation. However, there was still some uncer
tainty as to how fragile the beam polarization 
would be in routine operation. The very strong 
non-linear fields associated with operating these 
high-energy rings with large beam~beam effects 
could increase the number of depolarizing reso
nances to the point where they would make the 
storage ring so sensitive that effective polariza
tion might be impossible to maintain. Experience 
with SPEAR II in the last year has done much to 
remove these worries, as a high degree of beam 
polarization was achieved in routine operation. 
With a polarization build-up time of 20 mins, the 
beams were 85% polarized within an hour and were 
insensitive to operating configurations. A beam 
depolarizer, which utilises an oscillating trans
verse field, is presently under construction and 
will be installed and tested in SPEAR durinq the 
coming year. This accumulation of experience on 
polarization in SPEAR will be very useful in olan
ning for PEP. 

Figure 2 shows the polarization build-up time 
in PEP. The dashed curve corresponds to operation 
without wiggler magnets and T ol ~ E- 5 • When one 
utilises wigglers to achieve ~he.P~ E2 performance, 
one has the added benefit of a reduction in 'pol 
at the lower energies as shown in Fig. 2. If the 
physics required the use of beam polarization at 
even lower energies, this can be achieved by exten-
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Fig. 2 -- Polarization build-up time versus energy 
for the case where the lattice configura
tion is constant. 

-s-

ding this procedure. Using the presently-designed 
wiggler magnets at full strength, ·i.e., 20 kG, 
would give too large a beam size for the available 
aperture. However,.using the variable tune tech
nique to reduce the beam size as previously described 
for operation above 15 GeV, one could achieve the 
performance shown in Fig. 3. This is another exam
ple of the improved flexibility and future potential 
of the present PEP design. 
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Fig. 3 -- Polarization build-up time versus energy 
for the case where the wiggler magnets 
are at full strength and the lattice is 
varied to maintain a constant beam cross 
section. 

BACKGROUNDS 

Estimates of particle loss rates in the neigh
borhood of the interaction regions were presented 
in last year's study. They indicated that at the 
highest currents there is an approximately 50% 
probability of a oarticle striking the vacuum cham
ber close to, or in, the interaction region for 
each bunch passage. Since then, a more complete 
Monte-Carlo and tracking calculation has confirmed 
these estimates ·(PEP-116). These calculations show 
that particles which have undergone bremsstrahlung 
in the curved sextants have only a very small pro
bability of reaching the interaction region and 
that the source of background events is the brems
strahlung (both the photons and the electrons) 
occurring in the 50 metres on either side of the 
interaction point. This is valid also in SPEAR 
and has been checked experimentally. It is obvious 
that a great effort will be made to keep the pres
sure in this region as low as possible. However, 
one can also attempt to prevent these particles 
from targetting on the interaction region beam pipe 
by including aperture stops in the system. This 
ha~ been studied for PEP, and Fig. 4 shows a pos
sible set of thick, high-Z collimators which should 
significantly reduce the number of particles which 
can contribute to experimental backgrounds. 

Figure 4 also shows two new important features. 
They are: the addition of low-field magnets at the 
end of the sextants and the movable thin high-Z 
mask at the end of the interaction region. These 
devices are necessary to take care of a problem 
which has become serious in SPEAR and would be even 

·t•' 
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Fig. 4 -- Layout of insertion region straight section showing locations of background collimators, 
synchrotron radiation masks and low-field magnets. 

more serious in PEP. The problem is that as the 
beam energy increases, the synchrotron radiation 
power increases as E~ and the critical photon ener
gy as E3 • This means that the number of hard 
x-rays or soft Y-rays increases rapidly and masking 
becomes very difficult. In SPEAR at the higher 
energies, these hard x-rays scattering from the 
edge of the tantalum masks which masked the inter
action region pipe penetrated the vacuum chamber 
and literally saturated the counters and chambers 
in the vicinity. To remove this problem, it was 
necessary to reduce the flux and photon energy of 
the radiation impinging on this last mask. This 
was done in SPEAR, and is planned in PEP, by lower
ing the bending field at the end of the sextants. 
These magnets and their synchrotron radiation pat
tern are shown in Fig. 4. The photon flux through 
the interaction region with and without the low
field magnets is shown in Fig. 5. These curves are 
self-explanatory and clearly show that in designing 
the interaction region vacuum chambers and experi
mental apparatus, one must take care to avoid the 
unmasked region·close to the beam. 

Another important background problem lies in 
beam-gas interactions within the experimental appa
ratus. For some experiments, these interactions 
can simulate the events of interest and require 
background subtractions. As the gas pressure 9is
tribution within the apparatus is difficult to moni
tor and is a function of the operating conditions 
of the storage ring, one cannot easily condense the 
accumulation of data on beam gas background in any 
quantitative way. With the luminosity region being 
short (10-15 em), one can, however, cleanly separate 
beam gas events from those from e+-e- annihilation 
by studying the distribution of events along the 
beam axis and extrapolating through the luminous 
region. This, nf course, implies that the apparatus 
has an acceptance over, say, ±50 em, which is well 
understood and has adequate spatial resolution in 
the beam direction. 

When an experimental apparatus becomes large 
and vacuum pumping of the vacuum chamber is only 
from the pumps in the neighboring quadrupoles, the 
pressure in the interaction region could be higher 
than desired. In designing experiments, considera-
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Fig. 5 -- Synchrotron radiation flux versus photon 
energy for radiation from the main bend 
magnets and from the low-field magnets. 

tion should be given to including some pumping ca
pacity within the 20 metres where the experiment is 
sensitive to the typical e-p scattering events.of 
beam gas interaction. 
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CONCLUSIONS 

The PEP design has matured during the last 
year and its physics capability has improved both 
in overall scope and in detailed execution. The 

-7-
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continuing experience with SPEAR is of great assis
tance in refining the design of both the ring and 

·the experiments. Certainly the "new" physics of 
the last year has only increased our anticipation 
of the excitement of PEP. 
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COMPARISON OF JET AND PHASE-SPACE MODELS 
AT E 30 GeV 

em 

G. Hanson and P. Oddone 

I. INTHODUCTION 

Data from the SLJ\C-LBL Magnetic Detector at 
SPEAR has been compared to a phase-space model and 
to a jet model.l, 2 Below a center-of-mass energy 
(Ecml of 4 GeV the data does not distinguish be
tween the two models. Above an Ecm of 4 GeV, in 
particular for the high statistics runs at Ecm 
= 6.2 GeV and Ecm = 7.4 GeV, the data agrees with 
the jet model and disagrees with the phase-space 
model. Figures l and 2 show some preliminary 
comparisons between the data and the models pre
sented during the SLAC Topical Conference held at 
the end of July. Figure l shows the momentum 
distribution of charged tracks. The phase-space 
model shows a much steeper momentum distribution 
than the data, while the jet model is in agree
ment with the data except at the highest momentum 
points where the disagreement may be due to reso
lution effects not yet taken into account. 

Figure 2 compares the sphericity distribution for 
the data ancl the two models. The sphericity is • 
obtained by finding the axis such that the sum of 
the squ~res of the transverse momentum relative 
to the axis is minimized. Then the sphericity is 
defined as 

s 
3 (r p/) . 

l_IDln 

2 ~ P. 2 
i l 

where Pi and P1i are the momentum and transverse 
momentum of the ith particle respectively. The 
jet model fits the data quite well, while the 
phase-space model does not. 

The success of the jet model at SPEAR ener
gies provides the motivation for obtaining its 
predictions at the highest PEP energy. In the 
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sections that follow we compare the distributions 
predicted by the jet model to those predicted by 
the phase-space model at Ecm = 30 GeV, and show 
some distributions which may be helpful in the 
design of detectors. 

II. PHASE-SPACE AND JET MODELS 

In the phase-space model, pions (charged and 
neutral) are produced with momentum and angular 
distributions according to Lorentz invariant 
phase space. The total multiplicity is given by a 
Poisson distribution whose mean can be specified. 
The fraction of pions which are neutral can also 
be specified, and the decays n° + yy are included. 

The jet model has all the features of the 
phase-space model. Jets are simulated by modi
~ing phase space, according to a matrix element 
squared (M2) 

2 2 
-(~ P1 ) /2r 

e i i , 

where the summation is over all pions, Pli is the 
transverse momentum of the ith particle relative 
to a given axis and r is a parameter that can be 
varied to give the desired mean P1. The jet axis 
can be given any desired angular distribution. 
For production through a single virtual photon, 
the general form for the angular distribution for 
unpolarized beams is 

with -l .;;; a .;;; 1. 
For the distributions shown below, we have 

taken an average multiplicity of 15.3 with a 
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fraction of TIO of .54. The average transverse 
momentum relative to the jet axis is 310 MeV, and 
the jet axis has been taken along a fixed di
rection, as the distributions shown do not depend 
on the angular distribution of the jet axis. 

III. COMPARISONS AT E = 30 GeV em 

Figure 3 shows the transverse and longitu
dinal momentum with respect to the jet axis for 
some typical events. On the left hand side of 
Figure 3 appear the events generated by the phase
space model and on the right hand side events 
generated by the jet model. At. Ecm = 30 GeV, the 
difference between the two models is dramatic. At 
the lower SPEAR energies, statistical distribu
tions with a large number of events were needed to 
distinguish the two models. At Ecm = 30 GeV a 
couple of events will suffice. 

Figures 4(a) and 4(b) show the momentum dis
tribution of charged particles compared to the 
scaling form discussed by Richter in the 1974 
Summer Study.3 The phase-space model is much 
steeper than the jet model and is in disagreement 
with the scaling form. It is interesting to note 
that the extrapolated multiplicity and the limited 
transverse momentum, which are the inputs to the 
jet model, automatically lead to the scaling 
distribution. 

Figures 4(c) and 4(d) show the distribution 
of angles between two charged particles (pairs). 
The distribution for the phase-space model is 
essentially flat, while the jet model shows sharp 
peaks for angles near 0° and 180°. 

Figures 4(e) and 4(f) show the sphericity 
distribution for charged particles. There is 
almost no overlap between the two models. The 
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small size of Pli compared to the average Pi leads 
to a sphericity peaked towards small values for 
the jet model. 
· Figure 5 shows some distributions for photons 
derived from the decay of TI 01 s. The momentum dis
tributions shown in Figs. 5(a) and "5(b) reflect 
the original TIO momentum distributions. The angle 
between photons shown in Figs. 5(c) and 5(d) shows 
the same pronounced peaking for the jet model as 
is shown by the distribution for charged pions. At 
small angles a peak due to photons belonging to 
the same TIO appear in the phase-space model. In 
the jet model, the peak is overwhelmed by the 
number of small angle pairs. Figures 5(e) and 
5(f) show a plot of the momentum of the pairs 

vs. the angle of the pairs for 200 events. 
Figure 6 shows some distributions of interest 

for calculations of backgrounds to two body mass 
distributions. Figures 6(a) and 6(b) show the 

multiplicity distribution for the models. Figures 
6(c) and 6(d) show the effective mass of pairs of 
charged pions, and Figures 6(e) and 6(f) show the 
effective mass of pairs of photons. For charged 
particles the jet model increases the number of 
events for small masses (M2 ~ 1.7 GeV2 ) and large 
masses (M2 ~ 40 Gev2) compared to the phase-
space model. 

If the present simple jet model predicts the 
actual behavior of particles at Ecm = 30 GeV, 
then detectors which try to study events in an 
exclusive way will need large segmentation, due 
to the increased density of particles near the 
axis of the jets. On the other hand, jets will be 
so easily distinguished that it will be extremely 
interesting to observe if there exists a separate 
class of non-jet events. 

2. G. Hanson, et al., submitted to Physical 
Review Letters; SLAC Pub.-1655, LBL-4287. 

3. B. Richter, PEP-140, 1974 PEP Summer Study. 
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REPORT OF THE POLARIZATION GROUP 

W. Ford, K. Kondo, F. Martin, G. Manning, D. Miller, C. Prescott 

The physics of intersecting storage rings 
has. been thoroughly discussed by V. N. Baier in 
his elegant review.l The mechanism of radiative 
polarization and its dependence on machine charac
teristics is considered in detail. He reviews a 
num.ber of effects which might be useful in mea
surement of single-beam polariz~tion; in addition, 
he shows that angular correlations for secondaries 
produced in e+e- interactions can provjde a di
rect measure of the effective two-beam polarization. 

The practical utilization of teclmiques for 
measurement of single-beam polar.izations at PEP 
energies was considered in the 1974 Summer Study. 
It was concluded that the measurement of the asym
metry in the backward scattering of circularly 
polarized laser photons could provide a satis
factory fast monitor of single-beam polarization. 
The critical requirements on detector alignment 
and beam stability were discussed in detail. Sev
eral detectors were suggested which might provide 
satisfactory signal-to-noise in the inevitable 
background of synchrotron radiation. 

During the past year the angular correla-
• tions expected for transversely polarized beams 

have been observed in a series of elegant experi
ments involving both leptonic and hadronic final 
states.Z In SPEAR II polarizations as large as 
0.75 are routinely achieved. The observed angular 
correlations provide a direct measure of average 
two-beam polarization over time intervals which 
permit statistically significant samples of data. 
The ~+~- final state, whose properties are calcu
lable from QED, provides a calibration for the 
two-beam polarization deduced from the more copious 
hadronic final states. 

The achievement of longitudinal polarization 
is especially important in the exploration of 
weak-interaction contributions to the e+e- annihil
ation process. We reiterate that any system of 
magnets operating on both the e+ and e- beams can 
produce only the + +and + + states of longitud
inal polarization. These are of interest in the 
study of interactions which do not proceed through 
the one-photon intermediate state. W. Toner3 has 
considered the resonant depolarization of either 
or both beams using weak solenoidal fields. With 
either beam depolarized states with net helicity 
A = 0 and A = 1 are obtained. 

The only practical scheme for achieving 
longitudinal polarization suggested thus far is 
that of Richter and Schwitters.4 A symmetric con
figuration of magnets is used to rotate transverse 
polarization to longitudinal immediately before 
the interaction region and rotate it back to its 
original state immediately after. Application of 
the scheme involves severe technical problems 
since the large magnetic fields required in the 
insertion result in high local intensities of 
synchrotron radiation. 

We have studied the use of longitudinal 
polarization in the reaction e+e- + ~+~- as a 
practical example with high theoretical interest. 
G. Manning considered modifications of the magnetic 
insertion which could reduce synchrotron radiation 
by two or more. In addition, a specific design is 
suggested which incorporates the optimized mag
netic configuration. In this case it is assumed 
that no particle detection is necessary near the 
interaction vertex and the synchrotron radiation 
is 'dumped' up- and downstream. W. Ford and 
F. Martin have separately considered vacuum cham
bers in which the synchrotron radiation is absorbed 
locally so that shielded regions are provided for 
detectors near the interaction vertex. The reportof 
Ford appears in the Section on Weak Interactions; 
the reports of Manning and of Martin appear here. 

During the Summer Study there was discussion 
of schemes for rotating the polarization outside 
of the experimental areas. One such scheme was 
worked out after the Summer Study by Al Garren 
and John Kadyk. Their report is included in this 
section. Most of the synchrotron radiation in 
their design could be dumped outside the experi
mental areas, greatly simplifying the design of 
experiments. 

K. Kondo studied the intense local ionization 
of residual gas in the interaction region due to 
synchrotron radiation at the insertion. He points 
out that appropriate electrode structure could 
result in effective pumping and better vacuum in 
the interaction region. 

It is important at ISR's that potential ex
perimenters have some familiarity with machine 
operation. To this end we summarize some general 
considerations in the production and measurement 
of beam polarization. 

I. MECHANISM OF SYNrnROTRON RADIATION 

In the classical approximationS 7/8 the 
total synchrotron radiation is polarized in the 
plane of rotation (a); 1/8 is polarized along the 
guide field (n). 

Sokolov and Ternov6 were first to study the 
effect of spin orientation on radiated intensity 
using exact solutions of the Dirac equation in a 
uniform magnetic field. They showed 

a) for longitudinal electron polarization 
the radiated intensity is independent of whether 
the spin is with or against the direction of motion 

b) for polarization along the guide field a 
small component of the radiated intensity depends 
on initial. and final spin orientations. In particu
lar 
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The initial electron spin is along (against) the 
field fort;= 1(-1). The arrows indicate relative 
spin orientations in initial and final states. 

Only the spin-flip term w~+ contains a com
ponent of radiated intensity dependent on initial 
spin orientation. At PEP design energies 
(R = 170m, y = 29,354) the parameter 
!; = 2.936(10-6) so that 

w H = 8.62(lo-12) (1.28) _{1 ± o.9884 } wc1. 
'JT 

The to5a1 synchrotron radiation at PEP will be 
2.6(10 ) W/beam. For initially unpolarized beams 
only 28.6 ~W of the radiated intensity for either 
beam is associated with spin-flip leading to trans
verse polarization. Within this incredibly small 
component of the synchrotron radiation transitions 
leading to alignment along (against) the field for 
e+(e-) are more probable by a factor 171.4 and the 
beam gradually becomes polarized. 

The polarization buildup time T will be 
inversely proportional to the number ofPtransitions 
per unit time. With the critical energy 
uc = (3/2) (hcy3/R) as a measure of typical photon 
energy 

The detailed calculation by Sokolov andTernov gives 

- 5 
-1_513(,2) y 

1p . - -8-- a,;,- c 'R3 

For times t >> T, the polarization approaches a 
maximum value of 92.4%. 

I I . MAQ-!INE CONSIDERATIONS 

Since the transverse polarization is 'driven' 
by only an infinitesimal fraction of the total 
synchrotron radiation, it is important to determine 
whether normal machine characteristics might pre
vent the polarization from reaching its theoretical 
limit. To do this Baier and collaborators! de
veloped a formalism within which the effects of 
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field variations on spin motion could be studied 
in detail. In this work the radiation damping terms 
produce the spin alignment. 

Since damping terms are small it is conven
ient to study the spin motion separately. 1ne 
starting point is the equation of Bargmann, 
Michel, and Telegdi.7 

ds 
dt = m: Y ~ x [ (1 + ay) ~ - a(y - l)~lll. 

Here ~ is the rest-frame polarization and • 
a = (g-2)/2. Let~ be the guide field on the closed 
equilibrium orbit. The spin precession can be 
split into three parts 

e 
mcy 

e 
mcy ay ~ 

where ~- is the precession of the momentum vector 
£ in th~ guide field; ~ is the precession of 
the rest-frame polariza~on with respect to a 
coordinate frame fixed to £; and ~ is the per
turbation. 

With 2 along the direction of motion, 
~ radially outward, and y along ~ (for e+) to 
lowest order 

w = _e_ { [ (1 + ay)Br x - a(y - 1) - mcy 

x B
0 

ddy z 1 + .&.
2 

B .2} 
z- z 

The first two terms represent normal synchrotron 
motion; Br rotates transverse polarization into 
longitudinal and with vertical betatron oscilla
tions the component of ~ parallel to the instan
taneous motion rotates transverse polarization 
into radial. To lowest order the radial betatron 
oscillations no not depolarize. The third term 
represents an insert such as a solenoid magnet, 
etc. 

Schwitters8 has developed a general method 
for solving equations of spin motion and applied 
it in a study of depolarization effects in several 
specific storage ring configurations. He concludes 
there is no net depolarization due to betatron 
motion providing the spin-precession frequency is 
sufficiently far from interger multiples of the 
horizontal and vertical betatron tunes. 

Away from the depolarizing resonances quantum 
fluctuations in the synchrotron radiation still 
lead to a stochastic depolarization. Detailed cal
culations show that for normal storage ring pa
rameters the stochastic depolarization time iS 
long compared to polarization buildup time. 1• 



0 0 

A'solenoid couples horizontal and vertical 
oscillations. Consider a plane-parallel beam en
ter~ng a regio~ o~ solenoidal f~eld Bz. The ~ongi
tudlnal flux w1th1n an area TIP becomes rad1al 
flux Bp outside the solenoid. Integrating over 
a Gaussian cylinder starting outside the solenoid 
and extending to its center gives 

or 
2TI,. I 

I 
B dz 

p 

B dz 
p 

2 TIP B z 

p B /2 • z 

This radial field (due to the return flux) in
duces an azimuthal component of momentum p~ so 
that particles initially parallel to the ax1s now 
undergo helical motion in the solenoid with radius 
p/2 (i.e. the diameter of the helical trajectory 
for each particle is just equal to its original 
distance from the solenoid axis). At the exit of 
the solenoid a flat beam is rotated through an 
angle 

6 = 2~c I B z dz . 

The opposite·radial flux at the exit reduces the 
remaining P$ to zero and the beam particles are 
again parallel. 

Fig. 1. Longitudinal flux inside solenoid generates 
radial component outside. 

XBL 7511·9611 

Fig. 2. End view showing rotation of plane parallel 
beam because of helical motion induced by 
radial fringe field at entrance to solenoid. 

This coupling of vertical and horizontal 
betatron oscillations is adequately reduced with 
the addition of compensating coils at each end of 
the solenoidal insert so that net [Bzdz = 0. It 
is easy to see that the compensated solenoid also 
results in zero net rotation of the polarization to 
lowest order. 
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III. DETECTION OF POLARIZATION 

A. Single-Beam Polarization 

Baier has discussed a variety of effects 
sensitive to beam polarization; in principle, any 
of these could be used in its measurement. 

1. Touschek Scattering. Scattering will occur 
between pairs of particles in a bunch due to rela
tive motion. Some fraction of large-angle scat
terings will result in loss of particles to the 
bunch. Since scattering at large angles is damped 
for electrons with identical polarization (scat
tering at TI/2 goes to zero in the non-relativistic 
limit) the beam lifetime will depend upon the de
gree of polarization. 

'This effect was used in the first measure
ment of radiative polarization in the VEPP-2 
storage ring. 1 In this case (beam energy 700 MeV) 
the relative contribution of polarization-dependent 
terms to beam lifetime was 6%. Since the relative 
contribution decreases with increasing beam energy 
the Touschek scattering is not useful as an indica
tor of beam polarization at PEP energies. 

2. Compton Scattering. The cross section 
for scattering of circularly polarized photons on 
polarized electrons may be written 

1 

where ~2 is the degree of circular polarization 
and ~ is the polarization of the electron; 
~ is the angle between the plane perpendicular to 
~ and the plane of scattering. Baier has em
~asized that when final state polarizations are 
unmeasured this is the only correlation allowed by 
P and T conservation. 

3. Scattering off Polarized Electrons. Scat
tering from atomi~eams with polarized electrons 
would yield large asymmetries for measurement of 
single-beam polarizations. At present the intens
ities of atomic beams are not sufficient for 
adequate counting rates. . 

B. Polarization in Beam-Beam Interactions 

Baier has provided detailed calculations for 
a number of relevant two (and quasi-two) body final 
states. Jackson has emphasized, however, that in 
many cases the angular correlations expected at 
PEP energies depend only on parity and angular mo
mentum conservation for reactions proceeding 
through a single intermediate photon.9 

Polarized beams imply well-defined relative 
phases for initial helicity states. With both beams 
transversely polarized 

Cl+>+i 1->)+C l+>+i I->) _ _,. 
e e 

I ++ > - I - - > + i c I +- > + I -+ > · 
-1 To order y only the 1+- > and 1-+ >(i.e. 

A = ± 1) states couple to the virtual intermedi-



ate photon Yy· The polarization of the photon 
then 

i (-e + i e )+i (e + i e) cr e -x -y -x -y -y 

along the direction of the guiue field. 

Consider the reactions involving two pseudo
scalar mesons 

+- +- +-
e e -+ 1T 1T , K K , KLKS, etc. 

The only vector in the final state is the relative 
momentum; the amplitude is then e ~and 

do 
d\l 

cr COS 
2 6' 

where e' is the angle with respect to the field 
direction. With respect to Eo 

do 
d\l 

. 2 
8 

. 2 
ex; S1n S1n <j>. 

For complete transverse polarization production 
perpendicular to the guide field goes to zero. 

Jackson has used the helicity formalism to 
generalize to more complicated final states. The 
rotation operators R may be used to form states 
of definite J for an arbitrary system of particles 
with fixed internal configuration. The amplitude 
is then 

J* J f, A. (R,tt,W) cx:l:(J+!z) D (R)<n;11,tt,A.[ S (W)[U 
"'i \!11 1 

where R represents a rotation of the 'body axes', 
A.. (A.) are initial (final) helicities,. v(11) is the 
net initial (final) helicity along the initial 
(final) z-direction; n in the number of particles 
and >t the remaining quantum numbers. 
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For a single intermediate photon only terms 
with J = 1, v = ± 1 contribute. With parity con
servation and full transverse polarization Jackson 
shows that · 

do _ 1 ( + c·os2e 2 ) dSl - z aT 1 + sin e cos 2<P 

+ ~ as sin2e (1 - cos 2<P) 

( ) 
. 2 . 2 

aT - aT - as s1n e s1n <J>. 

Final states with net helicity 11 = 0 contribute to 
os; states with 11 = ± 1 contribute to aT. It is 
easy to show that o5 = 0 for a.large class of 
final states. Consider 

+ -ee -+A+B. 

For states with 
giveslO 

A. = 
A A.B 0, the parity operator 

A.A=O,A.B=O > • 

Consequently, any state for which 

cannot couple· to the intermediate photon. This is 
true, for example, when A = 1T and B is ~natural 
parity resonance. In this case only states with 
11 = ± 1 are allowed and oS = 0.----

When no conservation law intervenes, a = 0 · 
or aT = 0 may be a consequence+of well-estaBlished 
dynamics. For example, in the 11 11 final state 
QED predicts that oS-+ 0 as y- 2. In general, how
ever, the angular correlations provide important 
new dynamical information. 

5. See for example, J. D. Jackson, Classical 
Electrodynamics, Second Edition, John Wiley 
and Sons, Inc., Chapter 14. 
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MEASUREMENT OF WEAK INTERACTION CONTRIBUTIONS TOe +e- -1.1 +I.!
USING LONGITUDINAL POLARIZATION OF THE e+ AND e- BEAMS 

G. Manning 

I. DIFFERENTIAL CROSS SECTION FOR e+e- -1.1+1.1-
FOR POLARIZED BEAMS 

+ - + -The cross section fore e -1.1 1.1 , assuming one 
photon exchange and weak neutral current contributions, 
is given by:l 

2 + -(1 + a1)(1 +cos 9 )(1 + PzPz) (1) 

2 + -
- (1 + a2 ) sin 9 PTPT cos 2¢ 

+ - 2 + -
+a3 2cos 9 (l+PzPz)+a4 (1+cos 9)(Pz+Pz) 

(9, <P) is the angle of the 1.1- with respect to the e- direc
tion; PT is the electron beam polarization and is defined 
to be up; P~ is the positron beam polarization and is 
down; P~ and Pi are defined to be positive in the elec
tron beam direction, 

(Note the Schwitters-Richter method2 of producing 
longitudinal polarization gives P~ + P~ = 0. If one 
beam is depolarized Pi + P~ = ± 0. 92. ) 

If only one photon exchange contributes: al - a6 
are zero. 

co - __ s_ for M2 >> s 
27TaM2 z 

z 

(2) 

If time reversal is not violated all the g's are real and 
a
6 

= o. If J.!-<e universality is assumed, gi = l?fJ.. and 

ge = ff.. . 
v v 

Table I gives the values of a1 - a6 for V-A ~heory 
and the Weinberg-Salam theory for s = 900 GeV , where 
C=- sG/4[2 1ra. 

TABLE I 

Weinberg - Salam 
V-A 

1 
sin

2 o w =a 
a1 = a2 2C = -0.16 C(4sin

2 
() - 1)

2 -0.01 
w 

a3 -0.16 c -0.08 

a4 -0. 16 C(4sin
2 

6 - 1) -0.03 w 

a5 -0.16 C(4sin2 o - 1) -0.03 
w 

a6 0 0 0 

IT. ASYMMETRIES THAT CAN BE MEASURED 

A. Charge As:>,:mmetry or Forward-Backward 
Asymmetry 

Define 

A = dcr(9) - dcr(-9) 
ch dcr(9) + dcr(-9) 

For P; =P-i" = 0, no T violation, and 1.1-e univer

sality, Eq. (3) simplifies to the following: 

The last approximate expression is written to show 
the dependence upon P z' The following points can be 
made: 

a. Use of longitudinal polarized beams allows mea
surement of g~ A as well as g X· 
b. P; + P; = 0 provides no useful information for 
weak interactions with V or A. It could be of use in 
looking for S, P, or T terms. 



c. One beam unpolarized and the other beam polarized 
gives almost as big an effect as whEln both beams are 
longitudinally polarized to yield P~ + p- = 2 x 0. 92, so 
there is no need to struggle to get the Jimcult polariza
tion state. 

B. Asymmetry for Longitudinal Polarization 
Reversal 

Define 

+ - + -du(P , P ) - du(-P , -P ) 
A = z z z z 

L + - + -du(P , P ) + du(-P , -P ) z z z z 

. For P; = P~ =0, noT violation~. and1-1-e univer-
sality, the above formula reduces to: 

[ 

2 l[ + -] 
Dg g (l+cos 0) . P +P a v z z 

2 2 2 + -
(1+Dgv)(1+cos (} )+DgA 2 cos ~J 1 + PzP z 

The following points can be made: 

a. One can measure gAgv. 

b. One needs to work at small forward and backward 
angles in e. 
c. The comments made in II. A. b, c, and d apply here. 

c. Values of A and AL for V-A Theory and 
Weinberg-S~~eory for Various Values 
of p+ + P

4 

--z--z 

TABLE IT 

Values of P V-A WS with sin2o = 1/3 z w 
Case 

1 

2 

3 

4 

5 

p+ p -
z z 

• 92 • 92 

• 92 0 

0 0 

• 92 -. 92 

-.92 0 

- 2 cos 0 

1 + cos 2
8 

Ach 

o.47 c
1 

o.44 c
1 

o.19 c 1 

o.19 c 1 

o. 01 c 1 

AL Ach 

o. 998 c 2 0.11 c 1 

o. 92 c2 0.11 c 1 

0 o. o8 c 1 

0 o. o8 c 1 

-0.92 c2 o. o5 c 1 

2 
- 0. 16(1 + cos 8) 

AL 

o. 998 c 3 

0.92 c3 

0 

0 

-0.92 c3 

0. 84(1 + cos 28) - 0. 32 cos 8 

2 
- 0.03(1 +cos 8) 

2 
0. 99(1 + cos 0) - . 16 cos 0 
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d. In expression (3) transverse polarization terms 
only appear as P.fP.y, whereas longitudinal polariza
tion terms appear as p+ + P-. Hence, one can use spin 
rotations of say 60° ratter t~an 90° to obtain measur
able asymmetries, thus greatly reducing the synchro
tron radiation problems. If one beam is unpolarized the 
PfPT = 0. Even if this is not true transverse polar
ization effects are small and can be measured since 
they alone produce a cp dependence. 

(4) 

Table II gives values of A and AL for five com
binations of Pi+ p- for V-A a'h?J Weinl5erg-Salam 
theories. P~ and PT are assumed zero. 

III. PRODUCTION OF LONGITUDINAL POLARIZATION 

A system for production of longitudinal polarization 
was described by Schwitters and Richter. 2 Figure 1 
shows the general system. Schwitters and Richter had a 
solution with B1 = B

2 
and L1 = L2• This system does 

not result in the mimmum production of synchrotron ra
diation. Given an overall system length (L), a gap (G) 
between magnets and field free region (R) about the in
teraction point, the requirement of minimum synchro
tron power, together with the requirements that the 
spin is rotated through 90° and that the beam pass 

magnet I (field 8 I) magnet 2 
(field B2 ) 

1--R -4----2L,---I-G +-L2----j 

1---------- 9.7 m---------1 

Fig. 1--Magnet system to produce longitudinal polariza
tion. The system is symmetric about the interaction 
point. 

through the interaction point, defines the 4 parameters, 
L1 , L2 , B1 , and B2• Figures 2 and 3 show how these 
parameters vary for different values of L2• It will be 
seen that minimum synchrotron:fower is when L2=2L1; 
this was pointed out by Wenzel. Some solutions with 
L2 = 2L1 are tabulated in Table III. It can be seen that 
the power increases rapidly with the required central 
field free space. It can also be seen that the power 
changes very slowly as the gap between the magnets is 
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Fig. 2--Plots of total synchrotron power, magnetic 
fields, and magnet lengths to achieve 90° spin rotation 
for a field free region at the interaction point of ± 0. 7 m 
with a gap between the magnets of 0. 1 m and an overall 
interaction length of ± 9._ 7 m. 

TABLE lli 
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Particular cases for L = 2L (i.e. , minimum synchrotron power for 90° 
spin rotation). Power Yield 0..Iues and critical energy are given for 15 GeV 
for 90° and 60° spin rotation. 

90° Spin Rotation 60° Spin Rotation 

rl G L2=2Ll Bl B2 Power Ec 1 
Ec

2 
Power Ec

1 
Ec

2 
m m m kG kG kW keV keV kW keV keV 

0 0.1 4.8 7.14 .2.35 271 106 35 120 71 23 

0. 7 0. 1 4.45 8.49 3.32 370 126 49 164 84 33 

1.0 0. 1 4.30 9.18 3.83 425 136 57 189 91 38 

2.0 o. 1 3.8 12.11 6.05 790 180 90 351 120 60 

3. 0 o. 1 3. 3 16.50 9.53 1198 245 142 532 163 95 

o. 7 0.4 4.3 8.59 3.24 362 128 48 161 85 32 

0. 7 o. 6 4.2 8.67 3.19 358 129 47 159 86 31 

0. 7 1.0 4.0 8.86 3.11 352 132 46 156 88 31 

0.7 1.4 3.8 9. 08 3.03 348 135 45 155 90 30 

o. 7 2. 0 3.5 9.50 2.93 346 141 44 154 94 29 

0. 7 3.0 3. 0 10.48 2.81 353 156 42 157 104 28 

increased. The critical energy in magnet 1 increases 
as G is increased. A value of R1 == 0. 7 m and G == 1. Om 
is chosen for a detector described below. The table 
also includes values for a spin rotation of 60°- this re
duces the asymmetries by only 17% but it reduces the 
power by 56% and the critical energies by 33%. 
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Fig. 3--Plots of total synchrotron power, magnetic 
fields, and magnet lengths to achieve 90° spin rotation 
for a field free region at the interaction point of ± 2. 0 m 
with a gap between the magnets of 0. 1 m and an overall 
interaction length of ± 9. 7 m. 

IV. A COMBINED DETECTOR AND LONGITUDINAL 
POLARIZER 

+ - + -Figs. 4 and 5 show a detector fore e - iJ. iJ. with 
the polarizing fields built into the detector. The detec
tor is an iron shell with a 5. 4 m outer diameter and a 
1. 4 m inner _diameter. The ball has a vertical slice cut 
through its center of width of about 20 em. Coils are 
provided to produce a field with approximately circular 
symmetry about a vertical axis of the sphere. In the 

Inner Region Field 
With Drift Chambers 
and Shower Detectors 

Field 3.11 kG 

*: ·,1, 
0.2m 

Field 8.86 kG 

Fig. 4--Sketch of detector for e+e- - iJ.+iJ.- with longi
tudinal polarizer built in. The analyzing field of 18 kG 
in the iron is spread out in the median plane to give a 
field of 8. 86 kG over a distance of 4. 0 m. Separate 
magnets of 4 m length provide a field of 3. 11 kG. 
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Fig. 5--Schematic view of half of central magnet system 
showing a possible coil system. 

median plane the iron is extended along the beam direc
tion to make a total length of 9. 4 m. The field is made 
to be 8. 86 kG over the length of 4. 0 m and -8. 86 kG 
over the opposite 4. 0 m. The field in the 2m thick iron 
ball is about 18 kG. Separate coils are used for the 
median plane section, the section above the plane, and 
the section below, so that the major part of the muon 
analyzing field can be kept at 18 kG, independent of the 
polarizing fields. Separate magnets of length L2=4. Om 
are powered to have fields of ± 3. 11 kG. 

The slot left through the detector allows the syn
chrotron radiation to be kept in vacuum until it reaches 
a suitably shielded dump. A brute force solution would 
be to position these dumps well downstream of the de
tector. This would require a vacuum chamber of about 

REFERENCES 
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3 m vertical height and 20 em width. It would have sub
stantial side walls. Other solutions are also possible. 

The momentum resolution for muons would be ±15% 
approximately independent of momentum. The iron is 
about 12 absorption lengths. The solid angle is about 
0. 95 X 41T. 

e+e- - iJ.+J.!- can be adequately detected with detec
tors outside the iron ball. It would be desirable to fill 
the 1. 4 m diameter core wlth chambers and shower de
tectors to attempt to detect e+e-- e+e- as an indepen-. 
dent normalization check. The practicality of this will 
depend upon how effectively the synchrotron radiation 
can be dumped. 

The weight of the detector would be <>< 630 tons. 
The magnet power requirement would be a small frac
tion of a megawatt. 

V. CONCLUSIONS 

1. 

2. 

3. 

4. 

2. 

3. 

P± = ± 0. 92 with P+ = 0 is almost as useful as z z • 
p+ + p- = ± 1. 84 and it is not worthwhile struggling 
tozget tte difficult polarization state. 
It is not necessary to use 90° spin rotation; 60° ro
tation reduces synchrotron power by 56% and leaves 
the asymmetries 87% of full effect. The transverse 
polarization effects are proportional to P~PT and 
hence are small -or zero when one PT is zero. 
The effects can be checked as they are only cp de-

, pendent terms. 
A detector for e +e- - J.!+J.!- can be designed that in
cludes the polarization rotation magnets within it. 
For 90° spin rotation the synchrotron power is 
, 350 kW and , 156 kW for 60° rotation. It seems 
possible to leave room for the synchrotron radiation 
to be kept in vacuum until it is dumped clear of the 
apparatus. 
Experiments can be made to measure gv and gA to 
about 10% if the contribution of the weak interaction 
is at the level predicted by V-A theory. If the 
Weinberg-Salam model is correct with sin2 f\v = 1/3 
it should be possible to measure (Jw to an accuracy 
of 10°. 

R. Schwitters and B. Richter, SPEAR-175; PEP 
Note 87; or 1974 PEP Summer Study (PEP-137), 
p. 384. 
W. A. Wenzel, 1974 PEP Summer Study (PEP-137), 
p. 388. 
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A BEAM PIPE FOR POLARIZATION EXPERIMENTS* 

F. Martin 

A vacuum chamber for the Richter/Schwitters-type 
polarizer is shown in Fig, 1. Its complicated shape is 
de~igned to absorb "all" of the synchrotron radiation 
coming from the polarizing magnetic fields and cover the 
energy range from 5 to 15 GeV /c. The basic problems 
center around the following conditions: 

1. the dissipation of the heat produced from absorbing 
the radiation; 

2. the high-energy densities of the radiation; 

3, leakage of the radiation from Compton scattering in 
the high-energy tail; 

4, access to the interaction region for the physics. 

~---- Magnet B Magnet B ---~ 

0 2m 

The polarizer occupies the full 20 meters with a 
two-meter clear area across the interaction point. The 
parameters are tabulated in the table below. 

This system has not been optimized to minimize en
ergy power but shows what may be a typical worst case. 

4.5 m ---~-t------ 4.5 m -----l-

The shape of the beam pipe follows the trajectory of the 
5-GeV beam, The symmetry allows for reversing the 
direction of polarization in both beams but one might 
argue that that is an unnecessary complication. 

5 GeV Beam 15 GeV Beam 
Magnet Length Field Max. Max. (kG} Deflection Angle 

A 2 m 11.52 

B 5 m 9.22 66 em 0.138 
rad. 

ENERGY DENSITY 

The vacuum chamber is designed to absorb all of 
the radiation close to the interaction region and inside 
the experimental apparatus. At 15 GeV, 93% of the ra
diation falls on the region a-b in the forward direction, 
The other 7% passes through the interaction region and 
is lost at the other end of the vacuum pipe and on down 
the storage ring, Around the interaction point is a 30-
cm sphere which sees no direct radiation, 

Critical Max, Max. Critical 
Energy Power Deflection' Angle Energy Power 

20 keV 8.3 kW 177 keV 75 kW 

16 keV 3.3kW 22 em 0.046 142 keV 120 kW 
rad. 

?1.6kW 195 kW 

The radiation is spread out over a length of 175 em, 
which is equivalent to 1. 11 kW /em. Since the radiation 
is strongly collimated along the beam direction, the en .. 
er~ densities may run as much as five or six kW per 
em • Consequently, the type and thickness of the initial 
impact surface will require some attention. For now it 
is assumed that a thin sheet of water-cooled stainless 
steel will be adequate, 

*Work supported by U.S. Energy Research and Development Administration. 
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!RADIATION 

Fig. 2--Water-cooled radiation absorber inside the 
vacuum chamber, 41,73 g/cm2 thick. 

COOLING 

As is shown in Fig. 2, it is proposed to dissipate 
the heat with circulating water. The total heat in sec
tion a-b is roughly 195 kW; then the volume of water to 
remove this heat (assuming 100% collection efficiency) 
is: 

2 
d v/dt/~T = power/c = 195 kW /4.184 

3 3 0 
=47 x 10 em /sec/ C 

where c is the specific heat of water (4. 184 J/cm3) and 
~T is the temperature rise. 

RkDIA TION ABSORBER 

The 1974 PEP Summer Study contained a section on 
backgrounds (PEP-176). Included in that section is an 
estimate on the transmission of synchrotron radiation 
through lead. For a critical ener~ of 175 keV, an at
tenuation of 105 requires 120 g/cm of lead. In this 
configuration, the radiation strikes the surface at a 
grazing angle of 0. 15 radians; therefore, the required 
thickness is only 

120/11. 35 x o. 15 = 1. 56 em 

In the second figure, a scheme is shown for a 
water-and-lead absorber inside the· vacuum tank. The 
"thin" outer wall is needed in order to minimize the en
ergy deposition on the outer surface of the absorber. 
As shown, the total material, including the outer wall, 
amounts to 41. 73 g/cm2, and, with an incident angle of 
0.15, this is equivalent to 278 g/cm2. 
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1/2 Scale- Elevation 

Masks~b 

15 GeV Be<:_m _ 

L-LLl-1 

0 2 4 em 

Interaction Region Detail 

Beam--

Fig. 3--Elevation view of the vacuum chamber showing 
the thin window around the interaction region. 

The principal weakness of this system with respect 
to radiation absorption is the Compton scattering from 
the edges of the beam pipe near the interaction point. In 
an attempt to break up this secondary scattering, two 
small masks have been placed at a and b, as shown in 
Fig. 3. An upper estimate of the amount of secondary 
scattering can be made. Assume the radiation that 
strikes in a 2 em zone back from the end of the shield 
is the main source of radiation. Then the radiation in
tercepted by the mask is about 2. 3% of 1. 95 kW. The 
amount of solid angle covered by this scattering surface 
is about 25° out of 360°, or 3. 5% of 4JT. Therefore, the 
geometric attenuation reduces the power leaking out to 
about 0. 16 kW per beam. This quantity is further at
tenuated by the mask and vacuum window. Note also 
that radiation scattered through relatively large angles 
is trapped inside the beam pipe. 

SIZE OF THE CHAMBER 

The vacuum chamber is constructed of stainless 
steel both to provide rigidity and to withstand the impact 
of the radiation. The thick walls, as indicated in the 
figures, are needed to withstand the atmospheric pres
sure. Two crude estimates on the thickness are com
puted assuming a drum head 1. 40 m in diameter and a 
1 em wide beam 140 em long with fixed ends. In the 
former case, the thickness is 1. 25 em and in the latter, 
1. 77 em, for a maximum deflection of o. 1 em. For our 
·purposes, a 2 em thick wall is proposed. The total 
weight of the beam pipe and shield is five metric tons. 

· Interaction Region Detail 

1/2 Scale, Top View 

LLLLJ 

0 2 4cm 

Fig. 4--Plan view of the vacuum chamber with the thin 
window around the interaction region. 
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INTERACTION REGION VISIBILITY 

Figs. 4 and 5 are views of the beam pipe at the in
teraction region, The three angles shown in Fig. 5 are 
the half-polar angles for particles coming from e+e- in
teractions, 

Fig. 5--Vertical cross section through the interaction 
region, showing the outer thin window. The angles, 9 , 
are the clearance angles for particles produced in the 
interaction, 
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A .SYSTEM FOR OBTAINING LONGITUDINAL BEAM POLARIZATION AT PEP WITH VERTICAL 
DIPOLES LOCATED OUTSIDE OF THE INTERACTION REGION 

A. Garren and J. Kadyk 

I. INTRODUCTION 

Recent experiments at SPEAR1 demonstrate that 
circulating e+ and e- beams become highly polar
ized along the field direction, to a degree con
sistent with the theoretical maximum, 92.4%.2,3 
This property of the beams allows use of new and 
powerful techniques with which to study the weak 
and electromagnetic interactions. Particularly 
interesting applications of the spin polarization 
become possible if the spins are rotated to the 4 longitudinal direction at the interaction point. 

To maintain full polarization it is necessary 
to keep the particles' spin vertical in the 
circular arcs of the machine, rotate it to the 
longitudinal direction at the interaction point 
and then rotate it back t6 the original vertical 
direction in the following arc. This can be done 
by utilizing the g-2 precession of the electrons 
in vertical bending magnets, or in a combination of 
solenoidal and horizontal bending magnets.5,6 In 
our opinion, the most feasible method proposed to 
date for use at PEP is that of Schwitters and 
Richter.7 This method, shown in Fig. 1, uses 

-· Q3 
02 

XBL 7512-9843 

Fig. 1. The Schwitters-Richter Scheme for Produc
ing Longitudinal Beam Polarization (PEP-87). 
The diagram shows the four vertical bending 
magnets (unshaded rectangles) inside the 20 m 
interaction region. They are used to produce 
longitudinal polarization at the interaction 
point, IP, as indicated. Spin directions are 
indicated at various points along the 
trajectory. 

four vertical bending magnets in the interaction 
region (IR). The spin rotates relative to the 
momentum by 90° for every 2.305 Tesla-meters of 
net bending, independent of beam energy. The four 
magnets have virtually no effect on the beam 
throughout the ring. The principal change is to 
introduce vertical dispersion in the IR, except 
at the interaction point (IP), where it vanishes. 
However, the magnets fill most of the IR, leaving 
only a small space (about 3m) for the experimental 
apparatus, and the fields are high (0.82 T 
compared to 0.3 T for the horizontal bending 
magnets). Consequently, a great deal of synchro
tron radiation is emitted (-6oo kW) locally within 

the IR, just the region where background should 
be minimized to assure efficient detector perform
ance. 

It is thus important to search for ways to 
rotate the electron spins that leave more space 
for the experimental detectors and reduce syn
chrotron radiation in their vicinity. Wenzel was 
the first to consider this question. In a pre
vious note he discusses two schemes, each using 
two dipoles, one or both of which were placed 
beyond the IR.8 The focussing doublets at either 
end of the IR bend both the central orbit and the 
dispersion to cross the median plane at the IP. 
The quadrupoles must have very large apertures 
(about one meter) and be. considerably longer than 
the present low-8 quadrupoles. Moreover, their 
chromatic aberrations result in substantial loss 
of luminosity. 

In this note we propose a spin rotation 
system (SRS) in which the central orbit is bent 
by vertical dipoles located outside of the inter
action region, and follows the path shown in 
Fig. 2. The spin is rotated as before by the 
(g-2) precession in these magnets. Some important 
features of the system are the following: 

1) There is no reduction in luminosity resulting 
from adding the SRS. 2) Somewhat less (about 30% 
less) synchrotron power is radiated than in the 
Schwitters-Richter scheme. 3) Low-field vertical 
bending magnets and masks are included in the SRS 
in order to shield the detector from the synchro
tron radiation, at least in part. 4) Selection 
of either the SRS mode or the conventional oper
ating mode is achieved simply by choice of al
ternative settings of magnet currents. 5) The 
IR is left completely unencumbered for disposition 
of the experimental apparatus. 

II. DESCRIPTION OF THE SYSTEM 

A side view of the spin rotation system (SRS) 
is shown in Fig. 2, where the standard PEP lattice 
magnets are shown as open rectangles, and those 
of the SRS by shaded/black rectangles for vertical 
dipoles/quadrupoles. Figure 2 shows only half of
the system to the left of the IP, the right half 
being produced by inversion through the IP. 

The beam coming from the left enters the SRS 
at the vertical dipole BVl, the lattice before 
this element being unmodified. There the beam is 
deflected upwards 58 mrad, and the following 
elements are centered on the vertically displaced 
central orbit. Vertical dipole BV2 deflects the 
beam back to the horizontal direction. BV3 and 
the two low field magnets, BVL, bend the beam 
downwards by 46 mrad to cross the median plane 
at the IP. These five dipoles, having a net JBdl 
of 2.305 Tm, rotate the polarization of theibeams 
from the vertical direction in the circular arcs 
to the longitudinal direction at the IP. The 
corresponding dipoles on the opposite side of 
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Schematic Side View of Insertion with Spin Rotation System. magnets of the basic PEP lattice are 
shown as open rectangles; these are not to be replaced or moved. The new elements, belonging to 
the spin rotation system, are shown as black (quadrupoles) or shaded (vertical bending magnets). 
Small arrows indicate spin polarization directions at several points along the beam trajectory. 

Distance along beam line from interaction point (m) 

Horizontal and vertical beam envelopes and dispersions XBL 7512-9845 

Fig. 3. Horizontal and Vertical Beam Envelopes and Dispersions. Beam envelopes are plotted for the 
horizontal (upper solid line) and vertical (lower solid line) planes, corresponding to IOcr (10 
times the expected rms width). Also shown are the dispersed rays, horizontal and vertical, cor
responding to energy spread 6E/E = 1%, the lOcrE value for 15 GeV beam energy. The envelope width 
as shown includes the dispersion, combined quaaratically with the betatron beam width. 



the IP rotate the spin back to the original verti
cal direction. The vertical low-field magnets, 
BVL, each deflect the beam 1.6 mrad downwards. 
Together with appropriate masks, they are intended 
to shield the detector· system from the radiation 
emitted in BV3. This is .similar to the use of the 
horizontal low-field magnets BL to shield the IR 
from radiation emitted in the main lattice bending 
magnets. 

The four quadrupoles, QA, QB, QC, QE, lie 
between the vertical dipoles, and the doublet, 
Q2', Q3', is placed above the corresponding 
doublet Q2, Q3 of the standard configuration. 
These six new quadrupoles are all centered on the 
displaced beam line. 

III. Beam Optics 

A. Requirements on Vertical Dispersion 

In order to maintain fUll polarization, the 
spins must be vertical in the circular arcs of 
the storage ring. In order to maintain this 

·condition, the particle spins must precess through 
equal and opposite angles on the two sides of the 
IP. Since the precession angle is proportional 
to the rotation of the momentum vector, it follows 
that in order to keep the spins vertical in the 
arcs, the dispersion function, n~(s), must be an 
odd function of s about the IP. If, in addition, 
nv(s) is identically zero throughout the rest of 
the ring, systematic spin oscillations outside of 
the SRS will be eliminated. The vertical dis
persion nv(s) has these properties in the method 
of Schwi tters and Richter, shown in Fig. 1', due 
to the absence of quadrupole lenses in their 
system. In fact, nv(s) in that case is identical, 
but reversed in sign, from the vertical displace
ment of the central orbit. 

Unfortunately, this automatic matching of 
the vertical dispersion does not occur in the 
system presented here, because of the action of 
the lenses Q2' and Q3'. In the absence of the 
elements QA, QB, QC and QE, a nearly parallel beam 
would be focussed at the IP, vertically. However, 
the dispersed (off-momentum) rays would be parallel 
when entering BV3, and therefore not parallel 
after leaving BV3 and entering Q2~,-.- Thus, the 
dispersed rays would not be focussed at the IP. 

The four new lenses, QA-QE, are added to 
focus the dispersed ray as well as the beam 
envelope at the IP. In addition, the 
strengths of the other quadrupoles between the 
normal lattice (left of QD) and the IPare 
altered from the values of the standard configur
ation. 

B. Beam Matching and IP Conditions 

The linear beam properties are determined by 
the betatron functions and the dispersion. In 
order to obtain the full design luminosity, and 
minimize the effects of the SRS on the operation 
of the ring, the betatron functions and dispersion 
at QD and at the IP were constrained to be the 
same as in the standard configuration (both hori
zontally and vertically). Only the slope of the 
vertical dispersion, nv' = dnv/ds, was allowed to 
be different (non-zero), but this is expected to 
have a negligible effect. Therefore to the left 
of QD, in the normal lattice, the beam envelope 
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will also be constrained to be everywhere un
changed from that of the standard configuration. 
The betatron-function and dispersion values are 
given in Table I. 

Table I. Required Values of the Betatron Function 
at the Interaction Point And at the Center of QD, 
the First Normal Cell Quadrupole. 

9.!2 Center IP 
Horizontal Vertical Horizontal Vertical 

s (m) 12.18 34.12 3.80 0.20 

a 0.040 -0.052 0 0 

n (m) 1.238 0 -0.74 0 

dn/ds 0.0025 0 0 arbitrary 

The matching problem was solved by allowing 
the strengths of the 12 quadrupoles, QF3 through 
Q3' inclusive, to be varied. The number of 
variables may seem unnecessarily large for the 
seven constraints involved, but this many variables 
were needed to resolve the conflicting require
ments of beam and dispersion focussing discussed 
above. Even so, the problem is not trivial, and 
two fitting programs were employed to solve it.9,10 
The resulting quadrupole strengths and other 
parameters of the system are given in Table II. 
Beam envelopes and dispersion functions cor~ 
responding to ten times the runs widths cr. are 
shown in Fig. 3. 

i Table II. Magnet Parameters of the Spin Rotation System (See Figs. 2 and 3). 

Name 

QD 

QF3 

QD2 

B 

QF2 

QD1 

B 

BL 

QF1 

BL 

Ql 

BV1 

QA 

QB 

QC 

BV2 

QD 

BV3 

BVL 

BVL 

Q2 

Q3 

IP 

For quads, positive gradient corresponds to horizontal {H) focussing. 
For vertical (V) bends, positive field bends upwards. 

Function Length Strength Distance, IP to 
(m) (T or T/m) Magnet Mid-Point 

Quad 0.64 -7.610 101.303 

H Bend 5.40 o. 3023 97.463 

Quad 0.64 2. 567 93.853 

H. Bend 5.40 0. 3023 90.563 

Quad 0.64 2.201 86.953 

H Bend 5.40 o. 3023 83.113 

Quad 0.64 10.469 79.503 

H Bend 5.40 o. 3023 76.213 

Quad 1.28 -11.170 72.603 

H Bend 5.40 o. 3023 68.763 

H Bend 2.00 o. 0201 64.853 
(low field) 

Quad 1.15 7.018 62.773 

H Bend 2.00 o. 0201 6o. 4o8 
(low field) 

Quad 1.00 -7.518 58.543 

V Bend 6.00 o. 4841 53.000 

Quad o. 50 -4.049 47.750 

Quad o. 50 2.117 41.750 

Quad o. 50 1.845 36.250 

V Bend 6.00 -0.4841 32.500 

Quad o. 50 3.995 28.750 

V Bend 4.00 -0.5562 26.000 

V Bend 2.00 o. 0200 22.500 
(low field) 

V Bend 2.00 0.0200 20.000 
(low field) 

Low-13 Quad 1.50 2. 390 15.200 

Low-S Quad 2.00 -4.078 11.000 

Interaction o. 
Point 
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IV. LOGISTICS OF INSTALLATION AND OPERATION 

A. Operating Modes 

Since the technique of spin rotation has never 
been used in a storage ring, it is inevitable that 
full operation will only occur after a period of 
testing and development. Therefore, it is de
sirable to have operation of the SRS be optional, 
and to be able to switch over easily to the con
ventional (non-SRS) operation. A rather natural 
way~o accomplish this is to install two sets of 

• low-S quadrupole doublets, Q2'-Q3', along the 
vertically displaced beam line as part of the SRS, 
and Q2-Q3 along the conventional beam line as 
part of the standard configuration. This will 
require also two separate beam pipes, which will 
diverge at BVl (at 58 mrad) and merge again at the 
IP (at 46 mrad). With this arrangement, the 
entire set of new magnets can be turned on or off 
to permit operation either in the spin rotation 
mode or in the conventional way. 

As presently designed, quadrupoles Q2, Q3 are 
somewhat too high to give sufficient clearance 
for the new set Q2', Q3' to be directly above, 
as shown in Fig. 2. Therefore these elements may 
have to be staggered with Q2, Q3 or designed with 
smaller vertical dimensions. 

B. Use of the SRS at Different Energies 

The design presented here is intended to 
produce longitudinal polarization at 15 GeV. 
Since the condition for 90° of spin rotation, 
2.305 T-m of vertical bending, is independent of 

·energy, a full polarization capability requires 
that the system be movable, with the height of the 
BV2-BV3 line varying inversely with energy, the 

_net fBdl being fixed. Although occasional 
changes in beam line of this nature may be 
feasible, it is obviously not desirable to make 
frequent changes. A possible compromise is to 
change fBdl proportionally with beam energy, E, 
so that the beam optics remains invariant. Then 
the spin rotation is not precisely 90°, and the 
net longitudinal polarization will be ~ 0.924 
sin(TIE/2E0 ), where E0 is the design energy for 
90° rotation. Since polarization is ~ 
complete anyway, one might tolerate values as low 
as~ 0.75 (as long as it is known), allowing E 
to deviate by ±40% from E0 • For example, this 
would allow beams to be operated through the SRS 
over the energy range from about E = 8 to 18 GeV 
without a beam line alteration. 

IV. PRACTICAL CONSIDERATIONS 

Although we see no fundamental problems 
associated with use of the SRS, some important 
considerations come to mind that will need to be 
examined in detail. 

A. Periodicity 

The insertion containing the SRS has a dif
ferent structure from the others. Since it is 
only perfectly matched to the rest of the ring 
for the central momentum, the ring has one-fold 
periodicity and linear stop-bands exist at half
integral intervals of the tunes vx, vy for the. 
off-momentum orbits. These may be corrected w1th 
suitable adjustments in the sextupole correction 
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system., .These, however, must be so designed that 
third and higher order resonances are not excited. 

A one-fold periodicity is also introduced by 
energy loss in the vertical dipoles. This effect 
could be removed with compensating rf cavities 
located in the SRS, between BV2 and BV3. 

B. Chromaticity 

Not only will the ring have one-fold peri
odicity, but the chromaticities are increased by 
large gradients and beta function values in 
some quadrupoles of the polarization insertion. 
The maximum. beta value is increased from 500 m 
in the standard conriguration to BoOm. Again, 
the consequence of these increases are probably 
managable. 

C. Apertures 

Beam sizes are rather large in some magnets 
of the SRS. Care will be needed in the design, 
fabrication, and testing of these elements to 
be sure they meet the somewhat tighter tolerance 
requirements. 

D. Synchrotron Radiation 

The new low-field magnets introduced in the 
present design should permit the shielding of 
the IR from synchroton radiation emitted from 
the vertical bending magnets BV1-BV3. However, 
a detailed study of this question will need to 
be made to determine where the shielding masks 
should be placed, and how effective such shield
ing will be. 

V. CONCLUSIONS 

This is a "first look" at this particular 
configuration, not an optimized design. It is in
tended rather as a demonstration of the feasibil
ity of a system in which the large spin 
rotation magnets are located outside the IR. The 
system can, in principle, be turned on or off to 
allow conventional operation of PEP or operation 
with the SRS. Operation over a wide energy 
range also appears possible without moving mag
nets, with only a relatively small loss in longi
tudinal polarization. The IR is left unen
cumbered by the SRS, and the sources of synchro
tron radiation are moved out of the IR. However, 
a careful study is necessary to determine the 
best design for reducing or eliminating this 
backgroUnd radiation. 
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SUMMARY OF THE WEAK INTERACTIONS GROUP 

II.. Benevenuti, W. Ford, D. Hitlin, D. Kondo, G. Manning 
R. Morse, T. Rhoades, A. Sessoms, L. Stevenson, K. Strauch, A. Zallo 

• We have studied ways t~ ~solate effects due to 
a weak neutral current in e e collisions at PEP 
energies. We consider below, and in+t~e ~u~group 
r~p~rt~ !hat fol*o~, the reactions e e +~ ~ , 
e e +e e , and e e + hadrons. There is, of course, 
a substantial overlap between our work and that of 
the polarization study group, and of the 1974 PEP 
Summer Study. Our principal co~cl~sions are: (1) 
with longitudinally polarized e (e ) beams a pro
gram of measurements to determine clean!~ the weak 
interaction coupling constants g:. g~, gV' g~ is 
feasible; (2) subject to model-depenftent interpre
tation, the single-hadron inclusive processes pro
vide the possibility of observing S,P,T type weak 
couplings, fn~ an alternative to longitudinally 
polarized e e beams for the observation of parity-
violating V, A couplings. · 

I. ISOLATING WEAK EFFECTS 

+- +-
e e +JJ ~ A. 

In his summer study report G. Manning has re
c~r~ed+t~e expression for the cross section for 
e e +~ ~ with arbitrary polarization of the elec
trons: 

j [<I+a1) (l+P+P-)+a4 (P++P-)J (l+cos28) l z z z z 

- ((l+a2) cos 2~-a6 sin 2~)P;P~ sin2a 

+ (a3 (l+P+P-)+as (P++P-)) 2 cos 8 t 
z z z z ~ 

with a1 a2 D(s) Re e* ~ 
gv gv 

a3 D(s) Re e* ~ 
gA gA 

a4 D(s) Re e* ~ 
gA gv 

as D{s) Re e* ~ 
gv gA 

aG D(s) Im e* ~ 
gA gv 

D(s) 
s 1 -s for s<< M~. = s-M~ 2TTa + 2na M~ 

(See Manning's report for coordinate definitions, 
and for numerical values of ai's.). 

If the beams are unpolarized, the .forward-backward 
(charge) asymmetry becomes 

A = do (a)-do (TT-8) 
8 do(S)+do (n-8) 

a3 2 cos 8 
l+a1 1 + cos 2 8 

2z 
::::: a3 l+z2 (z = cos 8) 

(1) 

If the beam polarization is rotated through. 
some angle toward the beam direction, by the method 
of Schwitters and Richter 1, we get P = - P (and a 
reduction of PT) so that all terms iff1 the z2cross 
section formula are suppressed. The interesting 
situation occu~s ~hen one of the beams is depolar
ized2. Then P +P = ± P depending on which beam is 

z z z + -depolarized, and 1-P P =PT PT =0. For this 
case the charge asymmetry isz z 1 2 

a3+ Pzas 2z 
Aa(Pz) = l+a 1+P a4 l+z 2 

z 

If we record data for both Pz and- Pz' the compari
son of asymmetries gives 

(2) 

We can also consider a measurement of the change 
in counting rate, rather than the asymmetry, as Pz 
is reversed: 

do(S,P ) - dcr(S,-P ) z z 
~ ( 6 ) = ...,.da-(~e-=, P::=-:-)-+---.,.da-{7::8-, _-:p~) 

z z 
a4(1+z2) + as 2z 

(l+a1)(l+zZ) + a3 2z pz 

p 
z 

Folding the angular distribution about 90° gives 



'\sym(8) = t <'\ (8) + AL (TI-8)) 

a4 P z 

= D(s) Re e* g].l p • (3) gA v z 

A test of time-reversal invariance is made by 
isolating the a 6 sin 2~ term: 

A (8 p )_do(8,p)+do(TI-8,p)-(do(8,rp)+do(TI-8,-p)) 
~ ' T do(8,~)+do(TI-8,~)+do(8,-~)+do(TI-8,~~) 

a6 Pi (l-z2) sin 2~. 

(4) 

A harder experiment is the rate as a function of s: 

R(s,8) = t [~~ (8) + ~~ (7!-8)] 

(l2 
4s (Hal) (l+z2) 

(l2 * 
4s (l+D(s) Re g~ g~) (l+z2) 

R(s) j71 ~ 2 

(1 + D(s) Re g~* g~). (5) 
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The information provided by this measurement is re
dundant with (1)-(3) provided gA is not <<gv for 
both ll's and e's. 

The experimental requirements and estimates of 
the magnitudes of the effects for measurements (1) 
to (S) are summarized in Table I. Numerical differ
ences between the model predictions for the magni
tudes differ slightly from those in Manning's report 
because of the neglect of small (~16%) terms in the 
denominators in the derivation of equations (1)-(4). 
Note that the analyzing power of the asymmetries, • 
given by the average value of 2z/(l+z2) weighted by 
the angular distribution 1+ cos28, is 3/4, a rather 
large value. The counting rate for ee+].l].J under the 
standard assumption3 is ~200 per day, or 1.2 x 104 • 
for a two~month run. This is sufficient for measure
ments of ~1% precision (for results of an analysis 
of the statistical errors, see Ref. 4). · 

A background for the asymmetry and.rate measure
ments is the contribution from order a3 QED diagrams. 
This subject is discussed in the report by R. Morse 
in this summer study. It is found that the asymmetry 
is very nearly independent of s and of ~ (even K~r 
PT~ 0), and depends upon the energy resolution~· 
Tfie weak and QED contributi~ns to A8 (=oA in Morse's 
notation) are shown in Fig. 1. The large variation 
of A8 with ~ in the transver~EOY polarized case 
allows its separation from A8 independent of a 
quantitative calculation of A~ED. For example, if 
we form the difference ~$(A8 ) between asymmetries 
in the regions cos 2~ > 0 and cos 2~ < 0, we find 

TABLE I 

Quant. Parameters 
Measured Det'd Polarization 

e* 11 * A8 (0) a 3 "' Re gAgA None 

li
41

(A
6

) a3 
e* ll 

"' Re gA gA Transverse 

LIL(A6) a 5 "' Re 
e* 11 

gv gA Long. (1 Beam) 

~sym (8) a4 
e* 11 

"' Re gA gv Long. (1 Beam) 

Rate (s) a1 "' Re 
e* \.1 

gv gv None 

A$ a6 
e* \.1 

"' Im gA gv Transverse 

AL+- e+e-) 
e 

"' Re 
e* e Long. · (1 Beam) 

(e e a3 gv gA 

All but the last row are for e+e-+IJ+\.1-

Z = cos 6 

Magnitude of Effect Meas. 
/P/ = .924 

at 15 GeV, 

Normal- Weinberg 
ization 11 V-A" (sin2ew~l/3) 

-.16~ 
l+Z2 

-.08 E.._ 
l+Z2 

6, n-6 
av = -.12 av = -.06 

. 2 
2.2(1-Z2)Z -. 16 2.2(1-z ~z -.08 

(l+Z2)-.29(1-Z2)
2 

(l+Z
2

)
2
-.29(1-Z

2
)
2 

6, n-6 
av = -.06 av = -.03 

-.15 E.._ t -.025 E.._ t 
6, n-6 

l+Z2 l+Z2 

av = -.11 av = -.02 

Bunch-pair -.15 -.025 

s -.16 -.01 

q., -4> ; 0 0 

2(1-Z 2 ~(i+Z~ 2 2 2 
-.15 -.025 2(1-Z2 Hl+Z~ 

Bunch-pair (3+Z2)2 (3+Z )2 

av = -.04 av = -.006 

* Analyzing power increases slightly with transverse polarization 

7 Asym. with p± = +.924 is twice this size 
z 
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a3 (l+z2)2_ [2:¥(1-z2)r· 

(6) 

This quantity is also plotted in Fig. l(b). Its 
analyzing power is a factor of two or three smaller 
than that of A , so the use of a calculation of A~ED, 
will increase ~he statistical significance of the 
measurement. In any case the transverse polariza
.tion is clearly useful for this experiment. 

Note that QED does not contribute to the parity
violating effects observed by inverting the longi
tudinal polarization. 
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From a talk at this summer study by R. Budny 
we have the expression for the Bhabha cross section: 

do _ a 2 .1 ~ ( + - + - 2 z 
dl'2 - 4s 2 1 1-P l z)4Bl+(l+P l z)(l-z) B2+(1+z) B3 

- P;P~ sin2a (~ cos 2~+B 5 sin 2~) 

+ (P++P-)(l+z2 ) B6 l, z z ~ 

with 

... 
~ 
..c 
c.. 

biC::: 
~~ 

7 0 

B5 o 

Bs = -2a3 (l+z)/(1-z). 

101 

e+e--e+e-
(a) Unpolarized beams 
(b) Pz+ = -pz- = 0.924 

. + -(c) Pz = Pz 0.924 
(d) P/ = Pr- = 0.924 

s = 900 GeV
1 

100 .__ _____ ....L.._ _____ ____J 

-I 0 

cos8 
Fig. 2 

181081 

Here time-reversal invariance has been assumed 
(hence Bs=O). The ai's are defined analogously to 
those for ee-+-~~= 
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Fig. 3 (a) 

where D(s) was defined in section A. The pure QED 
part of the cross section is plotted in Fig. 2 for 
various beam polarization conditions. Fig. 3 gives 
the weak contributions relative to the QED. Al
though effects of ~10% in the angular distribution 
are predicted for some cases, these would be hard 
to observe against the rapidly falling dominant 
distribution. 

One measurement is feasible with the Bhabhas. 
The change in rate, integrated over the angular 
acceptan~e of the detector, as the polarization 
P++P -(P or P-=0) is reversed (curve e - curve f 
i~ dg. ~): z 

~e(e) ee (l-z 2 )~l+z) 2 

-L a3 Pz2 (3+zZ) • (7) 
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The analyzing power is given by the integral of the 
angular factol weighted by the angular distribution; 
"\o!e estimate 'IF. for Ieos ej <.65. This is a factor 
o+f !hree smalier than the analogous measurement with 
~ ~ • The event rate is, however, larger by a fac
tor of ~3. This experiment has also been listed in 
Table I. 

Collecting the data from the program of experi
ments listed in Table I we show in Table II the in-

Table II . 
Beam Po~arization 

Transverse(zero) Longitudinal 

as ge 
e g~ v 

a3 ~ gA -- = --e-
A a3 gA 

~ 

(al~ 
e g~) ~=~ gv v a3 ~ 

gA 
ee e 

a
6 
~ Im e* ~ ~=~ gA gv a3 g~ 

A 

0 
w 
~ 

~~ 
~ 

"' <l 
w 
~ 
bjCl 
"0"0 

0.1 .-------.----,__--,---------, 

0.05 

0 

-0.05 

-I 

Weinberg Model 

0 
cos 8 

s= 900 GeV 2 

sin2 (8w)=0.3 

(a) Unpolarized Beams 
(b) Pi=0.924, Pz=-0.924 
(C) Pi=0.924, Pz=0.924 
(d) Pt= 0.924, Pr =-0.924 

(e) Pi=0.924, Pi'. Pi=O 

(f) Pi=-0.924, Pr. Pi=O 

Fig. 3 (b) 

formation regarding the coupling constants that can 
be extracted •. Essentially it amounts to a complete 
description of the leptonic weak neutral currents, 
within the context of V- and A- type couplings. 

c. Inclusive Hadronic Processes 

The report in this summer study by D. Hitlin 
and A. Sessoms discusses prospects for isolating 
weak effects in single hadron inclusive experiments. 
Particularly striking is the observation that S, P, 
and T type weak couplings give rise to terms linear 
in PT, in.contrast ~i!h V, A types which show only 
correlations with P PT. Simple tests are therefore 
possible with a gen~ral hadron detector and the 
natural beam polarization. 

Also considered and found feasible by Hitlin 
and Sessoms is an experiment to measure A0 polariza
tions, in lieu of longitudinal beam polarizations, 
to isolate parity-violation. 

II. DETECTORS 

The summer study reports by W. Ford and 
G. Manning discuss arrangements for studying ee+~~ 
and ee with longitudinally polarized beams. Both 
detectors are of the "iron ball" type. In the first 
a free space of 4 meters is provided between the 
polarization rotating magnets to allow flexibility 
to interchange detectors. An iron ball detector 
which fits into this region is described in some 
detail. The scheme of Manning optimizes the syn
chrotron radiation by providing only·a short (1.4 
meter) free space for the central detectors. The 
polarization rotation magnets are. extensions of the 
iron ball, which then can be made thicker to improve 
punch-through rejection and momentum resolution. 
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The cost is the loss of ability to vary the detector 
configuration, or to run the analyzing field inde
pendently of the polarization rotator (eg., to use 
transversely polarized beams). Detailed studies of 
the backgrounds due to the synchrotron radiation 
are needed to deci9e which approach should be 
adopted. 

~ ,.,;> 

""# I ;,) I' : 
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IRON BALL, MARK II 

W. T. Ford 

The detector described here is inte~d~d to 
record events of the reactions e+e- + ~ ~ and 
e+e- in sufficient detail to permit extraction 
of the leptonic weak neutral current parameters 

gye'~ and gAe,~ by the method outlined in 
Refs. 1 and 2. For same of the measurements the 
e+ or e- beam is longitudinally polarized. 

lcm1r-------------------------------~nz~~n7-7.nn7nnr-------------------------------, 
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Fig. 1. Plan and elevation views of the experimental area showing the particle trajectories, the location 
of the polarization rotation magnets and the location of the detector. 

The muon-electron detector is shown in Fig. 2. 
A toroidal magnet provides both particle identifi
cation and momentum analysis for the muons (the 
magnetic field of 16 - 18 kG is contained entirely 
within the iron). The cylindrical central cavity 
contains tracking chambers for muons and electrons, 
and lead scintillator shower counters to identify 
the electrons over that part of the solid angle 
that is free of shielding. The tracking devices 
may be either drift or wire spark chambers, but 
must provide reasonably good resolution in the 
polar angle, since the bending of the magnet is in 
the 8 direction. Trigger scintillators (not 
shown in the figures) are also to be provided. 

Surrounding the magnet are 8 "orange-peal" 
wire spark chambers, each of two gaps and covering 
the region ~¢ = 45° , 15° ~ 8 ~ 165° . These cham
bers are made of honeycomb aluminum skin panels 
fabricated over a curved form and tapered toward 
the poles. The wires are pre-wound onto mylar 

sheets which in turn are glued to the panels. The 
wire orientation is across the narrow dimensions 
of chamber, along constant-z contours (z being the 
beam axis), to provide good resolution in e. Half 
the wire planes are rotated by 15° to give small
angle stereo determination of the azimuth. Outside 
the spark chambers are liquid scintillation 
counters for triggering and time-of-flight mea
surements. 

The acceptance for muons extends over 2n in 
azimuth and to 15° minimtun polar angle, -"'- 97% 
of 4n. The electron acceptance extfnds over 2n 
in azimuth and 50° < 8 < 130° , or "!x 4n. The 
momentum resolution (for muons) is ~p/p ~ .21, 
limited by multiple scattering. 

The background of muon misinuentification due 
to hadron punch-through or uecay is « 1% per 
muon for muons above 10 GeV. For lower energies 
(which are of interest for searching for anomalous 
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Curved wire spark chamber (0, u, v, C) 
12 gaps) 

Polarization rotating 
magnet 

XBL 7512-10052 

Liquid scintillator 
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Fig. 2. The Iron Ball Hark II to study \l+ \l- and e• e- final states. 

a 

b 



lepton production), the background is estimated 
as follows: 

p punch-thru/hadron decay/hadron 
event event 

1.5 GeV 0.03 0.02 

7.5 GeV 0.002 10- 4 

It should be pointed out that no reliable 
estbnates of the background levels induced by the 
synchrotron radiation have been made for this con
figuration. It is possible the only safe procedure 
would be to extend the vacuum pipe (and bending 
magnets) vertically to the maximum envelope of the 
synchrotron radiation, allowing it to pass un-

-38-

touched through the interaction region to a dump 
at each end. The vacuum chamber than becomes 
- 3m high, or 1.5 m high if we forego running 
at less than 15 GeV with full 90° rotation of the 
polarization. The apparatus would have a gap in 
the entire vertical plane. 
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+ - + -EM-WEAK INTERFERENCE IN e e~~ ~ SCATTERING 

R. Morse 

The basic-one photon cross-section for e+e- annihila
tion is 

4s do 0 + -~ = (1 + cos2 e) - PTPT sin2e cos 2~ 

+ e 

e 

f
0 (e,~) 

v 

+ 
~ 

If we allow for the weak neutral current process 

+ e 

e -
ll 

then to first order in Weak-EM interference we have 

4s do o w o az dQ = (1 + als) f + 2 a3 s cos e = (1 + 0 ) f 

where ow= als + l_ (2a3 s cos e), 
fo 

where the coefficients a1and a3 are given in Table 
The higher order (a3) electromagnetic corrections 

· also interfere with the basic one llMoton process. 
The effect can be absorbed into ~ (e,~) defined 
as a modification of the basic single-photon rate. 

4s do = (l + 0EM) f --cxr dn o 

1. 

so that the entire process is written as(to order a3) 

i) Rates and Asymmetries 

(a) The rate is proportional to R where 

R = f. (l + oT) f 0 d cosed~ 
n 

Note that f 0 is symmetric about e = ~/2 so that 
we can write 

R = 2J d cos e(l + o! (e)) f
0 d~ where 

o!(e) =% {oT(e) + oT<~-e)}. 

T We show later that o (e) has no p dependence so 
that the modified ra~e is simply 

+ 
~ 

3 
Table I 
+- +e e +~ ~ 

+ - + - ~ (Natural polarization: ~ =0,~ =~,e =e = 2) 
With restriction that polarization lie in x-z plane, 

do a 2 ( + - + - ) --d = --4 { (l+a1(s))(l+P P )+a4(s)(P +P) (l+cos2e) n s zz z z 

a1 

az 

a3 

a4 

as 

a6 

D(s) Re 

D(s) Re 

- D(s) Re 

D(s) Re 

~*~ 
e* ~ 

!Vl\7 
e* ~ 

gA gA 

e* l.l 
gA l\1 

g2 
D(s) I:~ _z_ 

z s-M 2~a z 

s 
+ - 2~aM2 

z 

= D(s) Re e* ll 
1\r gA 

D(s) e* ll 
Im gA gv 

R = 4~ 
n/2 

f d cos 
0 

e (1 + oT (e)) (1 + cos2 e) 
s 

the modification of the basic rates is deter
mined entirely by os ~ 

(b) The asymmetry A(e;~) is given by the usual 
formula 

T o Ace.~) 

1 + oT(e,~) 
s 



ii) 

Note that the asymmetry depends on the rate. 

Calculation of the Weak Interference 

ow = a s 
s 1 

w 2a3s 
oA = -f- cos 6 

0 

Recall that f = 1 + cos 2e- IP+P lsin2 e cos 2~ 
so that at ~ g 45° there are no ~olarization 

0 . -
effects, and at ~ = 0 the effect is maximal 

Here ~ "' 
-=2-TI-a7( s=---=-M:"J2'"")-

z 
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and a3 
-gi 

2'1Ta ~ assuming s <<~ (see Table 1) 

We exhibit the ow, and o~ , behavior on angle 
in Fig. 1 for anss=900 GeV2 , and a transverse 
polarization of PT=P;=o.924 using a V-A Inter
action (Weinberg-Salam cuts the effect in half). 
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The asymmetry due to the WEAK interference is 

and is shown in Fig. 2 for s = 900 Gev2 and 100 
GeV2 ,for p+ =P-= 0. 924 and the V-A interaction. 
The effectTofTpolarization on the ~-distribu
tions is quite striking. However, since most 
experiments in this region are event limited we 
look at the ~-integrated asymmetry 

ct> 
<[ 

2n 
-w 1 f w A (6)= 2; A (e,~) d~ 

0 

It is also shown in Fig. 2. 
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iii) Calculation of the higher order (a3) EM Inter
ference 

Brown et al.lhave shown that- for transverse 
.polarization- that 

g 1 . + 
o(e,"')= g1 (e) + --- {g 2 (e}+g3 (e)IPTP~Icos2<j>} '~' f

0 (6,~) 
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g
2

(8) and g3 (8) are anti-symmetric with 
respect to 6+ (n-8) so they do not contribute to 
the rate. Further there is no net polariza
tion contribution to the rate because of the 
cos 2¢ term. 

Working with the oEM(8), and o!M(8,¢) defined 
as before we note ~hat: 

(a) 

(b) 

o!M depends onE, ~E,8, and 

EM 
oA depends on ~E/E, 8,¢ -(note, indepen-
dent of energy), 

w EM 
Unlike oA, oA has only a weak dependence on 

<P because 

( ) ~AEM is d d b ( Sa • 1 E ) a u ominate y - -
11
-- ~ntan 2 8R-n ~E 
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(b) the ¢ dependence of f 0 compensates the <P 

dependence in the g2(8) + g
3

(8) IPT+P;I 
cos 2¢ term 

o EM 
Thus only the ¢ = 45 values of oA are shown 
in Fig. 1 for E=lS GeV and ~E/E = 10% (corres
ponds to s=900 GeV2) 

As before the asymmetry given by 

EM 
0

A (8,<1>) 

l+oEM(8) 
s 

!
211 

EM 
A (8 ,¢)d¢ 

0 

. -EH 
is almost A 

8
) due to the weak ¢-dependence 

mentioned above. 

The EM corrections are very sensitive to 
~E/E values, o~ being much more well behaved 
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iv) 

1. 
2. 

than o~. It·may be that the Brown et al. 
formalism has been pushed into the "hard
photon" region for t:.E/E=l0-20%. In Fig. 3 
and 4 we present o~ and o~ for the values 
of s and t:.E/E shown. We also compare with 
"hard-photon" calculation of Berends et a1.2 
The agreement is not good - though o~ 
better than o~M. The behavior remains the 
same at E=lS GeV. It seems to indicate that a 
l:.E/E=lO% is a tolerable level. 

Conclusion (o: + o!M~ 
The grand asymmetry AT(9,$)= EM and 

l+ow+O 
s s 
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the $-integrated asymmetry is shown in Fig. 2 
for the values shown. Since the a3 EM correc
tions are nearly $-independent one can define 
A0 (e) which is(nearly) independent of the 
a3 EM correction (to the degree that they are 
$-independent). 

A; (6) • 4 ]'

4 

AT(O,;) d;- 4 j''AT(e,;) d; 

0 

211a
3

s n(e) 

l+ow+OEM 
s s 

1T 

given that the higher order symmetric effects 
are small. n(9) which equals A (9)/21Ta3 s is 
shown .in Fig. 5. The technique$has the strength 
that the EM corrections need not be well known -
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it is also statistically weak in that differ
ences are used. This requires lots of data -
it may be extravagant. 

e+e---fL+fL-
Expected <j>-Asymmetry 

p+ = P- = 100% Polarization 
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Fig. 5. 

S. Berman, Lecture given at 1974 PEP Summer 
Study (unpublished). 
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WEAK-ELECTROMAGNETIC INTERFERENCE EFFECTS IN e+e-~ HADRONS 

D. Hitlin - A. Sessoms 

Abstract 

A program is described which can ascertain the 
complete space-time structure of neutral weak cur
rents by studying correlations of inclusive hadron 
distributions,and polarization,with beam polarization. 

The possibility of observing weak-electromag
netic interference effects is one of the most excit
ing experimental prospects of PEP. The simplest 
approach to the measure~~t ~f_such effects is in 
the pure QED reaction e e +~ ~ • Weinberg-Salam 

· type models of the weak interaction make predictions 
for the magnitude of such effects, as does "stand
ard" V-A theory. Since neglecting muon form 
factors and derivative couplings appears justified, 
it is concluded that a "model independent" analysis 
of the data from such an experiment can be made. In 
order to isolate weak effects, however, it is neces
sary either to measure the polarization of the out
going 15 Gev muons, or to produce longitudinal polar
ization in at least one electron beam. Both of 
these are at best difficult tasks. It is the purpose 
of this note to point out that it may be practical 
to see unambiguous effects of weak-~l~ctromagnetic 
interference in such processes as e e + hadron + X, 
and, in fact, to ascertain the complete space-time 
. structure of the weak interaction without the neces
sity of producing a longitudinally polarized elec
tron beatn. 

An advantage of this approach is that it does 
not require the construction of a special detector. 
Studies of the type we suggest can be carried out 
quite well in any general purpose PEP detector that 
has reasonable photon detection capability. 

The processes studied are no longer purely lep
tonic and so questions as to the model dependence 
of the results arise. In this context, it is worth 
noting that most of our knowledge of neutral current 
interactions with neutrinos is based on semileptonic 
processes, and that within the context of the parton 
model,or its equivalent,a great deal has been learn
ed. 

We suggest investigations of the correlations 
between inclusive hadron momenta,and helicities, 
with beam polarization as a means of ~e!ermining 
whether the neutral weak current in e e annihila
tion is S,P,V,A or T in character. This is possible 
because, in the limit m /m ~ 0, S, P and T inter
ference terms are all line~rly dependent on the 
transverse polarization of the beams, while V and A 
terms are either independent of transverse polariza
tion or quadratic~l~y dependent on it. Since S, P 
and T couple to e e of the same helicity there can 
be no interference terms dependent solely on the 
longitudinal polarization. Thus a term involving 
the longitudinal polarization, either of the beams 
or the outgoing hadron, signifies the existence of 
a V or A term. 

Dass and Ross
1 

hav$ ~nvestigated possible 
interference terms in e e + h(p) + X, where p is 
the hadron momentum. The effective Lagrangian for 
the neutral weak coupling of the electron field, ~. 
to hadrons, has the form 

~eff= ~ ~ Jl + W Y5~ J2 + ~ YA ~ J~ + ~ YAY5~ J~ 

The interference terms, and their properties under 
Parity, P, and charge conjugation, C, are shown in 
Table 1, which is adapted from Dass and Ross. 

Table 1 

Kinematic structure of the weak elec~r~magnetic 
interference terms for the process e e + hX for the 
currents Jl>···•Js. ___ The symbols p, p+,p-'~+'s- a::e 
the hadron momentum, the momentum of the e and+e 
beams, and the transverse polarization of the e 
and e- beams respectively; 2K=p -P+· The last two 
columns give the behavior under parity inversion 
(P) and for charge conjugation (C); odd and even 
are denoted - and + respectively. The column for 
C refers to the case h=h or to a+; for a_, the be
havior is opposite to that for a+ . 

Hadronic Kinematic Structure in c.m. Frame P C 
Current 

J I p• (h+s_-h_s+) 

p•(Kx(s++s_) 

p• (s+-s_) 

p•(Kxlh_s++h_s_)) 

1 - h_h+ 

(h_-h+)p·K 

(1-h_ h+ +s _ s +) (p· pK• K-p• Kp•K) 
-2p•s_p•s+ 

h_-h+ 

(h_-h+)(p•pK·K-p•Kp•K) 

(1-h_h+)p·K 

p•s+p· (K,s_)+p·s_p• (Kxs+) 

p·Kp· (h+s_-h_s+) 

p·KP·(Kx (s++s_)) 

p·Kp· (s+-s_) 

p·Kp· (Kx (h_s++h+s_)) 

p•(h+s_+h_s+) 

p• (!Q{ (s+-s_)) 

p•(s++s_) 

p·(Kx(h_s+-h+s_l) 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 
+ 

+ 

+ 
+ 

+ 

+ 

+ 
+ 

+ 

+ 

+ 

+ 

+ 
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Wha§ are the expected sizes of the effects? 
McDonald has estimated that, in the Weinberg model, 
asymmetries and hadr~n polarizations will be as 
large as 7% x (4 sin 6 -1) or approximately 4% {or 
sin2e =0.4. The results of Gatto and Preparata 
are s~milar. If the neutral current couplings are 
as large as the charged current couplings the 
characteristic effects could be twice as large. 
These results are similar in ma~n!tu$e_to the asym
metries and polarizations for e e +~ ~ , as one 
might guess if pointlike, spin ~ partons are coupled 
to the photon and the weak current. 

We can now ask whether there is any evidence 
that the subsequent dressing cif the partons into 
hadrons carries a~y information about the vertex. 
An indication that the hadrons do remember the beam 
polarization comes from SPEAR data on transverse 
polarization effects.S Data for~+~- final states 
and inclusive hadron are shown in figure 1. The 
observed azimuthal asymmetry is plotted against 
x=2p/;;-. For the muon pairs, of course, there is 
only one value of azimuthal asymmetry. For the 
hadrons above x=0.3 the 4istribution shows a 20% 
asymmetry, consistent with the value for muons. 
Below x=0.3 the distribution is much less asymmet
ric.The hadrons with x ~0.3 thus displaytbe polariza
tion information inherent.at the vertex. We con
clude that it is reasonable to search for weak 
effects in inclusive hadron spectra for hadrons with 
X 2: 0.3. 
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Fig. 1 

x = 2p/ls 
Observed azimuthal asymmetry vs. x at s=55 
GeV2 at SPEAR II for hadron events, with 
~ 3 prongs, Ieos el~ o.6. 

Inclusive hadron spectra provide a large number 
of events for these correlation studies. In wh3£ 
fo!~ows _ ye will assume a luminosity <.<l? >=2. 5xl0 
em sec at 15 GeV and a running time of ~Q d~~s. 
This is an integrated luminosity of 1.3xl0 em 
If R remains constant at 6, then at s = 900, 

f da nb GeV2 
s dx dx = s<nch> crtot=3780 

If <nch> grows as ~ns from its present value, 
which is an extrapolation from SPEAR data, 
then we will have <nch> = 7.5. The total number of 
charged hadron~ produced in our two month run will 
thendge 5.5x10 • Using Richter's parametrization6 
of~, we find that 10.7% of the hadrons.will have 
x zQ.~. The data sample then consists of 5.9xl04 high 
x hadrons. With an ~ffective solid angle of .75, 
we are left with 4.4xl0 rr's. The statistical error 
on this sample is .5%, so that there are clearly 
enough statistics to measure correlations of the 
expected magnitude accurately. 

Most calculations of+w~ak-electromagnetic 
interference effects in e e annihilation have as
sumed a V-A structure for the neutral weak coupling. 
S,P and T couplings should, however, be excluded ex
perimentally before they are excluded theoretically. 
Let us briefly consider experimental approaches to 
this end. As we have mentioned, Table 1 shows that 
STP effects are linear in the transverse polariza
tion of either beam, while V,A effects are either 
independent of, or quadratic in, the transverse 
beam polarization. 

A correlation which disappears with depolariza
tion of one beam is thus indicative of an SPT effect. 
With 44,000 inclusive hadrons of x 2: 0.3 in our 
60 day run, it is a simple matter to take the data 
in several combinations of transverse and unpolariz
ed beams. The transverse polarization dependence 
can be isolated either by taking advantage of the 
polarization buildup time in the ring or by depolar
izing one beam. In either case the degree of polar
ization is easily monitored, a~ ~anson has shown, 
by the ¢ distribution of the ~ ~ or inclusive had
ron events. 

Since statistics are large, several conditions 
can be used, each with.sufficient data to see the 
expected effect at the 3a level. As a corollary, 
if no effect is seen, extremely good limits on STP 
coupling can be derived. These limits should be 
substantially better than those achievable in muon
less neutrino interactions in the forseeable future. 
As opposed to the V, A case, should a correlation 
linear in the transverse polarization be seen, it 
is not possible to confuse the effect with inter
ference with a second order electromagnetic process 
since those contributions linearly dependent on 
t~a~sverse pol~~ization are suppressed by 
s·W /GF "' 10 relative to weak-first order elec-

tromagnetic terms at PEP energies. . 
If this correlation is seen, we have then to 

separate SP couplings from T. This is possible on 
the basis of angu!ar distr~butions and their be
havior when the e or the e beam is transversely 
polarized. For example, at 6=rr/2 the first four 
terms in Js, which are proportional to p•K, vanish. 
The remaining terms are identical to the SP correla
t~ons, except that !hey do not change sign when the 
e instead of the e beam is transversely polarized, 
while the J1, J2 terms do change sign. It should 
be noted that the setting of limits on SP or T neu
tral current coupling does no~ Eequire either longi
tudinal polarization of the e e beams or measure
ment of final state helicity, since it is not neces
sary to establish parity violation. 

For V,A couplings, on the other hand, the iso
lation of an unambiguous weak-electromagnetic inter
ference effect does require evidence of parity (or 
CP!) violation. Charge conjugation non-invariance 
does not suffice; unless one appeals to the s depen
dence of the correlation as oppos~d to the ~n s 
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dependence expected for two photon effects. All but 
one of the VA correlations which violate parity in
volve longitudinal beam polarization. The term 
that does not,requires both beams to be transversely 
polarized (the normal situation). 

It appears to be quite difficult to design a 
hadronic final state detector which can withstand 
the hundreds of kw of synchrotron radiation produc
ed in the Richter-Schwitters 7 me.thod of producing 
longitu$i~al fo!arization. One then has the option, 

.as in e e +~~,of measuring the helicity of 
particles in the final state. In this context it. 
should be noted that if the beams are transversely 
polarized, (non zero) longitudinal polarization of 

,, either a final state muon or hadron can be induced 
either by the parity conserving weak interaction 
terms or ly-2y interference. One can be sure that 
the observation of final state hellcity implies 
parity violation when the observation is made in 
the plane of the ring however, and this ¢ variation 
is likely to be of importance in isolating the 
eff~ct unless one can continuously depolarize the 
e e beams. 

The difficulties of measuring the polariza
tion of 15 GeV muons are well known and will not be 
dealt with here. The question is then whether one 
can measu+e_the helicity of outgoing baryons in in
clusive e e processes.+ !he ob~ious choice for 
such a measurement is e e + A (A)+X. This was dis
cussed at last year's Summer Study,8 so we will only 
briefly touch upon it here. First, let us estimate 
the numbez of A's one expects to have at high x at 
s=900 GeV in another way. 

~sing "correspondence arguments", Bjorken ~nd 
Kogut have made predictions for the inclusive p 
distribution as a function of x in the scaling limit. 
This spectrum is shown in Figure 2. The fraction 
of p's with x ~ 0.3 is 25%. We can assume that A's 
will have a similai

0
inclusive_distribution. The 

current SPEAR data shows a p/all negative ratio 
of ~5% at momentum assigned/GeV, this fraction being 
independent of s and therefore of x for 0.25$x$0.4. 

Although there is some evidence that the p fraction 
is even larger at higher x, we will assume that the 
p fraction at high xis 5% and since A's are less 
copiously produced that the A+A fraction is 5%. 
Then if <n h>=7.5 at s=900, there should be a high 
x A or A f~action of 0.19/event. Then in our 60 day 
run with a 75% solid angle, we expect 10.4K high x 
A+o~ A. This is essent.ially the same number as for 
~ ~ events. If we assume that the average helicity 
of A and~ is the same, e.g., 5%, then the observed 
decay asymmetry is a ff x 0.05=0.65x0.05=0.033 for 
A's and aeff x0.05=0~33x0.05=0.017 for v's. The lOK 
events therefore produce less than a 2a effect for 
v's and more than a 3a effect for A's. There are, 
of course, backgrou~d~ f~r_the A decay, such as two 
photon production e e +e e +A+X, but this also 
exists for muons, and must be handled in the same 
way, by a measurement of the total energy of the 
final state hadrons or muons+ Other backgrounds, 
such as polarized A's from l: or:;: decay or unpolariz
ed A's grom l:

0 +Ay decay, have been previously dis
cussed. 

In conclusion, we have shown that it is possi
ble to ascertain the full space-time structure of 
neutral weak currents by studying inclusive hadron 
production, and to separate weak-electromagnetic 
interference from pure electromagnetic effects with-

!) 
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x distribution of inclusive p's at s=900 
GeV2 , from Bjorken and Kogut. 9 

out the need for longitudinal beam polarization. 
These correlations can be found in a general detec
tor, provided that control of the transverse beam 
polarization is exercised. 
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I. INTRODUCTION 

Experience ~rom both SPEAR and DORIS has shown 
that in order to be best able to do physics at PEP, 
as complete information as possible should be ob
tained for each event. There is a fundamental 
difference between proton storage rings such as 
the CERN ISR and ee storage rings such as PEP, 
which necessitate a different approach for any 
detectors used. At hadronic machines, the inter
action rates are large (105-106/sec), and thus 
the complete analysis of every event is clearly 
impossible. Thus, great care has to be taken in 
the choice of an appropriate trigger to avoid 
being swamped by unwanted interaction events. On 
the other hand, inclusive or semi-inclusive data 
may contain as much physical information as some 
exclusive channels which make up bnly a small 
fraction of the total cross section. Since 
large statistical samples are in principle availa
ble, backgrounds can be investigated by modifying 
the initial trigger requirements. 

At PEP the expected interaction rates of ~ 1 
event/minute are sufficiently small that, were it 
possible to design a perfect detector able to 
completely identify all reaction products o~ every 
event, only one such detector would have to be 
built. The necessity for having several inter
section regions at PEP, each with its own dif
ferent experimental setup, is based on the fact 
that such a perfect detector cannot be built. 
The mass identification of fast particles via 
their Cerenkov radiation interferes with the 
requirement of detecting neutral products such as 
photons. Pions and kaons decay in flight while 
their momentum is being measured, thus, creating 
identification difficulties between hadrons and 
muons. Therefore, the emphasis for any PEP de
tector, once a reasonable annihilation trigger 
has been established, lies in identifying unam
biguously the reaction of interest from all the 
data obtained. 

We ~eel that it is necessary to remind the 
reader o~ these rather obvious ~acts, in order to 
enable him to appreciate the framework within 
which we have undertaken to study the possibility 
of designing a general user magnet (GUM) suitable 
for a reasonably large set of different experiments. 

Basically one can distinguish three types of 
detectors suitable ~or PEP. (1) General detectors 
which try to achieve a reasonable compromise be• 
tween all detection requirements. They typically 
require a solid angle of nearly 4n, some particle 
identification, and both neutral and charge de
tection. With such detectors, one can study all 
possible reactions, but may have difficulties i
dentifying specific reactions which form only a 
small part of the total cross section -- exactly 
because being a compromise solution they may be 
unable to uniquely identify reaction products. A 
prime example of such a detector would be Mark I, 

presently used at SPEAR, or its improved version 
Mark II.l (2) Highly specialized detectors which 
can identify uniquely one particular reaction and 
analyze it completely. As example, we might 
mention here the iron ball2 and its various pro
posed modifications for investigating e+e- + 2~ 
or the crystal ball3 for studying the reaction 
e+e- + (ny). Such detectors are designed to be 
ideally suited for one particular reaction, but 
not easily modified for other reactions. 
(3) Semi-specialized detectors which lie in between 
the two previous categories. Such a detector would 
have the ability to identify with high reliability 
some of the reaction products, but still be versa
tile enough to obtain most of the information con
tained in the residual reaction products. As 
examples, let us mention here the study of the 
reaction e+e- + e+e- + hadrons (2y processes),4 
the investigation of events where at least one 
particle has a high momentum,5 or the study of the 
new particles.6 

A general user magnet (GUM) has no place in 
the first two types of detectors. Thus the ques
tion which we set out to investigate is whether it 
is possible to design a magnet system versatile 
enough so as to be suitable for most, if not all 
semi-specialized detectors, as required by di~
ferent experiments. Such detectors will have many 
features of a general detector. In a way each GUM 
configuration could be considered a general de
tector where the compromises have been shifted very 
far in optimizing its features for one particular 
reaction. 

II. PHYSICS FOR SEMI-SPECIALIZED DETECTORS 

Given the extremely fast pace with which 
physics is currently progressing at electron
positron colliding rings, it is difficult to pre
dict which of the outstanding questions will have 
been answered by the time PEP starts doing physics, 
and how many new questions will have appeared by 
then. Nevertheless, it is useful to consider which 
particular experiments would require a versatile 
and easily adaptable magnet system. 

A. Search for New--Particl~s 6 

With the discovery of ~. ~· and their decays 
into new narrow states, it seems likely that soon 
a host of new charmed particles will be found. 
One can assume that by 1980, when PEP will start 
its operations, one has begun to study their 
decay modes. In a quark-model estimate, the in
clusive charmed particle cross section should be 
5-20% of the total cross section, comparable to 
cr(e+e- + ~+~-). Unless the leptonic decay modes 
are abnormally low, and if the charmed particles 
are produced in two jets, the best signature for a 
charmed particle would be a high energy lepton 
coming from the decay of its opposite charm 



partner. Thus, a detector is required which has 
a ~/e rejection of ~ lo-3 and/or ~~~ rejection 

u 

of the same order of magnitude, but is also capable 
of measuring momenta and, if possible, masses of 
the hadrons from the decay of the charmed particle. 

B. 2y Processes 
4 

The reaction e+e- + e+e- + hadrons, corres
ponding to the diagram: 

+ e 

e 

+' 
e 

e 

E
0 

beam energy 

yields the only available information on the 
process y + y + hadrons. As long as the scattered 
electron of energy E' leaves under a small angle 
a, the (mass)2 of the photon 

2 2 
q :: E

0
E'e 

is quite small and one thus has a colliding photon 
facility. On the other hand, since the virtual 2 photon angular distribution falls off only ~ 1/6 , 
q2 values up to 10 (GeV/c)2 are available with 
reasonable counting rates. 

The two virtual photons in the interaction 
have typically very different momenta, therefore 
the c.m. system of the produced hadrons also is 
moving with large velocities. Any detector cap
able of detecting 2y ·processes has to positively 
identify the two electrons, and measure their ener
gies. In addition,it has to have the capability of 
analyzing the product hadrons. Since the hadrons 
are frequently produced very forward, good mo
mentum resolution at small polar angles is par
ticularly important. 

C. High Momentum Hadron Events5 

One of the weaknesses of all presently con
templated general detectors is their lack of mass 
identification for medium to high momentum 
hadrons; this is usually given up in order to en
able the detection of the photons coming from ~ 0 , 
no, n', etc., decay. In addition to detecting 
and identifying high momentum hadrons, it is also 
desirable to be able to study associated particle 
multiplicities, momentum distributions, jet 
structures, etc. Thus, it is insufficient to 
only measure the high momentum hadron itself; it 
is necessary to be able, insofar as possible, to 
reconstruct the whole event. 

We have given here only a few typical ex
amples for use of a semi-specialized detector 
which would require a magnetic field. Many other 
examples could be given. They all have. in common 
the characteristic that one particular feature 
serves to uniquely identify the reaction of inter
est with high reliability. Once this feature has 
been identified, one wants to obtain as much ad
ditional information about the event as physical 
or financial considerations allow. We stress 
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7 7 

again that there is no need for a highly re
strictive trigger. Indeed, any trigger which 
rejects most of the beam-gas interactions, cosmic 
rays and small angle Bhabha events is sufficient. 
The apparatus has to be designed only to allow 
the selection of the desired interactions from the 
raw data. 

III. MUM OR GUM 

Once it has been decided that ·a versatile 
magnet facility should be built for PEP, and 
before it can be designed in detail, it is neces
sary to discuss how .such a facility would be pri
marily used. There are basically two possible 
extreme modes of operation, with a continuous 
range in between. 

(a) In a true multi-user magnet (MUM), the 
basic facility would be gradually upgraded by indi
vidual experimenters who would add their own equip
ment. Each new experiment would be added to the 
previously existing setup, until a whole set of 
experiments is being performed at once on the same 
facility. 

(b) A general user magnet (GUM) would consist 
of a magnet with a flexible detector inside. This 
would be modified by each experimental user for 
his own particular use, without being constrained 
by any special equipment or modification used in a 
previous experiment. Thus, only one experiment 
could be performed at any time, except if two ex
periments complement each other so that neither 
has to compromise its performance. 

There would be an obvious advantage if the 
same facility could be used by many experiments 
at once. Given the low interaction rates expected 
at PEP, one cannot afford to throw away any events. 
A possible MUM setup could be arranged by several 
experiments, dividing among themselves the avail
able solid angle on the periphery, while all would 
be using the same central detector. Nevertheless, 
when discussing particular experiments, it is 
quickly discovered that the requirements of one 
experiment can only be satisfied by compromising 
on the other. A facility run in the extreme MUM 
mode would quickly develop into a general de
tector in which the necessary compromises 
are more dictated by historical accidents 
(sequence of experiments installed) instead of by 
physics. To cite an example, an experiment de
signed to identify high-momentum particles re
quires large Cerenkov counters near the interaction 
region. Another experiment, e.g., one detecting 
both charged and neutral particles, would want to 
install y-detectors just outside the magnet. If 
part of the solid angle is covered by Cerenkov 
counters and part by shower counters, it is very 
likely that neither of the two experiments will be 
an unqualified success. 

Thus, we have concentrated our design con
sideration on a GUM. We try for flexibility in 
the sense that the basic setup could be easily. 
modified for a particular experiment. We do not 
attempt to design a basic detector which would be 
suitable for many experiments at the same time. 
It should be realized, however, that implicit in 
the GUM idea is the problem that experiments plan
ned for the same GUM will perform sequentially and 
not simultaneously. This implies that the special 
physics which forms the basis of the apparatus 
des~gn may be partially explored by some general 



-48-

detector group in advance of the GUM group. 
It is assumed that those features of the GUM 

system which would be utilized by all the user 
groups would be set up and maintained by a set of 
GUM support people. The systems which would 
require this support include the 
operation of the superconducting magnet, the 
operation and maintainance of the central drift 
chamber array, and finally the software required 
for the online computer system, the trackfinding 
and momentum reconstruction in the central detector, 
and general bookkeeping. While we do not anti
cipate that these support functions need require 
a large number of people, a minimum support effort, 
such as instituted in many high energy physics 
laboratories, has proven to be essential for ef
ficient operation of large facilities. 

IV. REQUIREMENTS FOR GUM 

In specifying the design criteria of a 
magnet, we have considered typical experiments 
such as described in Sec. II. Our requirement on 
any magnet parameter is given by the most stringent 
reasonable demand of any of the experiments con
sidered. While it is impossible to predict exact
ly all demands, we have tried to anticipate any 
other future use of the system. 

A. Solid Angle 

As for any detectors to be used at PEP, it is 
imperative that GUM cover as much of the solid 
angle as possible. Any coil structure should 
either be sufficiently thin so as not to degrade 
charged particle or photon momentum resolution or 
identification, due to interactions in the coil, 
or the coil should cover a sufficiently small 
solid angle so as not to seriously jeopardize the 
physics goals. Any steel necessary for magnetic 
flux return should be either far away or small 
enough so as not to cover more than about 10% of 4~. 

A particular requirement is posed by any 2y 
experiment which is interested in large q2 events. 
Since q2 = E0 E'e2, and typically the scattered 
electron energy E' is of the order 1/2 of the 
beam energy E0 , one requires for E0 = 15 GeV an 
opening angle 

,1( 2 ) GeV2 

e "' _<Izn...:::::ax=-:---
max 10 

2 
which for ~ax = 9 GeV corresponds to emax = 300 
mrad ~ 20°. One wants the magnet to be completely 
open for 0 < e < 6max to permit an external tag
ging setup. 

B. Momentum Resolution 

Scaling up from SPEAR energies, .at 15 GeV an 
'average charged multiplicity of <nch> ~ 7.5 is 
expected, and assuming that the charged energy is 
one-half of the tgtal energy, the average mo
mentum of a particle would be about 2 GeV/c. How
ever, on the average, about one particle/event will 
have a momentum p ~ 5 Gev.5 If these particle mo
menta are to be measured to 5% or better, a reason
able requirement, it is necessary to have an in
trinsic moment.um resolution at high momenta of 

A more stringent requirement is given if the goal 
is to investigate the very high momentum region 
(x = E/E0 > 0.9). Typically for an integrated 
luminosity f £.dt = 1038 cm-2, and assuming 
R~ 6, one obtains for a typical experiment 

n = 360 events, X > 0,8 

or about 1% of the total annihilation events. If 
it is important to measure the momentum of these 
events to better than 5%, then: 

~~ ~ 0.3% GeV-l • 
p 

This resolution cannot be achieved in our design 
without providing position measurements outside 
the magnetic field, to better determine the di
rection at the magnet exit. 

At low momenta, the resolution is limited by 
multiple scattering. The magnet should be suf
ficiently strong, and any coil material inter
posed sufficiently thin, to keep the momentum 
resolution ~p/p due to this effect below 1%, even 
in the presence of the unavoidable minimum ma
terial (beam tube walls, chambers) of a few per
cent of a radiation length. 

In order to clarify any further discussion, 
we write down the resolution achievable in a 
magnetic field, given the rms position resolution, 
~x perpendicular to the magnetic field, ~z in the 
magnetic field direction, and an evenly dis1ri
buted amount of x/x0 of a radiation length: 

~p - g7 !;.x sin e 
2-
p BS2 

0.1 lx/x 
0 

S lsin e BS 

due to !;.x (1) 

due to multiple (2 ) 
scattering 

~p = sin e cos e ~z 
p R 

due to t;.z (3) 

where S is the distanc~ traversed perpendicular 
to the magnetic field B, R = z tan e and e is the 
angle between the particle mom~ntum and the di-. 
rection of the magnetic field B. B is measured in 
tesla and all distances in meters. If, after the 
particle has left the magnetic field, the outgoing 
direction is measured over anotherRdistance S, 
then Eq. (1) should be replaced by-

(1') 

We accept a different positional resolution ~z 
along the magnetic field, because drift chambers 
measure position accurately only in one direction. 
Whether one uses a delay-line readout, a small
angle stereo arrangement, or induced pulse readout 
on strips, ~z is always much bigger than 
nx. Actually, the error ~z usually yields a 
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negligible contribution to ~p/p. It is important, 
however, to the accuracy of Pz =. p cos e: 

Thus, for e ~ 90° at low momenta where multiple 
scattering dominates ~p/p, the error (~z/R) should 
be S 1% if it is not to be a dominant contribution. 
Figure 1 shows the effect of ~z on the two-

· particle mass resolution at a mass of 3.1 GeV. 

240 

> ., 
;:'!; 

200 
=i 
;:'!; 
<1 

160 

120 

80 

40 

0 

Parameters 

"<t> ~ 200 11m 

8 = 1.5 Tesla 

Bprod(ljl) ~ 60o 

Track length ~ 80 em 

2 4 6 8 10 12 

P(ljl), GeV/c 

XBL 7512-9846 

Fig. 1. Mass resolution for the ~(3.1), from 
measurement of ~(3.1) + ~+~- vs. momentum of 
~. for various z resolutions, ~z. 
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C. Size and Magnetic Field 

As can be seen from Eqs. (1) and (2), the 
required momentum resolution yields lower limits 
on both Bs2 and BS. S is the minimum distance at 
which external detectors of appreciable mass, 
.such as y detectors, calorimeters or Cerenkov 
counters can be installed. The size and cost of 
equipment increases roughly proportional to the 
area which bas to be covered; thus, keeping the 
covered solid angle fixed, the cost increases · 
« s2. Clearly it is advantageous to keep the 
magnet as small as possible, requiring the maximum 
possible B. However, to prevent saturation in the 
steel yoke, necessary for flux return in most geo
metries, the magnetic field should be kept to B 

j ::) 7. 8 
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~ 15 kG. In addition, if superconducting coils 
are used, the peak magnetic field limits the maxi
mum current density in the coil. This yields a 
limit on magnetic field of 15-30 kG, depending on 
the configuration used. If high current density 
superconductors are used, the size and cost of the 
coil also increases rapidly with the total stored 
magnetic energy.* 

The most stringent requirement on momentum 
resolution is Eq. (1'), which for ~p/p2 ~ 0.3% 
Gev-1, assuming ~x = 0.2 mm yields 

If in addition one wants to limit ~p/p ~ 1.5% due 
to multiple scattering, one obtains for x/x0 
z o.o3 (S : 1, e = 90°) 

BS ? 1.1 t-m = 11 kG-m . 

Clearly a minimum magnetic field length of the 
order of 60-80 em is required of any system pro
viding the necessary momentum resolution. To this 
bas to be added the beam pipe, coil thickness, etc. 
Therefore, the magnetic detector will have a mini
mum diameter of about 2 m. 

V. THE MAGNET 

In this section we discuss various options 
of magnet configuration, coil manufacture and yoke 
design. One particular option, a lumped super
conducting solenoid magnet, is investigated in 
detail. 

A. Magnetic Field Configuration 

. There are in principle three basic magnetic 
field configurations possible (Figs. 2-5): 
(1) A purely transverse field, (2) A toroidal 
field, and (3) A solenoidal field. Of course, 
various split-field type combinations can be built 
up from these. In a purely transverse field 
either the beam pipe has to be shielded from'the 
field, or special provisions are necessary to 
reduce the synchrotron radiation background. In 
either case, material of thickness of the order of 
one radiation length has to be introduced around 
the beam pipe. The resulting interactions of 
had~ons, electrons and photons would be intoler
able to most experiments. Toroidal magnetic 
fields bave·been successfully used at storage 
rings before (DASP, ADONE). Other configurations 
have been proposed (Octopus,· Orange ) but not as 

yet built. Most of these designs have the ad
vantage of good ( < 1% Gev-1) momentum resolution, 
but suffer from various defects: 

(1) In split coil designs, whether they 
have iron yokes (DASP, Orange) or use superconduct
ing coils (Octopus), less than 2/3 of the total 
solid angle is accessible for momentum measurement. 
In addition, large forces occur between the coils 
of the only proposed superconducting solution. 

(2) In a continuous coil design (PEP-
150) ~ny charged particle has to traverse the 
inner coil material before its momentum can be 

* See Appendix A. 
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Fig. 2. The DASP Double-Arm Spectrometer, as used at DESY. 
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Superconducting coil (I = 1.2 x 106 A) - Coil (1 of 6) 
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· .. 

Section AI': 
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XBL 7512-9847 

XBL 7512-9848 
Fig. 3. The proposed Toroidal Field Super

conducting Detector Magnet, "Octopus." Fig. 4. Proposed detector, "ORANGE." 

Fig. 5. Proposed continuous coil design for 
toroidal field (from PEP-150). 
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measured. This would be tolerable if the super- MUON SPARK CHAMBERS 

conducting filaments could be imbedded in alumi
num. With the usual copper matrix, the required 
thickness of ~1 radiation length would be too 
large. Since up to the present there are no com
mercially available superconducting wires using 
an aluminum matrix, a major technological ad
vance would be required •. Here, also, there are 
severe mechanical problems associated with the 
large forces, which could affect superconductor 
performance. 

( 3) Any toroidal symmetry of the mag
netic field necessitates very accurate tracking 
in the polar angle e. The most precise tracking 
devices in use today are drift chambers or 
streamer chambers. It would be very difficult 
to adapt a streamer chamber to such a field con
figuration, while drift chambers for precise 
measurement of e are much more expensive to build 
than their counterparts that measure ¢. Also, 
more material has to be introduced into the 
measurement region, since the wires cannot be 
supported from the end. a) Telescoped view. 

For these reasons we have chosen a solenoidal 
field for further consideration. This field con
figuration has the only disadvantage that compen-
sating coils of opposite polarity have to be in
troduced into the same straight section. We 
assume that it will be possible to install these 
compensating coils sufficiently far away so as 
not to conflict with the experimental setup. 
Figure 6 shows the Mark I detector at SPEAR as an 
example of the solenoidal field detector. 

\ 

B. The Coil 

A solenoid coil interposes material between 
the inner magnetic region and outer region where 
external detectors would be added. Consider a 
solenoid of radius R ~ 1 m, magnetic field B 
~ 1.5 T, and length L ~ 4 m. The linear current 
density in the coil is then 

j B/ll 
0 

1.2 x 10
6 

A/m • 

If one wants to limit the power consumption to 
less than 2 MW a conventional copper coil would 
be 30 em = 21 radiation length thick. ·Even 
using aluminum, one cannot build such a coil of 
less than 3 radiation length thickness. On the 
other hand, recent advances of high current densi
ty superconducting materials enable one to build 
large cryogenic solenoids with moderate (10-20 
kG) fields and small (< 1 radiation length) 
thickness, We have therefore narrowed our design 
study down to a superconducting design of the 
following size: 

Field B 
Radius R 
Length L 

15 kG 
1m 
4 m 

The inside of the solenoid would be filled with a 
tracking detector. If we are conservative and 
assume a resolution nx = rn¢ = 0.2 mm and further 
allow that 20 em of the total radius is lost be
cause of the beam pipe and trigger counters, one 
obtains from Eq. (1) 

I meter 

b) EDd vlew. 

XBL 7511-8979 

Fig. 6. Mark I detector at SPEAR. 

~ = 0.56 sin 8 (% GeV-l) 
p 

for Ieos el < 0.894 or 26:6° < e < 153.4°. Beyond 
this angular range, the intrinsic resolution 
worsens rapidly, because less track length is 
available in the radial direction. Figure 7 
shows the ideal momentum resolution of such a 
solenoid, ignoring multiple scattering and the 
uncertainty in z. In calculating the values given 
in the figure, we have assumed that 15 em is lost 
on the inside near the beam pipe, and the outer
most measured point is at 95 em radius. The 
actual resolution at high momenta will be somewhat 
worse. If drift chambers are used, the resolution 
worsens in discrete steps, because with decreasing 
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Fig. 7. Momentum resolution vs. angle of particle 
for detector under study (see text). 

angle fewer chambers are available. Furthermore, 
Eq. (1) assumes that the track is measured over 
many points to a corridor of width ~x.* If only 
a few points are available, the resolution will 
be worse. If a continuous device such as a 
streamer chamber is used, systematic distortions 
could also worsen the resolution. To accounttfor 
these effects we derate the resolution by 20% 
and claim an intrinsic resolution at high momenta 
of ~p/p2 = 0.7% Gev-1, scaling it for other 
angles as shown in Fig. 7. 

The resolution at small angles 6 is par
ticularly important for a 2y experiment, where 
the c.m. motion of the produced hadrons is ap
preciable. Furthermore, yy scattering is likely 
to be largely diffractive (via VDM); thus, many 
of the hadrons will be produced withe < 30°. 
Since the proposed magnet (compare next section) 
will have an opening core of 19.3°, particles 
emerging at smaller angles can be measured by ex
ternal tagging magnets. 

Our resolution, while good enough for most 
experiments, misses the requirement for measuring 
the very high momentum (x > 0.9) particles. Thus 
drift chambers have to be added outside of the 
coil to measure their momenta. Using Eq. (1' ), 
one has at 6 = 90°: 

~p __ · % 
3. 75 0 at 15 GeV. 

p 

This resolution is significantly worsened if ap
preciable coil material is in the path. If the 

* "Corridor" means here 
the path of finite width 
within: which the 
particle trajectory lies. 
As used here, the width 

r,- ............ 
~ I ' ' f \ 

~X 

is dominated by systematic uncertainties, e.g., 
surveying errors. 

tif only three equally spaced drift chambers are 
used, the resolution given by Eq. (1) is worsened 
by a factor ~ = 1.22. 
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coil has x/x0 radiation length, one has to add 
quadratically at e = 90°: 

-2 5 X 10 · (~P) 
p sc BS h/x = 4. 2% .fx/x 

0 0 

The multiple scattering error will increase as 
1/lsin. e at smaller angles, while the magnetic 
field resol11tion improves proportionally to sin 6. 
Thus, for lx/x0 - 0.5 the multiple scattering 
error dominates the resolution already at 45°. 

As described in more detail in Appendix A, it 
seems possible to build a continuous superconduct
ing solenoid of 1 m inner radius, having an over
all coil + vacuum thickness of 10-12 em and a 
total material thickness of 0.45 radiation length. 
Such a coil thickness is perfectly acceptable for 
measuring photqn energies using a detector out
side the coil (e.g., lead glass or liquid argon). 
As is shown in Fig. 8, pratically all photons of 
Ey > 150 MeV can be detected outside such a coil 
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Fig. 8. Probability for photons to convert in a 
continuous coil vs. photon energy, with (a,b, 
c) or without (d,e,f) electrons (at least one 
~ 2 MeV) coming out of coil, for three coil 
thicknesses (radiation lengths) (from Lina 
Galtieri). 
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and given an energy resolution for the y-detector 
of a = 8% IE even the fluctuations in energy loss 
give a negligible contribution above this energy.* 

It is also possible to build a lumped coil 
consisting of six individual superconducting coils 
in a common cryostat.t As detailed in Appendix 
A, each indiviaual coil would have a cross section 
of 9 x 13 em and present a thick (-2.7 radiation 
length) material for any particle going through 
it. However, the material between the coils could 
be kept very thin: if no special measures are 
taken, the vacuum vessel walls would represent 
0.05 radiation length of aluminum. One could, 
at some additional expense, provide thin windows 
between the coils, thus reducing the material to 
~ 0.02 radiation length. 

The individual coils are separated and sup
ported by eight struts which totally cover an 
azimuthal angle of ~~/2TI = 0.1. They constitute 
- 1.5 radiation length of material and thus 
reduce the solid angle used for big external 

.drift chambers for momentum determination of very 
high momentum particles. 

; We have studied the question whether the 
magnetic field inhomogeneity of a lumped coil 
system would make momentum reconstruction dif
ficult. Figure 10 shows a magnetic field map for 
the lumped and continuous coils. One can use as 
a figure a merit two integrals of the magnetic 
field along a straight line leaving the inter
action point at an angle 8. (See Fig. 11) The 
first integral 

I 1 = J I~ x B I ds = J B .L ds <BS> 

gives the bending due to the magnetiG field in the 
~-direction for a particle at an angle'S. The 
second integral 

is a measure of the distance the particle has been 
bent away from the plane formed by the beam axis 
and its direction when leaving the target. Note 
that the "effective length" of the magnet is given 
by 

* As described in PEP- 204, even the TI /e 
rejection does not appreciably suffer if the 
particles traverse less than one radiation length 
of material. 

t There has been no study made by this group of 
the optimum number of lumped coils. 
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Fig. 10. Magnetic Field map giving rA~ for 
(a) lumped coil, and (b) continuous coil 
solenoidal magnets. 



0 0 

In Fig. ll we show the two integrals as functions 
of e. The integrals go out either to a radius 
R = 0.95 m or to a distance along the axis Zmax 
= 1.90 m, whichever is less. Figure 12 shows the 
ratio 8f these integrals between the real magnet 
and an ideal solenoid of equal size which has 
everyWhere inside a constant magnetic field in the 
z direction. The falloff of ratios for e < 25° is 
due to the large opening in the return yoke 

N" 
E 

6, degrees 

XBL 7512-9850 

Fig. ll. Integral I 1 = f B1 ds and I2 = f Bl sds, 
giving respectively the net bending and 
displacement of the particle trajectory in 
$ direction, vs. particle-direction, e. 
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Fig. 12. Ratio of integral I 1 or I 2 for the 
lumped coil ("Real") to that for a uniform 
field solenoid ("Ideal"). The dashed line 
shows the same integrals for a continuous 
solenoid of same length and radius. 
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I 

(cf. Figure 7) and is the same for a lumped 
or a continuous coil. Lumping the coils produces 
the three wiggles in Fig. 12 (solid line), which 
are absent in the continuous coil (dashed lines). 

Outside the coil the field falls off rapidly 
(cf. Fig. 13 & discussion in Appendix B, Sec. 1+.1). 
Forty em beyond the outer vacuum vessel, the field 
is less than 100 G everywhere except near the 
return yoke. It is difficult at present to decide 
whether to choose a lumped or a continuous coil if 
a single GUM is to be built. The lumped coil re
quires less sophistication in the art of fabricat
ing superconducting magnets; however, if the pre
sently planned tests at LBL are successful, it,may 
well turn out that a continuous coil is cheaper 
than a lumped coil. If a continuous supercon
ducting coil, e.g., the Mark II detector, is 
chosen for a general detector, then there should 
be at least one GUM. of the lumped type to maxi
mally complement the physics which can be done 
with both facilities. If only one GUM is to be 
built and developments at SPEAR show that the 
ultimate in resolution at very high momenta, or 
in Ey, is not required, a continuous coil should 
be represented. One should note that as far as 
the inner detector and the steel yoke are con
cerned, the two coil systems are practically 
interchangeable. 

C. Performance of Exterior Devices 

Aside from the measurements obtained from 
the inner chambers, certain other general measure-

Coil 

1~1 (a) at coil 

(a) I (b) between coils 
20 I 

/ 

10 

(!) 5 
.><: 

co 
2 

R XBL 7511-8978 

Fig. 13. Magnetic field strength vs. radius, 
showing field decrease outside the coils. 



ment capabilities will be needed by most experi
ments. Among these are: (a) charged particle 
identification (up to large x), (b) y-ray measure
ment (direction and energy), (c) particle (charged. 
and neutral) correlations. Charged particle i
dentification will generally be accomplished using 
a set of Cerenkov counters, plus the use of time
of-flight for low momentum particles. Gamma-ray 
measurement will require a neutral detection 
scheme, which must lie outside the coil if inner 
chambers are used for charged particle tracking. 
Particle correlations will require the neutral 
detector of (b) and tracking chambers, plus suf
ficient solid angle and resolution to achieve the 
desired correlation measurements. It is quite 
likely that experimenters will want all three 
options, but at present (a) and (b) tend to be 
mutually exclusive, for practical reasons. 

The presence of coil material and limi
tations_of solid angle and space for measuring 
devices may significantly compromise these goals. 
The lumped coil and the continuous coil designs 
pose different problems. The relative advantages 
of the two coil designs depend-upon the choice of 
the detection system located external to the 
coils. The measurement difficulties encountered 
with either design result from interactions in 
the coil, causing a loss of energy resolution, or 
from failure of the particles to reach the ex
ternal detection system. For example, inter~ 

actions of y's in the continuous coil solenoid 
will cause measurement of y's to deteriorate, 
especially at low and moderate energies, while 
charged particle interactions in the coil will 
result in loss of some particles before the 
identification system. The lumped coil design 
l'eaves a large part of the available solid angle 
virtually free of material (- 0.02 radiation 
lengths), but is essentially opaque to particles 
in the small part obstructed by coils and struts. 
(We assume in both cases that the y and Cerenkov 
counters lie outside the coil, since the interior 
region is fully occupied by tracking chambers.). 
Table I exhibits some of these effects in detail. 
The assumptions made in Table I should be care
fully noted. The relative importance of these 
effects will probably require a Monte ~arlo 
analysis for each apparatus design. It should be 
noted, however, that within the limits of the 
uncertaintities in the magnet design, the loss of 
charged particles due to absorpt_ion in the lumped 
coi~s is roughly equal to the loss to the identi
fication system, due to interaction in a con
tinuous coil. 

In addition to the effects noted in the 
Table, a loss of particle identification will also 
occur when a converting y and a charged particle 
enter the same cell of the Cerenkov counter 
system. Figure 14 gives estimates for the 
probability of this occurance vs. the number of 
cells for a continuous coil. (We have assumed 
that <nch> ~ <ny> ~ 7.5) Our estimate for this 
probability may be somewhat low due to the later
al spread of showers resulting from y or electron 
interactions. Low energy electrons in the shower 
can be produced at large angles (even 45°). Thus, 
it may be very important to keep Cerenkov counters 
close to the c~ntinuous coil or use a lumped coil 
design to minimize such conversions. Even in the 
absence of the coil, there will be such an effect, 
however, due to the finite wall thickness needed 
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Table I. Performance of Devices Exterior to Coil 

Parameters considered fixed .are: 

Coil Radius: 1 m 
Coil Length: 4 m 

Coil Material: 
8.current Density: 

Lwn12ed Coil 

Nb-Ti 4 
High (i.e., 4-9xl0 a/cm

2
) 

Continuous Coil 

Coil Thickness: 
t(cm) 
t(g/cm2) 

Xo _(r.1,) 

bWeis;hted Unweishted bWeis_hted Unveis;hted 

Labs. (absorption lengths) 

Solid Angle Fraction j 0/4n 
(covered by coil 

d a 
Gamma-Ray Resolution, Jl

y 
E = 100 MeV 

y 300 MeV 

1000 MeV 

e Gamma Conversion Probability 
With e± Leaving Coil, 
-- (Ee>2 MeV) Ey = 100 MeV 

E = 300 MeV 
y 

E = lOOOMeV 
+ y 

Without e- Leaving Coil, 
--- (E <2 MeV) E = 100 MeV 

e Y 
E = 300 MeV 

y 

Ey = lOOOMeV 

e.Fraction of Ha.drons Interacting 

-u 
"29 
-2.5 
·o. 7 

0.25 
0.15 
0.08 

.017 

.022 

.023 

in Coil: Inelastic . 007 
Tote.l = Elastic + , 010 

Inelastic 

No. of Delta Rays per Charged 
Particle (T

6
>1 MeV) 

Fraction of Produced Hadrons 
Reaching External Detectors With 
out Interaction 

aSee Appendix A 

«1% 

0.68 

13 
29 
2.5 
0. 7 

0 ·0.68 

0.25 
0.15 
o.o8 

.012 

.015 

.015 

.005 

.007 

«1% 

0.68 

4.5 
18.2 
0.64 
0.18 

0. 33 
0.18 
0.09 

0. 37 

0. 48 

0.52 

0.07 

0.18 
0.26 

-1% 

0.66 

3-5 
14.1 
0.5 
0.14 

-0.89 

0.32 
0.18 
0.09 

0. 36 

0.46 

0.48 

0.06 

0.14 
0.20 

-1% 

0.71 

b~eighted by the {l+cos
2

a) hadron distribution and for slant distance through coil. 

cSolid angle unobstructed by coils, struts, etc. 

dAssumin_g the (measured) resolution • 08/~ f'rom a Pb-liquid argon layered Shower 
detector. It is expected that much better resolutions may ultimately be achieved 
from pure liquid argon d~tectors, but this has not yet been tested. If proven, 
the lumped coil (but not continuous coil) resolutions might improve by nea.rly an 
order of magnitude. (PEP-193) 

einteractions in continuous coil may be detected, improving resolution. Figures 
given for lumped coil are for interactions in thin vindovs betveen coils. Geo
metric lengths have been assumed in calculating hadron interaction probabilities. 
These values will have been underestimated somewhat for p, or other particles 
having large intrinsic cross sections. 
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Fig. 14. Probability that no y shower occurs in 
the same cell as a charged particle 
vs. number of cells, for various charge 
multiplicities N: N = (N+ + N_) = N • A 
coil thickness of 0.5 radiation lengths has 
been assumed as y converter. 
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for pressurized Cerenkov counters,* so that the 
thickness of a continuous coil should be judged 
on a scale of the subsequent Cerenkov counter.wall 
thickness when considering this problem. 

It should be noted that the probability of 
an event containing two charged badrons in the 
same Cerenkov cell is comparable to the problem 
of confusing y showers and charged particles. 
Curves describing this effect are shown in 
Fig. 15. These curves may overestimate the dif
ficulty as the momentum measurements on the 

·particles made in the inner detector may serve to 
resolve the confusion. 

D. The Steel Yoke 

The steel yoke was designed with the follow
ing considerations in mind (describing one half): 

(i) An opening cone of 20° half-angle 
should be provided to enable a 2y experiment to 
measure externally the electron momenta as well 
as the momenta of any hadrons emitted in the 
forward cones. 

(ii) The field inhomogeneities should 
be sufficiently small so as not to impair the 
momentum resolution for 20° < 6 < 30°. 

(iii) As little outside interference 
as possible with the experimental setup for 30° 
< 6 < 90° is essential. 

(iv) Minimize any steel saturation to 
maintain field uniformity as much as possible in 
the central region. 

(v) The same yoke should be usable for 
either a continuous or a lumped coil. 

Clearly some of these requirements, in par
ticular (i), (ii) and (iv), work against each 
other, and thus some reasonable compromise must 
be reached. 

1.0 
eN=5 
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Fig. 15. Probability that no cell has two charged 
particles vs. number of cells, for various 
total multiplicities, N. 

* -0.15 r.l., for example, in high momentum hadron 
report. 
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A side cross section of the yoke is shown in 
Fig. 16a, while Fig. 16b shows an endview of the 
same yoke. 
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The yoke is recessed just beyond the coil to 
provide more space for equipment outside the coil. 
The large opening of 70 em radius does not in
troduce a significant degradation of magnetic 
field in the region of interest. In Fig. 17 we 
show the radial dependence of B at 10 em away from 
the yoke. In the region of interest 70 em < r 
< 95 em, corresponding to 20.2° < 8 < 26.6°, the 
axial field is near its maximUm value. ·The radial 
field is mainly affected by the saturation in the 
steel yoke, which saturates most around r = 70 em 
(tip A) and r = 110 em (coil radius, beginning of 
recess B in return yoke). If it proves to be 
necessary to reduce Br at large radii, one could 
achieve this by moving the beginning of the recess 
B to larger radii. 

The yoke has octagonal symmetry, with 8 veins 
for flux return. The return veins start at a 
radius of 3 m, leaving 1.8 m free space outside 
the coil. The veins cover an azimuthal angle ~ 

= 1.77 radians, leaving slightly more than 0.7 of 
the solid angle free for additional Cerenkov 
counters. A peak magnetic field inside the iron 
of 19 kG is reached at the inner edge of the end 
pole pieces; everywhere else the field is limited 
to less than 18 kG. If greater field homogeneity 
near the end region is required for some particu
lar experiments, it is easy ·to insert a steel end
cap down to smaller radii. Of course, this would 

A B 

0.5 _1.5 2 

Radius, m 

XBL 7512-9854 

Fig. 17. Strengths of Bz and Br components of 
magnetic field near poletip ( z = 190 em). 
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also reduce the maximum angle available for tag
ging. Nevertheless, one could imagine an experi
ment with reasonably homogeneous field down to 
8 ~ 15°, while still permitting a parasitic tag
ging experiment to operate in the region: 15 mrad 
< 8 < 150 mrad. 

E. The Compensating Solenoids9 

Whether a lumped or a continuous coil design 
is chosen for GUM, compensating coils have to be 
provided to satisfy the condition 

JBzdz = 0 • (V-1) 

This condition is nece-ssary to preserve the de
coupling of the vertical and horizontal oscill
ations. However, any solenoid is also a focus
sing device, and thus will contribute a tune 
shift tJ.v:· 

(V-2) 

where B is the field in the compensator, p is the 
beam momentum, and S is the betatron function in 
the straight section. For the main detector; the 
tune shift is small, because the betatron ·function 
has a minimum at the interaction point. However, 
in order to permit electron tagging for 2y proces
ses down to small angles, one wants to put the 
compensating coils at the extreme ends of the 
interaction region. There the betatron function 
is approximately 

2 z s = TQ.'2j;J (V-3) 

and Eq. (V-2) limits the maximum field allowed. 
If a tune shift is allowed of tJ.v ~ 0.02 per com
pensating coil, then one has the condition: 

(V-4) 0.321T 
2 p (0.2m) 

where-Lc is the length of each compensator, and 
Zmax ~ IO m is the distance to the nearest quad
rupole at the end of the straight section. The 
beam momentum p is to be measured in tesla-meters: 
15 GeV/c = 50 T-m. Since BLc for each compensat
ing coil has to be the same as one half of f Bzdz 
of the detector magnet or 3.0 T-m, we have at 
15 GeV/c the conditon: 

2 ( z -L /2) max c 
L 

c 
~ 0.321T (B[-) 2 

x (0.2m) ~56 m. 
. c 

This implies L ~ 1.5 m. However, barely satis
fying Eq. (v-4} would imply that the field in GUM 
would have to be scaled with the beam energy: 

B (kG) ~ E (GeV). 
max o 

Thus one will tend to choose a larger length. 
Another condition is given by the fact that any 

/ 



0 0 n. v 

imperfect alignment of the magnets introduces 
transverse magnetic fields. If the misalignment 
errors are- 0.5 mm, then one has to require 

(V-5) 

2 Since (B~/p) = 0.0036 this implies that: 

S ~ 390 m 

which because of Eq. (V-3) implies that the com
pensating magnet center should not be further 
from the I.P.· than 

z = /o.2 x 390 = 8.8 m • 

Since Eq. (V-5) again necessitates scaling B with 
the beam energy, a reasonable compromise would be 
a set of 3 m long magnets, with magnetic field of 
10 kG. However, both the main GUM as well as the 
compensating coils should have provision for fine 
positional adjustment, so that condition (V-5) 
can be relaxed. One could then use the full 
magnetic field down to a beam energy of about 
10 GeV. 

VI. THE INNER DETECTOR 

We propose that an initial detector con
sisting of several layers of wire chambers be 
installed in GUM. This detector would be suf• 
ficiently versatile -- assuming the necessary 
software for track recognition is part of the GUM 
package -- to enable initial use of the magnet 
for experiments. Later on, when special demands 
are to be met, or the technology has advanced suf
ficiently, other user-supplied inner detectors 
could be installed. 

A. Initial Inner Detector 

A sample design for the inner drift chambers 
is shown in Figs. 18-21. We propose six sets of 
two chambers with delay line readout. Such a 
system is easier to subdivide in ·q, than the small
angle stereo system planned, e.g., for Mark II. 
In addition, the simultaneous readout of a single 
point (<j>,z) instead of two correlated angles cj> in 
the small angle stereo system, makes pattern recog
nition easier. The chambers are cylinders which 
are divided into quadrants and supported by four 
vanes attached to the coil support struts. This 
allows any quadrant of any chamber to be removed 
and replaced with other equipment without affect
ing the remaining chambers. The lengths of the 
chambers are, in meters, 1.20, 2.20, 3,20, 3.80, 
3.80, and 3.80. The average radii are, in centi
meters, 18, 36, 54, 72, 82, and 92 respectively. 
This arrangement gives unambiguous six point 
tracks in the range 26° ~ a ~ 154° and unam
biguous 4 or 5 point tracks in the range 19.2° 
~ e ~ 26° and 154° ~ a ~ 160.8°, It allows a 19.2° 
front-back cone to be free of material. This 
greatly aids in the study of two photon processes, 
as discussed earlier in this report. Figure 
20 shows in detail the chamber construction. 

A cross section for a typical chamber is 
shown in Figs. 18 and 19. The material of the 
chambers is approximately 5 x l0-3 radiation 
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Fig. 18. Drift chambers in GUM: longitudinal 
cross section. 
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Fig. 19. Drift chambers in GUM; 
cross section. 
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Fig. 20. Drift chambers: construction detail. 
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Fig. 21. Drift chambers: support scheme. 
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lengths (r.l.) thick. 
4 x l0-3 r.l. thick. 

The G-10 end plates are 
The chambers are made of 

plastic hexcel material and aluminized mylar. 
There are three sections of hexcel/mylar laminate, 
one of which separates the two layers of chamber. 
The two halves of a chamber are shifted relative 
to one another by one half cell size to solve the 
left-right ambiguity. They are separated by 6 mm 
to allow the local tangent angle of a track to be 
measured. This greatly aids in pattern recog
nition. 

The delay line is at negative high voltage, 
while the sense wire is at positive high voltage. 
The cell size is 1.2 em with a full width of 6 mm. 
This configuration allows the chambers to operate 
in a 16 kG magnetic field without use of field 
shaping wires whicn would add significantly to the 
amount of material in the chambers. 

A possible support scheme is shown in Fig. 
21. The support vanes are in the shadow of the 
coil and return yoke, and so do not occupy any 
of the solid angle available for detectors. 

The resolution in the azimuthal direction 
will be 200 microns or better. The resolution 
along the chamber, 6z, per delay line readout is 
given approximately by: 

f',z (resolution for finding center 
of pulse, nsec) 

x (propagation time of delay line, 
nsec/cm). 

The timing resolution for finding the pulse center 
is generally the dominant factor in determining 
6z. The rise time of a signal, from a sense wire, 
on a delay line of reasonable length, e.g., 100 
nsec ~~t ~ 600 nsec, is approximately: 

rise time ~ 6% x total propagation time 
of the line. 

The resolution for finding the center of such a 
pulse is approximately: 

6t ~ 4% x 2 x rise time. 

For short line, say 100 nsec, with a propagation 
time of 1.5 nsec/cm, f',z = 3 mm. For longer lines, 
i.e., 0.5 nsec/cm, we again obtain the same 
resolution: f',z = 1.8 em. The obvious improve
ments are to make less dispersive line, i.e., 
decrease the rise times, or measure z more often. 
The former has proven to be technically in
tractible. The latter solution is straight
forward, but expensive. In the proposed chambers 
each delay line is read out from each end, and 
there are two delay lines looking at each sense 
wire. We therefore get four independent measure
ments of z, arid the error is reduced by a factor 
of two per half chamber. 
· The number of sense wires in the proposed 
system is 3160. Each sense wire has an associated 
delay line readout at each end. The total number 
of channels to instrument is then 9480. 

The disadvantage of our system is the 
relatively large error in /',z. This error is 
particularly troublesome if one wants to re
construct the invariant mass of several hadrons. 
Figure 1 shows the mass resolution of a typical 
case ~(3.1 GeV) ~ 2~ (or 2~) in function of the 
~ momentum. The resolution is dominated by 6z. 
It should be noted, however, that the z coordinate 
of each track is measured independently by each 
chamber, thereby reducing substantially the net 
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error, 6z, from that due to z resolution of 
individual chambers. 

B. Special Inner Detectors 

The inner tracking detector, consisting of 
drift chambers, is deliberately made in modular 
form to facilitate removal in part or in toto. 
As has been mentioned previously, this permits 
part of the solid angle to be covered by other 
experimental requirements (e.g., absorber close 
in, to obtain a clean signal for muon production 
over half the sensitive region). It also permits 
the entire set of drift chambers to be removed 
(perhaps without removing the beam pipe), and the 
installation a totally different inner detector. 
Examples of such detectors might be (a) a 
streamer chamber,lO or (b) a time-projection 
chamber.ll Their compatibility with a General 
Users Magnet will be discussed briefly as examples 
of potential versatility of inner detection 
schemes. 

(i) Streamer Chamber. 10 
An installed 

streamer chamber system would appear somewhat as 
indicated in Fig. 22. Here the design is from a 
recent study, which uses a set of solid-state 
imaging chips to readout the visual track inform
ation in a filmless manner. Access for the 
Blumlein feed lines (which are small except near 
the chamber), and CCD readout is through 20° end 
cones or between coils. The chips are inside the 
magnet, since they are not magnetic field sensi
tive, and the optical images of the stramer 
chamber tracks are focussed on the chips by means 
of a set of lenses. The non-uniformity of field is 
not a problem for the chamber operation or track 
reconstruction (the space-averaged non-uniformity 
is < 1%). Due to the absence of·field-sensitive 
equipment, there are no difficulties which can be 

1m 

XBL 7512-9859 

Fig. 22. Example of streamer chamber as central 
detector in GUM. 
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seen due to possible leakage of stray field. In 
the event of a conventional film readout system 
instead of the newer solid-state scheme, the GUM 
offers a natural photographic "port" through one 
or both of the open end cones. 

The spatial resolution in a streamer chamber 
is expected to be superior to that of a drift 
chamber.* This might enable one to use only 
part of the magnet and still have sufficient 
energy resolution without any external tracking 
device. Thus, it would be ideally suited for a 
high p experiment. Also, the problem of un
ambiguously identifying Ks and h decays would be 
simplified. 

(ii) Time Projection Chamber. 11 The 
time projection chamber (TPC) of D. Nygren offers 
the potential of both high resolution and direct 
readout of space points, in a large volume de
tector. In addition, it can, in principle, 
provide ionization information to aid in particle 
identification. As an example, a TPC might be 
installed in the General Users Magnet, occupying 
the central one-meter diameter and two-meter 
length insiGe a system of coils having just twice 
these respective dimensions. 

Uniformity of field is important 
for optimum performance of the TPC. This is be
cause a non-alignment of B and E field directions 
leads to a deviation of the drifting electrons 
from the E direction, leading to a possible dis
tortion of the track position as read out assuming 
B and E are parallel. This is ~. however, 
equivalent to a resolution loss, at least not for 
small non-uniformities, where such deviations 
might well be corrected out by mapping in the 
more inhomogeneous regions·. Even without mapping, 
a non-alignment of fields of about 0. 5% corre..; 
spends to the intrinsic resolution of the device. 
This is to be compared with a value of about 0.4% 
for the maximum non-uniformity (at maximum radius, 
r = 0.5 m) in the present GUM design, and << 0.5% 
for the average space point. Thus, with some 
mapping at large radii (or improvement in magnet 
design), this magnet should prove quite adequate 
for operation of the TPC, even with the ends open, 
so that electron tagging may be done (e.g., in 
recording the 2y events). 

VII. SOME POSSIBLE CONFIGURATIONS FOR EXPERIMENTS 

We have, in clos.e consultation and collabo
ation with many members of other groups at the 
PEP 1975 Summer Study, studied some particular 
applications of GUM. 

A. GUM Used in New Particle Detection6 

The GUM is well suited for use in a large 
solid-angle detector system for the study of new 

* Estimates of the ultimate resolution for streamer 
chambers vary, but a resolution transverse to the 
streamer direction of perhaps ~00 ~ seems possi
ble. In addition, there is generally much more 
information per track, due to the "continuous" 
nature of measurements, so that the momentum reso
lution may ultimately be considerably better than 
can be obtained from drift chambers of equivalent 
space-point resolution. (See Ref. 10) 

t 
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particles such as charmed hadrons or heavy 
leptons. These particles are expected to decay 
into normal leptons (~ or e) with reasonable 
branching ratios, and a prompt high-energy lepton 
(say p > 5 GeV/c) may be considered a distinctive 
signal. For the study of the properties of such 
new particles, a suitable system would be similar 
to the "central detector" proposed for the 2y 
experiment.4 An example of such a scheme is shown 
in Fig. 23. The rejection of charged pions is of 
the order lo-3 cr~~ in this system. Contamination 
due to n°~Dalitz pairs and conversion of no-decay 
·photons in the beam pipe can be reduced below this 
limit by use of chambers and dE/dx scinitillator 
near the beam pipe. The "lumped" solenoid coil 
of the GUM reduces the probabilit~ of contamin
ation due to charge exchange of n- immediately 
before the shower counters. The signature for 
directly produced muons is not optimal in the 
"normal" configuration of drift chambers, where 
almost 2 m of flight path is available for pion 
and kaon decays into muons. The ~~dron rejection 
ratio is estimated to be - 8 x 10 a for muons 
of momentum above 3 GeV/c. However, ~~e flexi
bility in rearranging the inner detector of the 
magnet allows a configuration more suitable for 
direct-muon identification. Thus, a massive 
absorber of uranium or hevimet, etc., may be 
placed surrounding the beam pipe at the inter
action point over one hemisphere, leaving the 
other hemisphere open to a track chamber system 
suitable for observing hadronic or direct
electron final states. Alternatively, smaller 
segments of the azimuth may be blocked by dense 
absorber, leaving free regions in between, for 
observation of correlated ~-e or ~-hadronic 
states. Details may be found in Ref. 6. Finally, 
the GUM is particularly suited for the study of 
new states produced in 2y reactions, since the 

Drift 
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Hadron I Muon Modules 

1------2m ------~--1 30.5° 

Muon 
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Fig. 23. Side view of charmed particle detector 
in GUM (see also PEP-204 ) . 



end-caps of the solenoid are free· for tagging up 
to about 20°.4 

B. Two-Photon St~dies4 

The PEP study group on two-photon processes 
has made a design for an experiment using the GUM 
and supplementing it with transverse field spec
trometers covering the 4°-20° regions at each end 
of the solenoid. Either the lumped-coil or 
continuous-coil version of GUM could be used 
equally well. The design is shown in Fig. 24. 
The outside region is covered by an aerogel 
Cerenkov counter, followed by a Pb-liquid argon 
shower counter and a set of muon chambers. The 
tagging apparatus consists of a very small-angle 
Nai array, while electrons with scattering angles 
50 mrad < 6 < 300 mrad are analyzed by a dipole 
magnet on each end. This setup maximally uses 
the good momentum resolution achievable in the 
range 20° < 6 < 30°. 
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C. High-Momentum Detection5 

The high-momentum group at this Summer Study 
has designed a detector using the GUM as basic 
detector. The emphasis of this group is on 
complete reconstruction and identification of 
secondaries accompanying a particle of high 
momentum. A cross sectional sketch of a possible 
design is shown in Fig. 25. Since the goal is to 
identify as well as precisely measure all the 
charged particles in the event, a large part of 
the volume outside the coil is occupied by three 
layers of Cerenkov counters, operating in dif
ferent velocity ranges. Just outside the coil, 
there are 96 cells of Cerenkov counter C3 oper-
ating with 4.1 atmospheres 'l, [ isobutane ]. 
This is followed by 160 one-atmosphere C02 
counters (Cl) at a somewhat larger radius, and 
finally by 112 one-atmosphere isobutane counters 
(C2) at the outside radius. These latter counters 
are sandwiched between laminated iron return 
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(Cylindrical Drift 
Chambers) I 

Interaction Point 

Pb -A Shower Detector 
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Fig. 24. Two-photon experimental setup in GUM (see also Fig. 15 of PEP-203). 
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Fig. 25. Side view of high-momentum hadron experiment in GUM (see also PEP-201). 
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yokes, which are also part of the y measuring 
system. Together, c3 and c1 resolve pions from 
K's and p's (or p's) over 0.82(4TI) sr solid angle 
in the momentum range 1. 3-15 GeV. Along with c3 , 
full TI/K/p separation is achieved above 1.3 GeV/c 
over 0.56(4TI) sr. Time-of-flight measurements 
are obtained over a 3 m flight path by scintill
ation counters adjacent to C3. 

Gamma rays are measured using (1) drift 
chambers behind 1 r.l. of lead to determine the y 
directioh, and (2) shower counters (0.26 x 4TI sr) 
~onsisting of alternate layers of iron and. pro
portional tubes in the laminated flux return. 
Charged particle measurements are made by the 
inner set of drift chambers. 

In this design, charged particles can be 
identified and precisely measured over a quite 
large fraction of the total solid angle. Gamma 
rays also can be detected and measured, though 
over a smaller sqlid angle. The potential for 
identification of charged particles and gamma-ray 
measurement exploits the thin windows between the 
lumped coils, and in other respects, the geometry 
and size are very similar to the principal GUM 
design considered previously. 

VIII. ALTERNATE DESIGN EOSSIBILITIES - 5 LARGE VOLUME LOW B GENERAL USER MAGNET 

The 6 m diameter 3 kG magnet' proposed by this 
year's high momentum and particle identification 
group might also be viewed as a candidate for the 
general user magnet. Compared to the magnets· 
which are the main focus of this report, the 
large volume device would have the following 
advantages: 

(1) Out to 3 m radius, no appreciable 
amoUnt of material need separate the user's 
detector from the beam pipe. Within this radius, 
the detectors may assume any shape. 

(2) Very precise (typically 2-5%) 
momentum measurement is possible over the full 

'momentum range if the multiple scattering ma
terial can be kept small over an appreciable 
fraction of the trajectory. 

(3) The large extent of the magnetic 
field permits precise momentum measurement out
side relatively massive detectors placed close to 
the beam pipe. Examples other than Cerenkov 
detectors are: (i) muons may be measured outside 
a small "lead ball" which suppresses kaon decay 
and other background, with a momentum resolution 
- 5 x greater than achievable with the usual 
configurations of magnetized iron; (ii) many con
centric shells of thin radiator could be used 
with drift chambers for electron-pair spectrometry 
of soft photons. This could be the most economi
cally feasible means of achieving high resolution, 
both in energy and direction of y-rays with 
energies < 100 MeV. 

(4) A 3m flight path may permit veloci-
'ty measurement by relativistic dE/dx rise. This 
could be combined with trajectory measurement by 
means of large-volume drift chambers, time pro
jection detectors, etc. The ambient magnetic 
field may.be helpful in limiting the range of o
rays which confound the dE/dx measurements. 

(5) Addition of specially shaped iron 
pole faces permit the user to create a particular 
field shape near the interaction point. 
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The disadvantages of this magnet as a general 
user device are obvious: 

(i) All phototube assemblies and other 
detectors must withstand 3 kG. Microchannel-
plate photomultipliers available at reasonable cost 
would relieve this otherwise severe constraint. 

(ii) If the high mass and cost of shower 
counters (e.g. ~ liquid argon) requires their 
placement with ""' 1. 5 m of the interaction point, 
the reduction in radius will result in poorer 
momentum resolution. 

(iii) The magnet may be very expensive. 
If constructed using MINIMAG techniques, it would 
cost at least twice as much as the lumped sole
noid described here. However, there is no need 
to restrict the superconducting coil thickness to 
much less than one radiation length or, for that 
matter, to rule out a conventional coil. Coil 
forces are proportional to B2 and therefore very 
small. 

The large volume, low field magnet has at
tractive features as a general user facility. 
However, it is less flexible than the magnet 
system previously discussed. Perhaps this al~ 
ternative should be considered seriously if micro
channel photomultipliers should become available 
in the near future at a cost comparable to 
ordinary photomultiplier tubes. 
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Table II. Comparison of Proposed Magnets and Present Mark II 

Lumped Continuous 
Coil Superconducting Superconducting 

Radius 1m 1 m 

Length 4 m 4 m 

Magnetic Field 15 kG 15 kG 

Field Strength 
-1%" homogeneity 6B/B -10% 

(,)inside 0.67% GeV-1 0.67% GeV-1 

f ~) 15 GeV 3. 75% 4.8% 

Thickness 0.02-0,05 r.t, b 0.45 r . .t. 

Solid Angle Fraction • ( Ml/411'), for: 

ltfu )< 1 0 0.94 0.94 
Ap 90o , 

Cerenk.ov CoWlters 0.68 o.89c 

Gamma !< 0,1· r • .t. 0.68 0 
Detection\< 1 r.t. 0.80 - 0.93 

Overall Sin 

Weight: 4oo tons 400 tons 
Length: 6 m 6m 
Height: Bm 8 m 
Width: Bm a .. 

Cost $L5 M $1.5 M 

«tvtth closed end oa~. 
bTbickneas of vacuum ve81el valle ~ coila and 1trute. 
0With 0. 5 r. 1. interpoeed. 

Continuous 
Conventional 

(Mark II I 

1.5m 

3m 

5.2 kG 

1% 

0. 75% GeV-1 

11.2% 

0.75 r.L 

0.92 

o. 7 

0 
-0.93 

(Figures 
not 
available) 
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APPENDIX A 

SUPERCONDUCTING DETECTOR MAGNETS - ALTERNATIVES 
AND CHOICES 

The relative advantages of different magnetic 
field geometries were discussed Sec. V.A. It 
was pointed out that the solenoidal coil seems 
the most attractive from many points of view, and 
that geometry will be examined in further detail 
in this note, with special regard to the engineer
ing design considerations. 

The questions which are of immediate interest 
are (l) the size, and (2) whether det€ctors will 
be used outside the coil (and certain properties 
of these detectors). The momentum resolution for 
charged particles is usually the single most 
important criterion, and this topic has been 
discussed in detail in Sec. IV.B. However, this 
consideration interacts with both (l) and (2), and 
since a typical experiment is a compromise between 
various physics objectives and the expense of the 
detection apparatus, it may be important to con
sider several kinds of magnets. Therefore, we 
will discuss the engineering problems associated 
with three kinds of solenoid magnets: (l) the 
conventional low current density magnet, (2) the 
continuous high current density thin coil magnet, 
and (3) the lumped coil magnet. The conventional 
solenoid will not permit a significant amount of 
physics to be performed outside the coil. The 
continuous thin coil and the lumped c·oil magnet 
will permit a considerable amount of interesting 
physics to be performed outside the coil. Table 
A-l compares the three kinds of coils in a magnet 
with a 0.9 m useful (warm) bore diameter and a 
useful length of 1.84 m. Longitudinal cross 
sections of the three kinds of coils are shown in 
Figs. A-1, A-2, and A-3. 

The magnets which are compared in Table A-l 
and are shown in Figs. A-l, A-2, and A- 3 are 
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Table A-1. A Comparison of the three kinds of Solenoid Magnets Shown 

~~---~~F~~-:1• A-2, and,;;A,.;-3~·-~-~~~-~~~·----~ 

Thick 
Conventional 

Central Induction· (T) 1. 5 

Peak Induction (T) -1.-6 
in winding 

Length Between Poles (m) 1.81.1 

Cryostat i.d. (m) 0.90 

Cryostat o.d. (m) 1.50 

Current D~nsit.y (Am- 2 ) 4 x 107 

in Superconductor 

Radiation Thickness 
at the coils (rad lengtb) 2. - 3. 

Minimum Radiation 2. - 3. 
Thickness (rad lenghths) 

Magnet Cold Nass ·(kG) 6.9 x 10 3 

Percent of Solid Angle 
Usable for Physics 
Outside the Coil 

Lumped 
Coil 

1.5 

>3.0 

1.84 

0.90 

1. 30 

4 X 108 

2. - 3. 

0.01 - 0.05 

50 - 55% 

stable superconducling coil 

o 20 40 so eo 100 

CENTIMETERS 

Thin 
Coils 

1.5 

l. 53 

1.84 

0.90 

1.10 

9 X 108 

0.2 - 0. 4 

0.2 - 0.4 

80 - 85% 

XBL 7!57-3633 

Fig. A-l. The low current density "conventional" 
s~perconducting solenoid. 

~ 
CENTIMETERS 

XBL 757-34!51 

Fig. A-2. The continuous high current density 
superconducting solenoid. 
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'Fig. A-3. The lumped high current density super
conducting solenoid. 

roughly half the size of those being proposed for 
PEP. The proposed PEP magnets, which are about 2 
meters in diameter and 4 meters long, will have a 
larger percentage of usable solid angle available 
for physics than the magnets-shown in Table A-1. 

It is useful to point out we have more 
choices available to us than there were just a 
few years ago. The relative merits of the three 
choices are discussed in the se·ctions to come. 

THE CONVENTIONAL SUPERCONDUCTING SOLENOID MAGNET 

The conventional low current density super
conducting solenoid has been used in high energy 
physics for the last eight years. Examples of ~ 
this kind of magnet includes: the 12-foot bub
ble chamber at ANL, the 15-foot bubble chamber at 
Fermi Lab, the Pluto magnet at DESY, the LASS 
magnet at SLAC, the BEBC, and OMEGA magnets at 
CERN. A-l 

In 1965, Steckly showed that if the cur-
rent in a superconductor could be carried in a 
copper substrate without heating the super
conductor to a temperature above its critical 
temperature, the superconductor would operate 
stably. The principle of cryostatic stability is 
used in nearly all of the large high energy 
physics detector magnets. This type of magnet 
will not quench. The current will jump from ~he 
superconductor to the copper. Since the magnet 
will not quench, the solenoid can be made in large 
sizes (over 6 meters in diameter) with fairly 
large central inductions (up to 4 T for a large 
size magnet). The technology is proven and 
reasonably reliable. 

Meaningful physics is nearly impossible out
side the magnet coil because, in most cases, its 
radiation thickness is in excess of two radiation 
lengths. A cryostatically stable magnet is a low 
current density magnet. Its thick coils are mas
sive and difficult to cool down from 300° K to 
4° K. The cryogenic system used on large con
ventional solenoids makes them difficult to 
modularize and test before final assembly. A large 
conventional superconducting solenoid is expensive 
to build and requires a large crew to run. How-
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ever, if large diameters (greater than 2 or 3 
meters) and inductions greater than 2 T are re
quired for physics reasons, there probably is no 
reasonable alternative to the cryostatically 
stable conventional solenoid magnet. 

The major problem which has been encountered 
in most of the large solenoids built to date has · 
been the cryogenic sy~tem. The large bubble 
chambers are bath cooled. (The superconductor is 
immersed in a bath of cold helium.) Massive bath 
cooled solenoids are difficult to cool down under 
the best of circumstances. The OMEGA magnet 
represents a positive step forward in large 
magnet cryogenics. The superconductor, which is 
hollow like conventional water cooled conductors, 
carries supercritical helium.A-2 The cooldown 
of such a system, if properly designed, will be 
faster than an equivalent bath cooled magnet. The 
inventory of helium in contact with the magnet is 
reduced. However, the primary disadvantage of 
supercritical helium cooling is the amount of 
refrigeration required to obtain low enough oper
ating temperatures. 

Large conventional bubble chamber solenoids 
have been major users of superconducting magnet 
technology. Large magnets of this type will 
continue to be built. Physics experiments which 
require some of the particle detection to occur 
outside of the magnet winding cannot use con
ventional low current density superconducting 
magnets. The other alternatives are discussed in 
the next two sections. 

THE THIN HIGH CURRENT DENSITY SOLENOID MAGNET 

The thin high current density solenoid mag
net has a low radiation thickness over its entire 
surface. In PEP, the magnet will permit physics 
to be performed at about 90% of the solid angle 
outside the coil. The magnetic induction outside 
the coil will be quite low if the central in
duction is kept below 1.8 T and if the iron return 
yoke is properly designed. When the induction 
outside the coil is low, photomultiplier tubes 
and other sensitive electronics may be used in 
that region. The thin solenoid can be easily 
modularized so that individual magnet sections 
can be tested separately. The coil mass is low; 
the cooldown from 300° K to 4° K is relatively 
easy. 

The thin solenoid is not without its dis
advantages: The magnet must operate at very high 
current densities. As a result, large magnetic 
stresses and high stored energy per unit mass can 
occur. The magnet will quench if any of the 
superconductors go normal. A practical upper 
central induction limit is just over 2.0 T. Large 
diameter coils, which are stress limited, will 
have a lower central induction. Small high cur
rent density solenoids have been built and oper
ated successfully in experiments. However, large 
high current density solenoids have not yet been 
proven. 

Engineering studies on the thin solenoid A- 3 show that the concept is technically feasible. 
Preliminary experimental tests on small magnets 
have been very encouraging. The remainder of this 
section will discuss the following: the design 
characteristics of thin solenoid magnets, the 
scaling laws for thin magnets, and the LBL test 
program for thin magnets. 



The Design Characteristics for Thin Solenoid 
Magnets 

The thin {low radiation thickness) solenoid 
shoulQ have the following characteristics: 
l) It must have uniform radiation thickness 
(normal to the magnet coil) over the full length 
of the coil. 2) The cryogenic system should be 
designed for ease of cool down and simplicity of 
construction in the thin region of the magnet. 
3) The coil should be built in modules which can 
be tested individually. A thin solenoid which 
meets the above criteria was designed in conjuc
tion with the MINIMAG experiment.A-4 

The MINIMAG solenoid was designed so that 
it could be modularized. The major stress, stored 
energy, and quench problems were studied. The 
tubular cooling system permits rapid cooldown and 
positive cooling consistent with the low radiation 
thickness requirements of the experiment. The 
thin solenoid consists of four primary parts: 
the solenoid bore tube, the superconducting coil, 
the refrigeration cooling tube, and the cryostat 
vacuum vessel (See Fig. A-4). 

The solenoid bore tube serves as a winding 
form for the coil, but its most important function 
is an electrical one. It slows down the quench 
process (the process of going normal and dumping 
the magnet stored energy), and it serves as a 
thermal sink for most of the magnet stored energy 
during a quench. The superconducting coil is 
wound with intrinsically stable (twisted fine 
filamented) superconductor which is operated at 
80% of its. critical current or less. 

The thin solenoid would not have a cryostat 
in the conventional sense. The inner cryostat 
vessel is replaced by a coil of aluminum refriger
ation tubes which carries flowing two-phase 
helium. The refrigeration tube forms an integral 
part of the superconducting magnet. The magnet 
bore tube, the superconducting windings and 
refrigeration tube are vacuum impregnated forming 
a single structure which is suspended inside the 
vacuum enclosure. The ends of the thin magnet 
may be thick from _a radiation standpoint. There
fore, all of the cryostat support functions, 
refrigeration feeds and current leads would be 
in that region. 

The superconducting coil is designed to 
carry all of the magnet stresses put into the 
system at its peak field. However, we expect 
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Fig. A-4 .. Magnified cross section of the thin con
continuous high current density solenoid coil 
and cooling tube. 

that the aluminum bore tube will help support the 
magnetic stresses in the system, which gives an 
additional margin of safety. 

The thin magnet design proposed for MINIMAG 
attempted to combine the cryogenic system and 
superconducting magnet into a single integrated 
system. It is hoped that one can avoid the kinds 
of cryogenic problems which have been common on 
the large bubble chamber magnets. Since the 
magnet is not cryostatically stable, the liquid 
helium inventory in contact with the magnet can be. 
reduced. Most of the helium in the system is out• 
of direct contact with the magnet. The tubular 
cooling system also permits a positive well 
controlled cooldown process. The cooldown of a 
"MINIMAG type" thin solenoid should proceed much • 
faster than a comparable low current density 
magnet. 

Scaling Laws for Thin Magnets 

Thin coils must operate at lower central 
inductions as the magnet diameter increases. 
There are two primary reasons for this; the stored 
energy per unit coil mass should be less than 
25-30 Jg-1. The maximum stress in the conductor 
(the magnet coil is assumed to carry all of the 
magnetic stress) should be less than 5 x 108 Nm-2 
(72,300 psi). Keeping the proceeding limitations 
in mind one may apply the following scaling law 
to thin coil constructions: 

r = B2 D3/2 
. 0 ' 

when: B ,;;;B 
0 max' 

E ,;;;E 
max' 0 

\.1 NI 
B ,_o_ 

0 L 
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E 
, ___ o 

0 8 \.10 

We define the proceeding symbols as follows: 
B0 is the central induction (T); Dis the coil 
diameter (m); Lis the coil length between poles 
(m); E0 is the coil stored ener.gy per unit length 
(J m-1); llo is the permeability of air (\.1 0 = 4rr 
x lo-7). r is the scaling constant for thin 
solenoids; Bmax is the maximum central induction 
for the magnet; Emax is the maximum stored energy 
per unit length. r, Bmax and Emax are functions 
of the coil radiation thickness. In addition, 
the maximum practical coil diameter Dmax is also 
a function of radiation thickness. Table A-2 
presents estimated values of r, Bmax• ~ax and 
Dmax for thin superconducting solenoids of 
various radiation thicknesses. 

The four magnets shown in Table A-2 which 
have radiation thickness of 0.48, 0.40, 0.32, and 
0.25 radiation lengths are assumed to have 
aluminum bore tubes and cryostats. The "ultra 
thin solenoid" is assumed to have a magnesium 
bore tube and cryostat. A radiation thickness of 
0.18 radiation lengths is judged to be very close 
to a lower limit for thin coil technology. A 
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magnet which has a radiation thickness of 0.18 
radiation lengths will cost 30-50% more than the 
same magnet when it has a radiation thickness of 
0.25 radiation lengths. Table A-3 shows a break
down of radiation thickness of the magnets shown 
in .Table A-2. 

Table A-2. Design Parameter Constants for Various Thin Sol eno i d Magnets 

Thick Moderately. Medium Thin Ultra 
. 

Thi ck Thin 

Ra.d.iation Thickness 
o . 48 o. 4o {radiation lengths) 0.32 0.25 0 .18 

Scaling Constant r 

Bmax (T) 2 .0 2 . 0 1.6 1. 2 1. 2 

Emax (Jm- 1 ) 2x1 06 
l. 5x10

6 
lx106 

0. 5x1o
6 

0 . 5x106 

D111a.x (m ) -3 -3 -2 .5 -2 -2 

~&sed on the use of magnesium magnet and cryostat parts. 

Table A- 3 . The Radiation Thickness o f Various Components o f Lov Radiation 
Thi ckness Solenoids 

Radiation Thickness (radiation len,sths) 

1 meter diameter s olenoid 
Ceilnponent Thick Moderately Medium Thin Ultra 

. 
Thick Thin 

S/C coil 0.20 0.15 0.10 0.05 0.05 

Bore tube 0 . 13 0 .10 0.07 0.05 0.03 

Cooling tubes 0.04 0 .04 0.04 0.04 0.03 

Cryostat 0 . 11 o.u O.ll O. ll 0 .07 

Total 0 . 48 o . 4o 0. 32 0. 25 0.18 

Central. Induction (T) 2 .00 2 .00 1.60 1. 20 1. 20 

2 me ter diameter solenoid 

S/C 0.15 0 . 11 0.07 0 . 03 0 .03 

Bore tube 0 .14 0 .10 0 . 06 0.04 0.03 

Cooling tubes 0 . 04 0 . 04 0.04 0. 03 0.02 

Cryostat 0 .15 0 .1 5 0. 15 0.15 0.10 

Total 0 . 48 0 .40 0. 32 0.25 0 .18 

Central Induction (T) 1.68 1.46 1.18 0.84 0.84 

~ased on t he use o f magnesium m!4!;net and cryostat parts. 

Figure A- 5 shows a plot of the thin magnet 
central induction B0 vs. the magnet diameter D for 
magnet with radiation thickness of 0.48, 0 . 4, 0.32, 
0 . 25 and 0.18 radiation lengths. Figure A- 5 uses 
the r, Bmas, Emax. and Dmax given in Table A-2. 
These values are our "best guess" at this time. 
They are based on limited experimental data. An 
experimental program now under way at Lawrence 
Berkeley Laboratory (LBL) will determine much more 
accurately the values of r, Bmax, Emax and Dmax· 

The LBL Experimental Test Program for Thin Magnets 

The experimental program is built around t he 
testing of two 1.03 m diameter MINIMAG type 
prototype coils. These coi l s have a radiation 
thickness of 0 . 24 radiation lengths. The two 
coils will use different niobium-titanium super
conductors. One coil will use 1. 8 to 1 copper 
to superconductor ratio conductor; the other coil 
will use a 1 to 1 copper to superconductor ratio 
conductor. Both conductors are 1.0 mm in dia
meter (the bare diameter before a layer 0 . 05 rnm 
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thick formvar is applied) . Both conductors have 
over 2000 filaments, and they are twisted at the 
rate of one turn per centimeter. The filament 
diameter of both conductors is under 15 ~m. Both 
conductors are modern intinsically stable 
conductors. 

The two different conductors are wound on 
two 6.35 rnm (1/4 thick). llOO series aluminum 
allow tubes which are 1030 mm in diameter and 500 
mm long (including end flanges- See Fig. A- 6 ) . 
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Fig . A-5. Scaling of magnet central induction vs 
magnet coil diameter: 

Case A 0.48 rad. lengths thick 
Case B 0 . 40 rad. l engths thick 
Case C 0 . 32 rad. lengths thick 
Case D 0.25 rad . lengths thick 
Case E 0 . 18 rad. lengths thick. 

CBB 758- 6183 
Fig. A-6 . The LBL thin continuous coil prototype 

be ing wound. 



The bore tube is expected to play an important 
role in controlling the superconducting magnet 
quench. The superconducting coil has a layer of 
12.7 mm o.d. (1/2 inch o.d.) aluminum tube wound 
around it. This tube will carry two-phase liquid 
helium as a coolant for the superconducting 
magnet (See Fig. A-4). 

The two superconductors have been tested at 
high current densities (> 1.2 ~ 109 A m-2) and 
high magnetic stress (> 4 x 10 N m-2) in small 
oval solenoid tests. The large solenoids will 
test the conductor under conditions of high cur
rent density, high magnetic stress, and high 
stored energy. We expect to be able to determine 
experimentally the magnet scaling factors r, 
Bmax and Emax· Thus we expect to prove that high 
current density superconducting coil technology 
can be applied to relatively large (1-3 m in 
diameter) magnets with central inductions from 
0.8 to 1. 8 T. 

THE LUMPED HIGH CURRENT DENSITY SOLENOID MAGNET 

The lumped solenoid has a non-uniform radi
ation thickness over its length. The supports 
between coils are also thick from a radiation 
standpoint. The radiation thickness is 
0.01 - 0.06 radiation lengths in the thin 
regions of the magnet; the radiation thickness at 
the coils and support members will typically ex
ceed two radiation lengths. The regions of very 
low radiation thickness are useful for certain 
kinds of physics (i.e;, the. accurate measurement 
of the momentum of high momentum charged particles 
and low energy gamma rays). Like the thin con
tinuous solenoid, the lumped magnet is easily 
modularized so that individual magnet sections can 
be tested separately~ The coil mass is not as low 
as the continuous solenoid, but it remains low 
enough so that the cooldown of the magnet from 
300° K to 4° K is relatively easy. 

The lumped solenoid must operate at rela
tively high current densities in the conductor. 
As a result, the magnet will quench if any of the 
superconductors goes normal. The quench process 
must be understood and dealt with. Since the 
magnet must be designed with the quench-process in 
mind, the central induction of the lumped high 
current density solenoid should be no higher than 
2.0 to 2.5 T. Large diameter lumped coils will 
be stress limited, so they would be operated at 
a central induction below 2.0 T. 

Numerous small magnets have been operated at 
the current densities proposed for the lumped 
solenoid (about 4 x 10tl A m-2). Large lumped coil 
type magnets (-2m in diameter), which is similar 
to the lumped solenoid coils, have been built by 
NASAA-5 and by the high el}ergy physics laboratory 
at Stanford University.A-6 Both magnets have been 
operated reliably. The lumped coil concept is, in 
a sense, more proven than the thin continuous 
solenoid concept. 

Preliminary engineering studies on a lumped 
coil detector indicates the magnet concept is 
technically feasible. Successful thin coil tests 
are encouraging for the thick lumped magnets as 
well. These magnets are not driven to as high a 
current density as are the thin coils. Success
ful completion of the large thin coil tests will 
improve our knowledge of the lumped coil system, 
and will verify the technical feasibility of the 
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concept and will provide reasonable experimental 
determination of magnet scaling factors. 

The Design Characteristics of Large Lumped 
Solenoid Magnets 

The lumped solenoid will have the following 
characteristics: 

1. The holes of very thin regions of 
the magnet or magnet cryostat should be as large 
as possible. 

2. The cryogenic system should be 
designed for ease of cooldown and simplicity of 
construction. 

3. The coil should be easy to test in 
modules. 
Preliminary designs for a proposed CERN experi.
mentA-7 indicate that the proceeding criteria can 
be met in a lumped solenoid system. 

A lumped solenoid should be easy to modul
arize. The module-s may or may not be identical 
in physical shape, but they must contain the same 
number of ampere turns of conductor. The solu
tions to stress, stored energy and quench problems 
which are applied in the MINIMAG thin solenoid 
studies, may be used for the lumped magnet system. 
The use of the tubular cooling system, which is an 
important part of the MINIMAG cgncept and has been 
successfully employed at SIN,A- can be used to 
advantage in the lumped coil system. 

The lumped solenoid magnet consists of four 
primary parts: the lumped coil bore tubes, the 
superconducting windings, the tubular cooling 
system, and the CrYOStat vacuum vessels, 

The solenoid bore tube serves the same func
tion in the lumped coil solenoid as it does in the 
thin coil solenoid. In both cases, the coil bore 
tube controls the magnet quench precess. The lumped 
coils are not as well coupled inductively to the 
bore tube as the thin coils (98% coupling is 
possible in the thin coil system; 90% coupling 
should be possible in the lumped coil magnet). 
Like the thin solenoid, the lumped coil solenoid 
should be wound with intrinsically stable super
conductors. The conductor is operated at a lower 
current density than in the thin continuous coil 
case. The primary reason for this is that peak 
induction in the conductor can be twice the 
central induction of the magnet. (In a thin 
solenoid, there is less than a 5% difference be
tween the peak and central inductions.) The 
superconductor in the lumped solenoid would be 
operated at 75% of its critical current, or less. 

Like the thin solenoid, the lumped solenoid 
should use a tubular cooling system using two 
phase helium. The refrigeration tubes, the b~re 
tube and superconducting coil form an integrated 
package. The lumped coils are assembled to
gether with cold force carrying members. The 
structure, which is mostly holes, is nearly in 
force equilibrium. The support system which 
suspends the lumped coil structure to the room 
temperature outside world is designed to carry 
gravitational forces and those magnetic forces 
which are generated by asymetric currents in the 
system. 

Two kinds of cryogenic vacuum vessels can be 
considered for the lumped solenoid system: the 
continuous uniform cryostat and the thin window 
cryostat. The continuous cryostat is less ex
pensive than the thin window cryostat, but its 



radiation thickness is a factor of 3 to 5 greater. 
In order to minimize radiation thickness, 

the continuous cryostat would have_ to be made of 
magnesium or magnesium alloy. The thickest part 
of the cryostat is the outer vacuum can; this 
thickness is needed to resist buckling due to 
vacuum loading. Proper mechanical design will 
result in radiation thicknesses between the coils 
of 0.05 to 0.07 radiation lengths. 

If the physics of the experiment requires 
·less than 0.05 radiation lengths of material in 
the thin regions of the magnet, the thin window 
cryostat should be considered. A thin window 
cryostat can have a radiation thickness as low as 

• 0.01 radiation lengths. It can be built with 
either aluminum foil or Mylar windows. Both 
kinds of windows will be quite fragile. Both will 
require either plastic foam or a screen to protect 
the windows from damage. A cryostat without 
windows, in which the cryostat vacuum vessel 
closely surrounds the coils and struts, has been 
suggested. The cost of such a cryostat plus 
maintenance problems associated with such a 
system rule it out. In addition, there is little 
physics advantage which can be gained by redu~ing 
the minimum radiation thickness from 0.01 rad~
ation lengths to zero. 

The thin solenoid tests which will soon be 
conducted at Berkeley will answer many technical 
questions which the lumped solenoid poses. The 
cooling system is essentially the same for the two 
systems. In some ways, the lumped solenoid design 
is conservative compared to the continuous thin 
solenoid design. Therefore, a successfUl l meter 
diameter thin solenoid test will advance the cause 
of the lumped solenoid as well. 

. Scaling Laws for Lumped Magnets 

There are two primary criteria which deter
mine the size of the lumped coils in_a lumped 
coil magnet system. They are: stored energy per 
unit coil mass and magnetic stress. To the first 
order, the stored energy per unit mass and mag
netic stress go together. As a result, the 
scaling law given here will be based on stored . 
energy per unit coil mass alone. The coil in th~s 
case includes the superconductor and the bore 
tube. Each is treated separately. 

The current density in the superconductor 
(the Nb-Ti alone) is a function of the local 
temperature, induction and stress. The current 
density in the overall matrix (copper, other 
normal metals and superconductors) is a function 
of the stored energy. The stored energy for a 
lumped coil magnet with return path and a 
central induction B0 ~ 1.8 T is to the first 
order: 

The stored energy per unit superconductor matrix 
mass is: 

The stored energy per unit aluminum bore tube 
mass is: 
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where the symbols are defined as follows: E is 
the magnet stored energy (J); Dis the magnet coil 
diameter (m) at the center of the windings; L is 
the magnet length between pole tips (m); B0 is the 
central induction of the magnet (T); Msc is the 
total superconductor matrix mass (g), which in
clude the Nb-Ti and all normal metals· in the 
matrix; Mbore is the bore tube mass; and ~0 is 
the permeability of air ~ = 4~ x lo-7. 

If the lumped coil m~gnet is divided into N 
coil packages, the limits for stored energy per _ 
unit mass are: 

K ,.;; 1..QQ 
SC N 

(Jg-1) 

when 4 ..;;N..;;8 

Ksc ..;; 12.5 (Jg-1) 

when N >8 

Ksc ..;; 25 (Jg-1) 

when N < 4. 

In general, the aluminum bore tube should be de
signed so that Kbore,.;; 10 Jg-1. _Magnetic stress 
only becomes a problem when Ksc ~s greater than 
20 Jg-1. The only further restriction on the 
design is that the superconductor operating cur
rent be less than 75% of the superconductor criti
cal current at the peak induction in the coil . 

The resulting scaling is as follows: 1) For 
a given central induction the solid angle lost 
due to the coils and their support is a constant. 
2) The solid angle lost goes as 1/D if one allows 
B0 to go dm-m as n-~~ Both of the preceeding 
statements assume that the thickness of the super
conducting coil package and its cryostat remain 
constant as D changes. Scaling probably does not 
apply when D is greater then 3 meters. 

The scaling laws given here for lumped coil 
systems are approximate. Better scaling laws will 
result from the series of experiments now going 
on at LBL. 

SUMMARY 

Two basic types of detectors can be con
sidered for use on PEP and other intersecting 
storage ring devices. Both will utilize solenoid
al fields with flux paths parallel to the di~ 
rection of the beams. One type, the conventional 
superconducting solenoid, permits physics to_be 
performed only inside the coil in the magnet~c 
field. The second type based on high current 
density technology permits physics to be performed 
both inside and outside the magnet coil. 

Two kinds of high current density magnets 
can be considered. One is based on a continuous 
thin coil of uniform radiation thickness; the 
second is based on lumped coils which have regions 
of high radiation thickness and regions of near 
zero radiation thickness. For many experiments 
the high current density magnets could_result in 



substantial cost savings in both capital and oper
ating funds. The central induction of such mag
nets is 2 T or less, and the maximum practical 
diameter is 2 to 3 meters. 

Each of the two types high current density 
magnets has advantages for some kinds of experi
ments. If high central inductions and/or large 
field volumes are required, there is probably no 
practical alternative at this time to the con
ventional low current density superconducting 
solenoid. Since the performance parameters of 
the high current density magnets are not fully 
understood, experimental work now under way at 
LBL will establish the practical limits of oper
ation for magnets using high current density in
trinsically stable superconductors. 
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APPENDIX B 

DESIGN CONSIDERATIONS FOR A LUMPED SOLENOID* 

Klaus Halbach 
Lawrence Berkeley Laboratory 

University of California 
Berke 1 ey, Ca 1 i forni a 94702. 

1. Introduction 

This note is primarily intended to demonstrate 
which characteristics of a lumped solenoid (with a 
steel return path that may also be lumped) are 
i~portant for good performance. This understanding 
is clearly necessary to make judgments about trade
offs between qualities of the magnetic field and 
other desirable attributes of a particu~ar magnet 
geometry. We also want to show the use of a method
ology and some "thinking tools" that can help to 
obtain the good qualitative understanding of mag
netic fields that is necessary for good magnet de
sign, is indispensable for hand calculations, and 
should be the basis for magnetic field computer 
runs. While it is clear that it is not possible to 
say anything basically new along these lines, it 
seems worthwhile to formulate and state these con
cepts clearly, since they are not .nearly as well 
known as they ought to be. 

To accomplish the stated objective, we first 
describe the design problem and the general method 
used to solve it. We then introduce two analog 
models that often help to get a good qualitative 
understanding of magnetic fields. In addition, we 
derive and use a simple formula that can be useful 
for makingquantitative estimates of some properties 
of magnetic fields. Finally, we apply these methods 
to the design of the lumped solenoid. 

2. The Design Problem and the 
Methodology Used to Solve It 

Fig. B-1 shows a cross-section of the magnet 
under discussion, with the center line (CL) re
presenting an axis of cylindrical symmetry. The 
vertical line at the left represents a symmetry 
plane. The cross-hatched area indicates the steel 
that is used to conduct the magnetic flux around 
the lumped solenoid of radius r1, the part at the 
top of the drawing representing either a cylindri
cal shell or a cross-section through a "vane" in 
case one chooses to "lump" that part of the steel 
structure. 

The design goal is the production of a reason
ably uniform field over a volume that is not too 
strongly restricted in either the axial or radial 
direction. Furthermore the magnetic field should 
be small in a region outside the coils that begins 
not too far from the coils. 

To understand and assess these problems we 
start with a discussion of the properties of an 
idealized magnet (infinite permeability ~. r2 = oo, 

steel eve~vwhere to the riqht of the dashed line in 
Fig. B1) and then investigate one by one the 
effects of the modifications that have to be 
applied to the idealized magnet in order to obtain 
the real magnet. 

3. Useful Tools and Concepts for 
the Discussion of Magnetic Fields 

It is often quite easy to obtain a good picture 
of a magnetic field distribution by applying direct
ly the magne!ostatic equ~ti~ns, usually in integra
ted form (' H•ds = I, ~ B•da = 0). However under 
some circumstances this procedure does not lead 
easily to a good qualitative feeling for the fields, 
particularly when one wants to know the fields close 
to a coil with steel in the vicinity. If the fields 
have cylindrical symmetry with no component in the 
azimuthal direction, or if the fields are of a two 
dimensional nature, the analog model of current flow 
in a two dimensional conductive sheet often gives 
the needed insight much more easily. Although this 
analog model has been used to physically model 2D 
magnets (B-l).thi s use is somewhat comp 1 i cated in the 
cylindrical case, and the model is used here only 
as a conceptual aid. Similar comments apply to a 
slightly different analog model that we use to 
visualize magnet fields produced by magnetic charges. 
In both cases the same labels z, r are used for the 
Cartesian coordinates on the 2D conductive sheet and 
for the coordinates of the cylindrically symmetric 
magnets. 

An expansion of 2D dipole fields into exponen
tials will be done in Sect. 3.3. Even though this 
may seem to be a rather specialized formula, its 
derivation is reproduced here not only because it 
is useful for the magnet under discussion, but is, 
in the authors opinion, the single most important 
and useful formula (after the magnetostatic equa
tions) for the unde1·standi ng and design of magnets. · 

3. 1. The Orthogonal Analog Model (OAM) 

Inspection of the magnetostatic equations in 
cylindrical geometry, and of the equations governing 
the current flow in a two dimensional conductive 
medi urn, shows the fo 11 owing re 1 ati ons: (see rows 
1 and 2 of Table 1, and also Fig. B-2. 

1) If one makes the resistivity p(r,z) of the 
sheet proportional to r·~(r,z) (column 1), and 

2) If one injects a current density j3(r,z) 
into the top surface of the conductive sheet that 
is proportional to the exciting current density, 
j¢(r,z), in the magnet (column 2), 

Then: 

3) Scalar equi-potential lines in the model 
correspond to surfaces of constant rA (i.e., field 



surface~) in the magnet (column 3), and the vectors 
H and rB are obtained by rotating the 2D current 
density vector J and electric field vector E in the 
model by 90° (columns 6 and 7). 

fhc> Lable of equivalents for two dimensional 
magnetic fields is obtained by removing all factors 
r fnJill Tal>le B-1. 

1-JiJilc this treatment of the permeability l-1 
can be advantageous, it is often more convenient to 
trc:at finite permeability effects differently: 

First 11 is assumed to be infinite in order to 
obtain an understanding of the fields in the vacuum 
region. From this one learns how magnetic flux 
enters the steel, leading in turn to a qualitative 
understanding of the field lines in the steel, and 
at the steel-vacuum interface. Whenever a field 
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1 ine in the steel at that interface forms a non-zero 
angle 5 with the normal to the interface a non-zero 
tangential field component lfltl~ sin a IBI/l-1 exists 
at that interface. Since that field component is 
continuous through the interface, it is this compon
ent that modifies the field in the vacuum region. 
Usually, the field produced by this tangential field 
component lit is most easilv understood it._one replaces 
Ht by a current sheet of s-trength I' = I ITt I on the 
steel surface. It is easy to see that the current 
in this sheet points out of (into) the paper plane 
if the steel lies to the left (right) of the vector 
At. The fields produced by these current sheets are 
in turn often most easily obtained by applying again 
the OAM. 

3.2. The Direct Analog Model (DAr1) 

In discussing magnetic fields produced by mag
netic charges (See Sect. 4.3), it is clear that 
scalar potentials can be used to describe the 
properties of the fields. In cylindrical geometry, 
the radial dependencies become clearer if one uses 
again a two-dimensional conductive sheet model with 
the appropriate conductivity and current injection. 
The equivalences between the quantities in the DAM 
and a cylindrical magnet are given in rows 2 and 3 
of Table B-1, with a representing the conductivity 
of the sheet, and q the magnetic charge density in 
the magnet. 

3.3. Expansion of 2D-Dipole Fields into Exponentials 

Fig. B-3 shows the cross-section of a magnet 
assumea to be sufficiently long in the direction 
perpendicular to the paper plane so that the fields 
can be considered two-dimensional. We assume fur
ther that the magnet has mid-plane symmetry and 
that l-1 = oo in the steel. As a consequence, the 
fields are perpendicular to the steel surfaces and 
the midplane. 

To find an expression for the fields that is 
suitable for our purposes and is valid in the region 
bounded on top and bottom by the flat part of the 
pole, we first look at, and graphically represent, 
h?w lly dep~nds on y for x = 0 (see Fig. 4): 
S1nce d1v H = aHx/ax + aHy/ay = 0, and Hx :: 0 for 
y = 0 andy = ± g/2, it rollows that 3Hy/3y = 0 for 
y = 0, y = :c g/2. f1id-plane symmetry requires that 
Hy is an even function of y, and Hx is an odd 
function of y, leading qualitatively to functions 

Hx, Hy as shown in Fig. 4. It follows directly that 
both Hx and Hy are expandable into Fourier series 
with period g that should converge quite rapidly 
since both the functions and at least their first 
two derivatives with respect to y are continuous. 
Using the complex representation for these Fourier 
series, we then form the combination H* = Hx - iHy 
and obtain, by combining the coefficients into an: 

H* = "x - i H = I a e2nniy/g_ 
y -oo n 

( 1). 

We have chosen the combination H - iH because the 
magnetostatic equations for the QacuumYfield compGn
ents H and -Hy are the same equations as the Cauchy
Riemanft conditions for the real and imaginary part 
of an analytical function of the complex variable 
z = x + iy. Since we have an explicit expression 
for the function H* for the case x = 0, we obtain 
an expression for H* for x 1 0 by replacing in Eqn. 
(1) iy by z = x + iy. Because H = 0 in the mid
plane, the coefficients an must Be purely imaginary. 
Since the deviations from a uniform field will get 
smaller as one moves from the left side (x=O) or the 
right side (x = x2) of the magnet toward its center, 
the terms with n < 0 can contribute significantly 
only on the left side of the magnet, and those with 
n > 0 only on the right side. It is therefore con
venient to rewrite Eqn. (1) in the following way: 

H* = i ( h + 
0 

00 

I 
n=l 

h e-2Tinz/g + 
-n 

The hn in this formula are real and h0 represents 
the central field value. 

It is clear from Eqn. (2) that deviations from 
a uniform field due to the truncation of the poles 
or by the manner in which the magnet is excited de
cav very rapidly if the pole edges are shaped in 
such a way that h_l = h1 = 0. That is, of course, 
what one does when one shims a pole. A very sophis
ticated pole contour would also make h_2 and hz 
zero, or very small compared to h0 , but trying to 
cancel higher orders would not be worthwhile. It 
should also be pointed out that the dependence of 
Hy on y can be used to measure the low order hn 
with relative ease by using appropriately made 
stacks of measuring coils. 

If the excitation of the magnet, or the trunca
tion of the poles, violates mid-plane symmetry, one 
will also have midplane-antisymmetric fields. For 
such fields Hy is an odd function of y and Hx an 
even function of y. A consideration similar to the 
one made above gives for midplane-antisymmetric 
fields: 

H* = L b eTI(2n+l)z/g 
n . (3) 

n=-oo 

In this formula, the bn are real, and one can write 
H* of course in the same fashion as Eqn. (2). Com
parison of Eqn. 's (2) and (3) shows that the most 
slowly decaying terms in Eqn. (3) decay only half as 
fast as the slowest terms in Eqn. (2). It should 
finally be pointed out that Eqn's (2) and (3) can 
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be applied to many magnets other than dipoles (e.g., 
strong focussing dipoles, quadrupoles, etc.) by 
conformally mapping them into dipoles. 

4. Magnet Design Considerations 

4.1. Properties of the Ideal Lumped Solenoid 

The ideal lumped solenoid is (see Fig. B-1 
characterized by v = oo; by a steel-vacuum interface 
·along the dashed line on the right side of Fig. 1; 
and by a cylindrical shell at r 2 = oo to conduct the 
flux entering along the dashed line around the 
solenoid. 

For symmetry reasons, the distance between the 
left boundary of the problem and the center of the 
adjacent coil is g/2, and we assume the same dis
tance between the dashed line and the center of the 
coil adjacent to it. This means that we are dealing 
with a periodic system of fundamental period length 
g, so that we need to treat only one cell, indicated 
by the dotted lines. Because of symmetry the magne
tic field must be perpendicular to these lines. The 
line going through the center of the coil is also a 
line of symmetry, with the field perpendicular to it 
as well. To get a qualitative feeling for the 
fields in the cell, we use ·the OAM (see Sect. 3a). 
In it the dotted lines represent insulators; the 
space between them has a resistivity proportional to 
the distance r from the center line. The current 
injected over the cross-section of the coil flows in 
an easily imaginable pattern to the axis of the 
system, r = 0. While the current density in the 
OAM is quite non-uniform in the immediate vicinity 
of the coil, it will obviously smooth out very 
quickly as one moves toward the axis. A small 
fraction of the injected current will flow in the 
vicinity of the symmetry line radially outward, 
then turn toward the axial direction and, close to 
the dotted line~ flow radially inward. It is quite 
apparent from this picture that the fields get weak 
very fast as one moves radially away from the coils. 
If one were dealing with two-dimensional fields 
instead of cylindrical fields, the expansion of 2D 
fields into exponentials (Sect. 3.3) could be 
directly applied and would yield the result that 
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the dominant term in the description of the field 
for r > r1, and of the inhomogeneity for r < r1, is 
proportional to i 2nlr-r1l/g. A more detailed 2D 
model calculation shows that the constant of pro
portionality for the dominant term equals the aver
age field value Ho on axis. The fact that we are 
dealing with cylindrical geometry will obviously 
modify the details of the decays, but not their basic 
character. Using again the OAM to see qualitatively 
the difference between the decay in cylindrical 
geometry compared to 2D geometry, the fact that the 
resistivity in the model is proportional to r leads 
us to conclude that the field outside the coil 
decays a little faster than indicated above, where
as the field inhomogeneity inside the coil will 
decay a little slower. 

4.2. The Effects Caused by Lumped Return Yokes 

If we bring the return flux shell from infinity 
to a finite value r2, we bring steel into a region 
where the pre-existing field is of the order 
H0~2n(r2-r1)/g. The resulting field modifications 

:) 9 0 

in that region will be of the same order, and their 
effect on the field at location r1 will be cut down 
by another factor e-2n(r2-r1)/g. We conclude from 
this that the effect at r = r1 of moving the steel 
shell to a finite value r2 is of order 
H

0
e-4n(r2-r1)/g, i.e. in most cases negligible, 

provided (r2-r, )/g > l/4. 

If we now "1 ump" the return flux she 11 in the 
azimuthal direction into "vanes", the details of 
the field modification are more complicated. If 
we assume first that the endplates still extend to 
r = oo, the periodicity in z is not affected by 
lumping the steel in the azimuthal direction. We 
therefore still expect field modifications at r = 
r1 of the order H0 e-4n(r2-r1)/g, but there will be 
some dependence on azimuth. If we then reduce the 
radius of the endplates to r = r2, there will be 
some additional field modifications. Although the 
periodicity in z is destroyed by this process, these 
additional fields will also be extremely small, 
since the pre-existing fields at the endplates for 
r > r2 are very small for a reasonable number (~ 6) 
of vanes. While it is not too difficult to pursue 
this argument in more detail, that treatment would 
go beyond-the scope of this report. 

If, for a given distance g between coils, it is 
necessary to obtain a decay of the fields that is 
faster than e-2n(r-rl)/g outside the coils, one 
can accomplish this by putting vanes close to the 
coil and separating them in the azimuthal direction 
by a distance D somewhat smaller than g/2. Under 
these circumstances, eqn. 3 of Sect. 3.3 will 
approximately describe the decay of fields between 
vanes, giving there a most slowly decaying term 
proportional to e-n~r/D, with ~r representing the 
distance from the inside edge of the vanes. In 
this case, the proximity of the coils could cause 
local saturation problems in the vanes that would 
have to be studied in more detail than can be done 
here. 

4.3. Effects Caused by Removal 
of Steel from Region 1 

When removing the steel from region 1 (see 
Figure 1), i.e., the space between the dashed line 
and the actually desired steel contour, the field 
to the left of the dashed line will obviously be 
reduced over some distance. While this field re
duction can be partially compensated by a coil close 
to steel surface a, the use of that coil does not 
accurately simulate the field modification caused 
by the removal of the steel. Instead, we use the 
following procedure: We first put a magnetic sur
face charge onto .the steel-vacuum interface indica
ted by the dashed line to the left of region 1. If 
that surface charge equals the local surface magne
tic field value B everywhere, removal of the steel 
does not change any magnetic fields. We therefore 
obtain the magnetic field modification everywhere 
by removing those magnetic charges or, equivalently, 
by adding the same charges with opposite polarity 
all along the dashed line to the left of region 1. 
To see the resulting fields, we use the DAM (see 
Sect. 3.2 and Table 1), with the vacuum region 
represented by a 2D sheet with conductivity propor-
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tional to r, the steel modeled with perfectly con
ducting electrodes, and the added magnetic charges 
represented by current injection from t.~e third 
dimension. Visualizing the resulting current den
sity and electric field in the 2D sheet, it becomes 
evident that along the dashed line, the axial field 
component will be very close to l/2 of the pre
existing value, and that there will be an increase 
of the fields all along the inside boundary of the 
endplate. It should be noted that the increase of 
the conductivity with r in the DM1 indicates that 
the field modification far from the axis is smaller 
for cylindrical geometry than it would be in 2D 
geometry. If the hole that is opened up is compar
able to the coil radius r1, the fields outside the 
coils will clearly increase substantially in the 
end region. 

4.4. Effects Caused by Removal of 
Steel from Region 2 

To obtain a qualitative understanding of the 
field modifications resulting from removal of steel 
from region 2, we use the same technique as in 
section 4.3, and should, in fact, apply it simultan
eously in the following way: first place appropriate 
magnetic charges all along the dashed line, remove 
the steel, and then place charges with opposite 
polarity on the dashed line and find the resulting 
fields with the DAM. Since in region 2 the new 
steel surface is quite close to the old one, most 
of the injection current in the DAM will flow to 
the electrode surface representing the new steel 
surface. Combining that with 2hX 

1
fact that the pre

existing field behaves like e- n r g' one can con
clude that the removal of steel from region 2 has 
only a small effect on the field distribution. 

Breaking the endplate into radial spokes is a 
more drastic modification. Its effect can be vis
ualized also with the magnetic charge- scalar pot
ential surface representation, and it is qualita
tively clear that the effects are small provided 
one uses a reasonable number of spokes (> 6) and 
does not start the spokes closer to the coil than 
g/2. 

4.5. Effect of Saturation of Steel 

By providing sufficient amounts of steel, sat
uration of the vanes and the outer part of the end
plate can be reduced to any desired level. In the 
region where the magnetic flux enters the steel one 
cannot add steel at_will. Consequently saturation 
will occur there above a certain level of excitatio~ 
and wewant to discuss only the field modification 
caused by saturation of this part of the steel 
structure. To do so, we use the method outlined in 
section 3.1. 

It is clear that the flux entering the center 
part of the endplate (surface a) will produce field 
lines in the region bounded by surfaces a,a,y, that 
are in the same general direction as surfaces a and 
y. From this follows that the tangential field com-

-ponent at surfaces a andy will be considerably 
larger than its value at surface a. Representing 
these tangential field components by current sheets, 
and looking at the polarities of the current in the 
solenoids, the fields, and the current sheets, it 
is clear that the current sheet at surface a has the 

same polarity as the solenoidal currents, and the 
current in the sheets at surfaces a and y·has the 
opposite polarity. lve apply now the OAM to see the 
resulting fields and find the following: Saturation 
effects on surface a will increase the field in 
region l and its vicinity, while saturation effects 
on surfaces a and y will reduce the field over a 
region that starts near the left edge of region 1 
and has an axial size of the order of the outer 
radius of surface a. 

The fields produced by saturation on surfaces 
a and y will also have a considerable range in the 
radial direction. However, the increase of resis
tivity with r in the OAr1 indicates that the radial 
range of these fields is smaller than it would be 
in 2D geometry. 

To keep the proper perspective, one ha~ to 
remember that the saturation-produced fields are 
excited by exceedingly weak current sheets unless 
one drives the steel extremely hard. 
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Table B-1. Equivalences Between Quantities In 
Cylindrical Magnet and Two Analog Models 

I 1 2 3 t 4 I 51 6 , 7 

! 
I 
I 
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i 
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DEFINITIONS: 

p 

a 

j3 

+ 
e3 
v 
-t- t J' 

jcp 
q 

\1 

A 
H,B 

r 

resistivity in the 2D sheet 
conductivity in the 2D sheet 
current density injected into the top of 
the 20 sheet 
unit vector perpendicular to 2D sheet plane 
scalar potential in 2D sheet 
current density and electric field in 2D 
sheet 

excitation current density in m<!gnet 
= magnetic charge density in mag~t 
= permeability of steel 
= vector potential in magnet 
= magnetic fields 

= distance from axis 
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Fig. B-1. Lumped Solenoid Magnet 
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Fig. B-3. Dipole Cross Section 
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Fig. B-2. Continuous Solenoid in Steel Can 
a) H-Field in Magnet 

b) j-Field in OAM 
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Fig. B-4. Dipole Field Components Hx' HY vs. y . 
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Abstract 

A study of possible configur~tions for dis
crete coil axial field superconqucting magnets has 
been carried out, with emphasis on parameters that 
affect magnetic field strength and uniformity as 
well as the fraction of open aperture which can be 
made available for external detectors. It is found 
that field uniformity is sufficiently good for most 
purposes if the coil separation is less than the 
coil radius .. The_ ratio of field strength to 
fractional loss of open aperture is independent 
of size for suitably large magnets, but is sensitive 
to the shape of the coil cross-section. 

INTRODUCTION 

There are some important advantages in the 
use of discrete rather than continuous coil units 
in an axial field spectrometer for a colliding 
beam facility.l Assuming that a l~rge fraction of 
the aperture can be left clear, i.e., with at most 
a few percent of a radiation length of material, 
these advantages are: 

1. Secondaries passing through the open aperture 
are more reliably identified because there is 
no absorption in the coils. This is most im
portant for charged hadrons. 

2. Secondaries passing through the open aperture 
are more accurately measured by calorimetric 
methods because there is no absorption in the 
coils. This is important for hadrons, y's and 
e's. 

3. Seconardies passing through the open aperture 
may be more accurately measured in momentum be
cause the resolution obtainable with precision 
detectors outside the magnet is not limited by 
coulomb scattering. 

4. Backgrounds from interactions in the coils are 
absent in the open aperture. This circumstance 
can be used to prepare a cleaner event trigger. 

Disadvantages of the open magnet structure 
are: 

1. Because the field is non-uniform, algorithms 
for the reconstruction of events are more com
plicated than for the continuous coil. 

2. For a given average field the discrete coil 
solenoid has a larger maximum field than does 
the continuous solenoid. Therefore, the amount 
of superconductor needed is larger for the dis
crete coil solenoid. 

3. The support structures for the magnet and 
cryostat are more complicated than for the con
tinuous solenoid. 

This report is a study of the magnetic and 
aperture characteristics of discrete coil spectrom
eters. We are not concerned with detector design; 
rather we will examine particularly the parameters 
that affect the strength and uniformity of the mag
netic field and the amount of open aperture be
tween coils. 

GENERAL DESIGN CONSIDERATIONS 

General procedures for the design of super
conducting coils with materials of the type con
sidered for use here ar~ discussed in a series of 
reports by M. A. Green. For each coil intrinsi
cally stable superconductor with a relatively high 
superconductor to copper ratio would be wound on 
and epoxy-bonded to an aluminum frame. Closed 
circuit refrigeration would employ two-phase helium 
in cooling tubes welded to the frame. The con
ductor would be tightly coupled electro-magnetic
ally to the aluminum, which, in the event of a 
quench would act as a high conductivity shorted 
turn to dissipate most of the stored energy of the 
magnet in a time of some seconds. This process also 
would distribute widely the thermal energy, causing 
the quench to spread. Because of these effects, 
large local voltage buildup in the superconducting , 
coil would be avoided. 

Figure 1 shows schematically possible magnet 
configurations of the type considered. The coils 
are held together by axial support members with 
45-degree symmetry. The thin vacuum windows are 
supported by a periodic support structure lined up 
with the coils and the axial coil ~upport members. 
The cooling tubes are not shown. Two kinds of coil 
cross-sections, rectangular and elliptical, are 
considered. For reasons of simplicity and cost we 
will want to use modular elementary units; but it 
is obvious that the use of several units of dif
ferent cross-sections can reduce considerably the 
loss of aperture. Examples are shown in Fig. l(b) 
and (c). 

MAGNETIC FIELD 

We have studied the field configuration for 
t a half-cell with the geometry shown in Fig. 2. We 

have used TRIM3 to find the distribution of the 
field for nine combinations of dimensions using 
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Fig. 1. Schematic of possible coil configurations. 
a) Single coil module; b) Compound coil 
structure. n is the number of radially dis
placed subunits. c) Alternative coils at 
different polar angles. Z is the separation 
between coil packages. 

In each case the coil dimensions were 

W _ H _ 
R- R- o.os . 

R, Rfe'Z,W, and H are defined in Fig. 2. 
The permeability of the iron was set equal to oo, 

For parameters sensitive to the details of coil 
shape and size we have used approximate analytic 
expressions. 

Field Uniformity 

In an axially symmetric field, assumed for 
the purposes of this study, the important field 
quantity for measuring particle transverse mo
mentum over radial range r is B r2/2 = r ~. 
where~ is the vector potentia£. Figure 3 shows 
how this quantity can be used to infer the particle 
transverse momentum in terms of the slope of the 
trajectory at r and the dispersion at the axis. 

In general for axially symmetric fields 

= canst. 

where P¢ is the momentum in GeV/c and Am 
T-m. For particles passing through the axis 

0. 

(2) 

is in 

(3) 
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Fig. 2. Dimensions of half-cell studied using 
TRIM. R and Rfe are the radii of coil and 
iron return yoke, respectively. 2W and 2H are 
the axial and radial widths of the coils, re
spectively. S is the coil area. I is the 
current per coil. The permeability of the 
iron is taken to be infinite. Z is the dis
tance from the center of the coil to the 
center of its virtual image in the iron 
poletip and is the effective coil separation 
in a multicoil system. 
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Fig. 3. Projected orbit. In terms of the disper
sion d at the axis, the transverse momentum 
Pl is given in terms of the vector potential. 

In terms of the transverse momentum it is ob
vious from Fig. 3 that 

d 
r or (4) 



Figure 4 shows the extent of the variation in 
r~ with Z at various radii. The effect of the 
steel return yoke is seen to be small for fields 
inside the coils, but it is relatively important 
outside. The non-zero radial width of the cryostat 
prevents detectors from being located very near 
the coils, hence the results shown in Fig. 4 should 
be reasonably independent of coil size and shape. 
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Fig. 4. Amplitude (rms) of the variation of rAd>. a) in
side coil and b) at surface of iron return 
yoke. Plotted data assumes 

rA -rA . 
Arnpli tude ( rms) = ---'mc..:.ax:.:..:..._.:.:::m=1n"'----

rzlrA + rA . ) .·max mm 

Stored Energy 

For a thin continuous solenoid the stored energy 
per em length is given by · 

B2 R2 
E0(ergs) = ~ (emu) (5) 

where the average axial magnetic field B is given 
by 0 

B = 4n 
0 

dl 
dz (emu). (6) 

The average axial field in the case of discrete 
coils is given by 

4n I 
z· (7) 

The stored energy E for discrete coils of the same 
radius be written in terms of the ratio 

11e (8) 

where eo, which was evaluated using TRIM, depends pri-
" inarily on the ratio Z/R, and /',.e depends on coil 

size and shape. We have estimated /',.e analytically, 
under the conditions that 

[ ¥ ) 2 « 1' [~] 2 « 1' [~) 2 « 1' [~t « 1' 

using the field distribution for a circular coil 
cross-section. This gives 

/',.e::: z (9) 
2nR 

where S is coil area and s0 is the area used in 
obtaining e0 from TRIM. We have neglected the ef
fect of the iron in the small term 11e. Figure 
5 shows e0 and 11e as functions of Z/R and s0;s. 
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Fig. 5. Stored energy e eo + 11e. e0 is the 
volume integral of the energy density for a 
rectangular coil of area s0 = 0.01R2 /',.e 
is the incremental change 1n stored energy 
for a coil of areaS. /',.e = (Z/2nR)£n (S0/S). 
The curves are accurate only for Z >> 2W. 

Maximum field on Coil 

The maximum current density in the super
conductor is limited by the maximum field on the 
coil, which for symmetric coils occurs at the inside 
center surface. The field here, relative to the 
central field is given by 

(10) 

where we neglect the effect of the iron, which is 
shown in the cases considered by TRIM to be ~ 10 
per cent. Under the conditions 

z 
/',.m::: 8nR £n 

F + l tan -1 /I ~ 
IT I :rr z 

(11) 
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where F is a form factor for coil shape which de
pends only on the ratio W/H. See Figs. 6 and 7. 
For rectangles 

F =A [ ~ tan-l ;, + 4 1n [1 + [~J'Jl (12) 
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6. Maximum field on rectangular coil (inside 
center) relative to central field for dif
ferent aspect ratios of coil cross-section. 
(See Fig. 2). The field ratio m =m0 + !J. m. 
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9 

This is shown in Fig. 7. Obviously, a rel
atively smaller field on the coil or a higher 
central field can be obtained if the coil shape is 
extended either axially or radially. 

For ellipses in general we have not calcu
lated F. The W/H dependence will be similar to that 
for rectangles, however, and may be normalized to 
the case for circular cross-section (F = 1) shown 
in Fig. 7. 

SUPERCONDUCTOR 

For purposes of this study the use of an 
intrinsically stabilized material like Supercon 
252E9, with copper to s/c ratio about .1:1, con
taining about 3000 strands of supercondu~tor, is 
assumed. The critical B-i characteristic is 
shown in Fig. 8. We assume also that the magnet 
operating point will lie on the dashed line, 
derived by reducing by a factor of ·2 both field 
and current from the short sample characteristic. 
This conservative position allows us in what fol
lows to neglect the space lost to insulation and 
to make the slightly optimistic assumption that 
the superconducting material is distributed uni
formly within the coil area. 

In the region of interest the magnet B-i 
characteristic may be approximated by a straight 
line, i.e., 

B = B - 3 i m c (13) 

where B = 5.2Sxlo4G and -3 is the slope in emu. 
The loaa line slope is given by 

(emu) (14) 

where f is the fraction of the cross-sectional 
area of the coil occupied by superconductor. 
1-f is the fraction of aluminum. Solving (13) and 
(14) we find for the operating current 

-1 
i = Be (3 + 4~f) (emu). (15) 
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Fig. 8. Current-field characteristics. The solid 
curve is from Ref. 2 for SUPERCON 252E9. The 
dashed characteristic is taken to be the 
locus of operating points for a magnet. The 
load line is of the form B /i = 4nSf /Z, 
for which the parameters ar\H defined lfu the 
text. 



The central field B0 is given by 

B Z B 
c_ c =__:g__+m 

B0 - 4niSf 4nSf (16) 

where Z is in em and S in em2. 

DECAY TIME CONSTANT 

It is essential that immediately following a 
local quench the decay time of the magnet current 
be long enough that the energy dissipated in the 
coil forms,has time to raise the coil temperature 
elsewhere, causing a general quench. The decay time 
constant is given by 

Inductance 
T= Resistance 

ZE e E0 S(l-f) 
. 2 

npR I 

2nR e S (1-f) 
pZ (17) 

where T is in ns and resistivity p is in ohm-em. 
Solving for S 

s = TP Z/R 
2n(l-f) e (18) 

In practice the resistivity depends sensitively on 
purity, fabrication and heat treatment. 

TEMPERATURE RISE 

In a quench essentially all the stored en
ergy goes eventually into heating the supercon
ductor and coil frame. In terms of the (volume) 
heat capacity and the initial and final temper
tures 

Stored energy 
Coil volume 

where B
0 

is in Gauss. 

2 

BORZe lecmrg3s] 
16nS (19) 

C obviously depends on f. C , shown in 
Fig. 9,etf a composite for aluminum K;d copper 
(used for the superconductor), as is the integral, 
defined by assuming that the temperature·dependence 
of the heat capacity is the same for copper and 
aluminum so that 

T 

I 
B0RZe 

Energy density= (1.5 + f) CvdT = 16nS · (20) 

To 

LOSS OF APERTURE 
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In terms of the various dimensions defined in 
Fig. 2, the fractional aperture loss in 6, defined 
as the opacity 0, is given by 

0 = ~ K (21) z 
w where K is a function of the ratio H and the 

polar angle e. 
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Fig. 9. Heat capacity and final energy density in 
coil. Effective heat capacity for coil with 
superconductor fraction f is 
Ceff z (1.5 + f)Cv. The temperature rise is 
given in terms of energy density = (1.5 + f) 

T 
f C dT. 
T v 

0 

For ellipses, [4 (w H 2)]lz K = rr H + W cot e . 

For rectangles, K = /: + ~ cote. 
(22) 

n is the number of subunits into which a 
compound rectangular coil is divided (see Fig. 
l(b)). Figure 10 shows K as a function of various 
angular variables, including solid angle, rapidity 

+ cos3e and L = cose 3 
Using only Fig. 10 we would tend to emphasize 

small values of W/H for large solid angle, and 
large values of W/H for a detector sensitive to a 
wide range in L and n. With the compound coil or 
with two or more different coil shapes (see Fig. 
l(c)) optimization over a wider range for cot e is 
possible. 

CHOIGE OF MAGNET PARAMETERS 

There are many experimentally sens1t1ve fac
tors that need to be taken into account in the 
design of the magnet. The important ones considered 
here are: 

1. Field uniformity 
2. Field strength or momentum resolution 
3. Opacity. 

Figure 4 shows that field uniformity depends 
sensitively and almost exclusively on the ratio 
Z/R. Uniformity deteriorates rapidly for Z/R ~ 1. 
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9 4 

From (11), (16), and (21) we see that mag
netic field and opacity have similar dependences 
on Z and S, so that a trade-off between momentum 
resolution and open aperture is necessary. To study 
this in more detail we define a figure of merit 
to be the ratio of the magnetic field to the opacity. 

-1 0 K (MERIT) ::- = -
Bo Be 

IS UJ:_ + ~\ 
Z \4nSf m) (23) 

Using (11) 

_2_ = _K_ ~ +/rrS + _3 __ -t-
BO ~B z fl4iTS 

c 

!_I4St -1!.. zrrr an z I4S + __!_ /I R- ll + nz2 )~ (24) 
I~ ~I~ n ~ u· 

The last two terms are negligible. The second 
and third terms are optimized (i.e. , minimized) 
for S = S , where 

m 

(25) 

Substituting (25) in (24) we obtain in general 

This function is shown in Fig. 11. 
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Fig. 11. Ratio of opacity to magnetic field strength vs coii separation. 
Parameters are defined in the text. 



insensitive to the ratio S/SII1c and to the size of 
the magnet for zF2f ~ 50 em. fhe loss of aperture 
is very sensitive, however, to F and K. For KF ~4/3 
we see that the loss of aperture is about 10% p0r 
Tesla of central field. 

From (18) and (25) we may determine 

f = (1 + R/eR) -l 
m 

where we define 

Rt :: Tp/3. 

For T = 3 seconds, p = 10- 7 ohm-em (1/30 the 
room temperature value), we find R = 100 em. 

t 

(27) 

(28) 

For a minimum of the-ratio 0/B0, the magnetic 
field, as determined from (16), (25), (27) and 
(28) is 

Be - Y, 
EO- 1 + F [Z/6(1 + Rt/eR)) (29) 

Figure 12 shows B0 for different values of R 
under this minimum condition. These fields ate in 
the interesting range for PEP spectrometers. Taking 
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advantage of the insensitivity of 0/Bo to S/S , 
the area of the coil can be varied to control ~he 
design field over a suitable range. Note that the 
maximum attainable field under the minimum condi
tion decreases with the radius of the magnet approx
imately as R-Yz. In terms of momentum resolution, 
which, in the absence of coulomb scattering, 
varies as B0R2, the performance, therefore, goes 
as R3/2. 

Another constraint is provided by the energy. 
density allowable in the coil. Equation (20) may 
be rewritten 

(1. S+f) [

KB I 2 
:: W ~ 

0
oj eR 

16 'IT z or 

Eo < 2. 24 /wZ Te la 
0 - K ~~ s (30) 

where W, in Joules/em3, is the maximum allowable 
energy density. 

This constraint is similar to that given by 
(26), except that it provides a (not very sensitive) 
lower limit on acceptable values of Z/R. Although 
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Fig. 14. Magnetic field obtained under conditions that maximize the ratio 
of field strength to opacity. The parameters are defined in the text. 
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for present purposes W is somewhat arbitrary, we 
note that for W = 200, T = - 100 degrees centigrade. 
And for Z/R = 0.4, K = 2, this gives 

0 -1 B::: 0.1 Tesla 
0 . 

(31) 

similar to the range established in (26) by the 
magnetic properties of the superconductor. 

In summary, reasonable field uniformity re
quires that the coil separation not exceed the coil 
radius. With currently available superconducting 
material, the ratio of aperture loss to field 

• strength is asymptotically minimized at about 10% 
per Tesla for coil :;eparation·s greater than about 
50 ern. The conditions on field uniformity and 
aperture loss per Tesla are, therefore, well 
satisfied for magnets in the range of interest of 
PEP spectrometers. The characteristics related to 
momentum resolution and aperture improve rapidly 
with magnet size, because (in the absence of 
coulomb scattering) resolution involves a factor 
of R2 times the magnetic field. Coil shape is an 
important parameter in the optimization of a given 
magnet configuration. 

Assuming that coils with the properties im
plied here could be built, the total amount of 
material required would be small. From (25) and 
(27), for example, we find that, under the mini

mum condition, the average radial thickness ~ of 
coil material is given.by 

(32) 

For R >> R , this gives a thickness of about one
half ern ortone-third radiation length. 

In this report we have ignored many en
gineering considerations. We have not considered 
the loss of aperture from the axial coil supports. 
It appears that this loss will be comparable with 
that from the coils themselves. The determining 
factors are primarily structural. Other factors 
affecting the choice of magnet parameters are de
tector volume, time of flight, diameter of beam 
pipe, cost and problems of fabrication. We have 
considered none of these. 

We are indebted for a number of essential dis
cussions to P. H. Eberhard, M. A. Green, and 
E. S. Groves. 
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THE STUDY OF NEUTRAL PARTICLES 
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Summary 

The range of physics problems for which a 
detector emphasizing neutrals is most suitable is 
discussed. The primary goals are the all neutrals 

. cross section, cr (e+e- .... neutrals), the character-a . 
ization of the neutral energy in multi-hadronic 
events, the search for monoenergetic photons, and 
good sensitivity in the difficult region of low 
energy.photons. 

Those features of multi-hadronic events 
which are most relevant to a neutral detector have 
been calculated using a jet model with parameters 
extrapolated from SPEAR energies. These distri
butions are presented and discussed. 

I. WHAT TO STUDY 

Much less is known about the properties of 
the neutral particles emitted in high energy re
actions than about the properties of the charged 
particles. The reason is obvious: neutral parti
cles ·are harder to detect and their properties are 
more difficult to measure. The neutral energy can 
appear in the form of photons (decay and single*), 
neutrons, neutral kaons, and neutrinos. In e+e
(and yy) reactions, most of the emitted neutral 
energy is believed to be electromagnetic and 
primarily from rro and no decays; little is as yet 
known about the overall importance of the recen~ly 
discovered single photon emission process. Thu~, 
detectors emphasizing the measurement of photons 
are needed for the study of the nature of the 
neutral energy. Neutron and K~ detection is de
sirable for some of the detailed investigations, 
and may be important at the highest PEP energies. 

What is our present knowledge of the neutral 
energy emitted in e+e- + hadrons, and what 
questions arise? First, there is essentially 
nothing known experimentally about the contribu
tion to crt(e+e- +hadron) of all neutral final 
states, s1nce present measurements of crt rely on 
a two-charged-particle trigger. The all neutral 
contribution, cr , is believed small because the 
obvious reaction~ e e- + p11° + qn° (p,q = 1,2 ... ) 
are forbidden by charge conjugation symmetry to 
first order in the electromagne~ic coupling. How
ever, other reactions such as e e- ~ y + prr0 + qn°, 
n + n + prr

0
, etc., are allowed, and remembering that 

the e+e- annihilation process has shown unexpected 
behavior before, we believe it is important to make 
direct experimental tests for these possibilities. 

A direct approach to the measurement of both 
crt and cr

0 
is the calorimetric method using a total 

energy trigger. This was emphasized by Feldman 
and Hitlinl for PEP, and an implementation of it 

* By single photons are meant photons emitted in 
transitions between hadronic states. 

was proposed at SPEAR·. 2 Such an apparatus 
must contain sufficient matter to absorb most of 
the energy of the final state particles, both 
charged and neutral, must cover essentially 4rr 
solid angle, and must have high efficiency for 
detecting the presence of charged particles to 
isolate the all neutral events. Since all y de
tectors (except pair spectrometers) involve a con
siderable amount of matter> it is natural to in
corporate calorimetry and high resolution photon 
detection in the same apparatus. Considering the 
importance of the value of crt it seems very de
sirable to measure it by both magnetic and calo
rimetric methods since they have different biases. 
Calorimetry is the only practical method we know 
of for measuring cr

0 
and this component of crt may 

contain resonances or threshold steps which are 
hard to observe in crt itself. 

It has been found3 at SPEAR that about half 
of the total energy available when two or more 
charged particles are detected is emitted as 
neutral energy. What is the nature and what are 
the properties of this neutral energy? There are 
many detailed questions whose answers are expected 
to be very interesting. 

(a) What fraction of the energy is emitted 
as rr 0 's, as n°'s, as single y's, as neutrons, as 
other neutral particles? How do these fractions 
vary with energy? Are there resonances or 
.threshold steps? 

(b) What are the inclusive spectra of y's, 
rr0 's, n°'s, and other neutral particles? How do 
they compare with the charged particles? 

(c) Are there other monoenergetig photons in 
addition to those recently discovered? In 
cascade decays involving more than one y, what is 
their time order of emission? 
All of these experimental questions are as im
portant for the 2y processes as they are for the 
e+e- annihilation. 

Depending on the detailed design of the 
apparatus, other processes can be studied at the 
same time. In all neutral detectors sensitive to 
eletromagnetic showers, these would range from the 
standard QED reactions (e+e- + e+e-, yy, e+e- y) 
to a search for heavy electrons (e* + ey). The 
inclusion of a magnet to provide charged particle 
momentum measurements adds another range of 
physics involving identification of charged 
hadrons in the final state, their correlation with 
the neutrals, and the complete reconstruction of 
some classes of final states. And, of course, 
everybody is looking hard for new, unexpected phe
nomena, and we are excited by the prospects of a 
detector with sensitivity in an unexplored region. 
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II. HOW TO STUDY 

It is very much easier to write down the 
interesting features of the neutral energy than 
to devise a practical apparatus which has all of 
the desirable features. In practice, compromises 
must be made involving performance, complexity, 
and cost so as to optimize the study of particular 
areas. The 1974 PEP Summer Study report contains 
a very useful summary of the properties of photon 
aetectors5 and of the design considerations 
involved.6 

Since everyone expects most of the neutral 
energy to be electromagnetic, the neutral detection 
·schemes we have considered first concentrate on 
electromagnetic energy detection, with neutron and 
K£ detection added on in one case, and magnetic 
detection in the other. We recognize that a gener~ 
al detector will surely provide some neutrals de
tection, but we expect practical considerations to 
limit its energy resolution. Our aim was to pro
vide a more specialized capability complementary 
to a general detector. Since the 1974 Summer Study 
there has been a detailed design for SPEAR2 of an 
all neutral detector based on Nai (T~) technology 
("the Crystal Ball") and made progress has been in 
the ionization chamber technique using liquid 
argon. It seemed natural, therefore, to use the 
crystal ball as one of the starting points, and 
liquid argon ionization chambers as the other. 
Since the crystal ball is designed for SPEAR, we 
concentrated on modification to it to improve its 
performance in the PEP energy regime. On the 
other hand, experimental experience with liquid 
argon ionization chambers is relatively small, and 
the major thrust of our work was to explore the 
physics limitations of such devices as low energy 
photon detectors; we do not consider con'rentional 
liquid argon calorimeters, since these are well 
covered in the literature.7 We conclude with 
possible designs resulting from both starting 
places, but two points must be borne in mind: 
First, neutral particle detection and calorimetry 
involves complex physical processes, and so the 
full evaluation of a particular neutral particle 
detector requires lengthy Monte Carlo studies of 
electromagnetic and hadronic showers. These could 
not be carried out within the time span of the 
summer study. Secondly, as with most other .de
tectors considered in the summer study, there will 
be some overlap in physics capability with other 
detectors. As noted above, any general detector, 
for example the Mark II version of the SPEAR mag
netic detector, contains some photon detection 
capability, and so our emphasis was on areas not 
well covered by them. 

III. EXPECTED HADRON AND PHOTON DISTRIBUTIONS AT 
IS= 30 GeV 

The performance of a neutral detector is 
sensitive to the energy and spatial distribution 
of the particles in multihadrogic states. An im
portant experimental discovery in the last year 
has been the jet structure in the hadronic final 
state following e+e- annihilation. The data shows 
that in each event, there is an axis about which 
the transverse momenta are limited, and a phenome
nological model consistent with these observations 
in the SPEAR energy ~ange has been constructed. 
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In this section, we give the results of an extra
polation of this model to is= 30 GeV, and com
parison with the pure phase space isotropic model. 

The general features of the two models are 
similar. Only pions were assumed in the final 
state. In the phase· space model, pions (charged 
.and neutral) are produced with momentum and 
angular distributions according to Lorentz in
variant phase space. The total multiplicity is 
'given by a Poisson distribution whose mean is ad
justed to give an average of about 7 charged pions 
and 7 neutral pions. These numbers are extrapola-
tions in a+ b lns of the e+e- data for IS= 2.4 
to 7. 4 GeV. · The jet model has the same features as 
the phase space model, except that an invariant 
~atrix element squared (M2) is imposed with 

'( 1 """ 2' M2 = exp - 2r _.LJ ( ~ i) , ' 
i I 

where the summation is over all pions, P 0 is the 
transverse momentum of the ith pion relative to a 
given axis and r is a parameter which was adjusted 
to give <P~> ~ 300 MeV/c. This is in agreement 
with data up to IS= 7.4 GeV and also with hadronic 
interactions. The angular distribution of the axis 
about which Pl was computed was chosen to be 

(1 + cos 29) which is the case 
for a pair of spin-1/2 particles. 
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Of first concern in a neutrals detector is 
the y energy spectrum. The integral probability 
distribution is shown in Fig. 1 for both models 
at Is= 30 GeV, and for comparison, the jet model 
results at IS= 6.2 GeV; also shown is the charged 
pion distribution at Is= 30 GeV. These model 
calculations indicate that we can expect between 
60% and 70% of the photons to be below 1 GeV and 
about 20% below 200 MeV. An interesting feature 
of the jet model is that it has relatively more 
very high and very low energy photons than pure 
phase space. This is the result of Lorentz trans
formations along the jet axis, increasing energy 
for forward decays and decreasing it for backward. 
This same feature of the distribution is of course 
seen in the pion distribution (phase space not 
shown). The corresponding differential distribu
tions are shown in Figs. 2 and 3. 
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Because of shower size, each photon dis
tributes its energy over a non-negligible portion 
of a detector. Thus, the distribution of angles 

between these y's is of interest. In Fig. 4, these 
distributions are shown for both the phase space 
model and the jet .model for Is = 30 GeV. Except 
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for an enhancement at small angles due to high 
energy rr 0 •s, the phase space model yields a nearly 
isotropic distribution, as one would expect. The 
transverse momentum damping about the jet axis, 
however, manifests itself very strongly in these 
angular correlations. In fact, the small angle 
spike from rro•s in the high energy tail is not 
even visible, being buried under the great multi
plicity of small angles between photons in the jet. 
The figure also shows the angu~ar size of an area 

,, which contains about 90% of the energy of a single 
photon for the two neutrals detectors reported on 
in the summer study. Clearly, the jet structure 
is a serious matter in neutrals detectors. About 
half the pairs in one hemisphere lie within a cone 
of half-angle 11°, which agrees wel~ with the 
crude estimate of. 

<P~> x (multiplicity) = 8°. 
IS 

Thus, if the jet model with transverse momenta 
limited to about 300 MeV is applicable at PEP, 
and there is every reason to believe it is, one 
can expect about 3 or 4 photons in about 1% of 
4rr. This is approximately the size of a single 
shower in both the crystal ball and LAND (Liquid 
Argon Neutrals Detector). A typical event would 
then contain two such neutral energy blobs dia
metrically opposed, each blob containing. 2, 
perhaps 3, charged particles in the 
crystal ball. In the LAND detector which we 
studied, the magnet would sweep the charged parti
cles aside and disperse them over space, signifi
cantly reducing the charged-neutral overlaps. 

Of interest in calorimetry are the neutral 
and charged energy distributions. These energy 
distributions in the jet model are shown in Fig. 5. 
Of course, the equal partition of energy between 
charged and neutral pions just reflects the param
eters fed into the model, although the well-known 
energy crisis supports it. 

In conclusion, we note that the expected 
jet structure at PEP energies will make the energy 
measurement of single photons in multihadronic 
states very difficult. 

j 

Neither of the neutrals detectors 
we considered is able to solve this particular 
experimental problem. On the other hand, if nature 
does indeed provide us with such a strong focusing 
effect, the neutrals detectors will provide .a 
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simple, direct measurement of their angular distri
bution and electromagnetic component. Finally, 
the goals of measuring cr0 and crt by calorimetry 
and of delineating the general features of the 
neutral energy are not disturbed by this structure 
of the multihadronic states. 
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THE CRYSTAL BALL AT PEP 

W. Bartel, F. Bulos, D. Luke, C. Peck, K. Strauch 

Sunnnary 

The modifications to the SPEAR version of the 
Crystal Ball required by the higher energies at 
PEP are discussed. Since the hadron multiplicity 
is expected to rise as log s·, their average energy 
must rise. On the other hand, if the hadrons are 
produced in jets, the low energy part of their 
spectrum is not heavily depleted. This implies 
that modifications for high energy particles should 
not deteriorate low energy performance. An ex
ternal iron calorimeter for measuring the high 
energy hadrons, charged and neutral, is considered. 

-To improve the angular resolution on y's, an active 
internal converter has been studied, estimates 
have been made of its expected performance, and 
difficulties requiring further study have been 
outlined. 

THE CRYSTAL BALL1 

The Crystal Ball is a neutrals detector de
signed for SPEAR. Its major component is a spheri
cal shell of Nai(T~), 16 r.l. thick, with inside 
radius of 25.0 em, covering about 90% of the sphere. 
The interior cavity is filled with track chambers 
to determine the number and directions of charged 
particles, and the conical beam pipe-openings are 
covered down to about 10° with an array of hexa
gonal sodium iodide counters, 20 r.l. long. A 
sunnnary of the relevant parameters of this device 
is given in Table I and the performance charac
teristics in the SPEAR energy range are given in 
ref. 1. 

In the SPEAR energy range (/; ~ 7 GeV), this 
apparatus will be able to directly measure the all 
neutral cross section o 0 by calorimetry and to 
determine the nature of the neutral energy in 
general multihadronic events. About · 
4o% of the charged-hadrons range out in the Nai 
so that it is expected to give a calorimetric 
total energy measurement of about 35% FWHm. Thus, 
it will yield an independent measurement of Ot· 
It is able to detect low energy y's with good 
energy resolution, and this property is important 
for proper selection of a pair of y's belonging 
to a rro in multi-rr 0 production. And, finally, 
monoenergetic photons in the hundred MeV range, or 
even lower, should give strikingly clean peaks in 
energy spectra, even when they occur in multi
hadronic events. This is due to the combination 
of three things. First, Nai has a better energy 
resolution (a few percent is typical) than any 
other photon detector used in high energy physics; 
secondly, the large solid angle coverage for both 
charged particles andy's allows clean separation 
of events by topology, and, finally, many "back
ground" photons from rro and n decays can be re
moved by reconstructing the hadron mass. 

In the PEP energy regime, however, the aver
age hadron energy is expected to increase, since 
the multiplicity is expected to rise only as log 

Table I. Properti~s of Crystal Ball 
Spherical Shell 

Materiai Nai(T~) 

Signal 

Inside/Outside 

Solid Angle 
Coverage a 

l
:lo3 photoelectrons/MeV 
~.25 ~sec decay time constant 

radius 25.0/65.0 em 

!
Sphere = 0.90 X 4rr 
sphere = 0.98 x 4rr 
~end caps_ 

Thickness of shell 40.6 em 2 147 gm/cm 
16 radiation lengths 
~1 hadronic inter-

action length 
195 MeV energy loss, 

minimum ionizing 

b Segmentation shape triangular prisms 
solid angle/seg = .0175 sr ± 15% 
fraction of sphere/seg 

= .00139 ± 15% 
half angle of cone with same 

solid angle 4.2° = 73 mr 

Kinetic energy of range 
particle 

Momentum of range 
particles 

Transverse Shower Spread 
(electromagnetic) 

= 1.7 em@ 25.0 em 

1

245 MeV pions 
340 MeV kaons 

_!!25 MeV protons 

1

350 MeV/c pions 
670 MeV/c Kaons 

260 MeV/c protons 

Moliere Radius = 4.4 em 
No. segments for -95% 

of shower = 6 
Fraction of sphere used 
by 1 y = -0.8% 

~hese numbers neglect edge effects of the conical 
openings and end caps. 
b 

Each segment is viewed by a phototube. 

s. ·The calculations of the expected spectra are 
given in the general neutrals report of this 
Summer Study. The consequences of this trend are 
that a smaller fraction of the energy carried by 
charged hadrons will be deposited in the ball 
proper and that an increasing fraction of the nO's 
have energies in the GeV range. This implies that 
the calorimetric properties of the simple ball 
become poorer and that the angular resolution on 
the y's becomes increasingly ,more important than 
energy resolution in reconstructing the nO mass. 
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Nevertheless, if e+e- ~ hadrons proceeds via 
parton pair production, then those nO's produced 
backward in the parton's frame give rise to y•s 
qf low energy. Thus we qualitatively obtain the 
jet model result that as s increases, the dynamic 
range of photon energies increases; the relative 
importance of the low energy photons in neutral 
hadron reconstruction is reduced, but they cannot 
be ignored. Furthermore, the possibilities of 
surprises involving low energy photons persuades 
us that this energy domain must be well covered. 
The major thrust of our study has therefore been 
the design of an external iron calorimeter to pick 
up the energy of high momentum hadrons and an 
internal active converter to improve the angular 
resolution on the photons with as little energy 
resolution degradation as possible. 

We find that an iron calorimeter is quite 
feasible but massive (about 500 tons), even given 
the relative compactness of the ball. We had 
hoped that an internal converter could be added 
without serious degradation of the energy reso
lution, but we find that this does not seem pos
sible because adequate segmentation cannot be pro
vided. 

EXTERNAL CALORIMETER 

Let us begin by considering the measurement 
of crt with the unadorned ball at Is= 30 Gev, 
ignoring any charged hadron·energy it detects. 
First, we note that it is a superb calorimeter for 
the purely electromagnetic energy in an event and 
an efficient counter of charged particles. Thus 

' " i 
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in the absence of beam-gas and 2Y events, no ad
ditional apparatus· is needed to identify the in
teresting annihilations, and the observed energy 
distribution would be expected to have an ~verage 
of about 15GeV and a FWHM of about 16 GeV. The 
purely electromagnetic energy in beam-gas and 2Y 
events can kinematically range up to 15 and 30 GeV 
respectively, but the bulk of the electromagnetic 
distributions would be much lower. Thus, requiring 
the electromagnetic energy to be above a cutoff of 
order 7 GeV would eliminate most of the background 
at a loss of -2o% of "the ·signal. Estimates of 
beam-gas event rates suggests that they are small 
enough to be ignorable, but the 2y background 
from events in which the electron and positron are 
lost in the beam pipe are unc~m!ortab~y_large. The 
estimated cross+s~ction for e e ~ e e + hadron 
in which both e e have angles less than 10 rnr 
(assumed minimum angle of ta9ger) and f:nadron. > 
15 Ge¥ !s about 0.05 nb at 1:3= 30. This is 10% of 
crt (e e ~ hadrons) if R = 5. Thus we conclude 
that the unembellished ball could·probably be used 
to measure crt , but the corrections for undetected 
ly events and detected 2y events would be uncom
fortably large. Clearly, before using the simple 
ball in this mode, much more careful background 
and signal loss estimates would have to be done 
than what we have done in this summer study, We 
now turn to the situation with an external calori
meter. 

The design goal of the study was to provide 
an external calorimeter capable of containing at 
least 95% of the hadronic shower and covering 
about the same solid angle as the Nai parts of the 

* See Fig. 5 , "Neutrals Detection at PEP", this 
volume. 
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system. As noted above, a separation of one-photon 
annihilation from 2Y -reactions where the de
graded electrons are not detected can be achieved 
by measuring the total energy of a reaction over 
a solid angle close to 4n. The amount of missing 
energy then allows an identification of 2y-reactions. 
Further, information on the direction of the mis
sing momentum, although expected to be poor. may 
alsG prove useful, This argument specifically ap
plies to the total cross-section measurement. 
Another fact is that the ball is essentially a y 
detector (It is about 1 hadronic absorption length 
thick.). Neutrons and KE·are detected only through 
nuclear interactions, and so an external calorimeter 
would increase the amount of energy collected from 
these neutral particles as well as from the charged 
particles which do not stop in the ball. 

Two possible configurations have been con
sidered, one specifically adapted to the crystal 
ball and the other using the modules designed by 2 
the general detector group and described by them. 
From considerations of interaction lengths per 
radiation length, ease of handling, and cost, iron 
was chosen in both. 

A calorimeter based upon scintillation count
ers wa~ sonsidered first. From the work of Engler, 
et al, ' , we deduce the following: 

(1) Five absorption lengths are needed. Since 
the Nai provides one absorption length, the calori
meter requires at least 75 ern of Fe. 

(2) To achieve a FWHM resolution of 6o% at 
2.5 GeV, one must sample every 1 em of iron. Two 
ern between plates has been provided for scintil
lator. The geometry of the calorimeter is shown 
in Fig. 1 and 2. It consists of 12 major pieces, 
each longitudinally segmented into 3 parts after 
25, 50, and 75 ern of iron. Wire chambers can be 
installed between these segments to give some 
position resolution on the hadronic showers and 
provide ~ identification. The capability of this 
arrangement with regard to the muons is given in 
Table II. 

The weight of this arrangement is estimated 
to be as follows: 

Iron: Central part 175 tons 

End caps 370 tons 

Scin: 15% of iron 570 tons Fe 

80 tons 

630 tons Total 

Assuming that the light from the scintillators 
fills 1.5 ern of the 2 ern gaps between plates, the2 total area of light emitting surface is about 27m 
wh~ch corresponds to the photocathode area of 2.2 
leY 5" phototube. Thus, sampling only a few per
cent of this area requires about 1000 5" phototubes. 
Finally, assuming a cost of $500 per ton of iron, 

$10 per gallon of mineral oil base liquid scintil
lator, and $200 per phototube channel, the total 
cost is about $700K. 

The obvious alternative to a scintillation 
calorimeter is a liquid argon ionization calori
meter, but we did not work out the details. 
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Table II. Calorimeter Performance. 

Wire Plane 
Number 

l 

2 

3 

Min 1l mom. to 
reach plane 

(MeV/c) 

6oo 

950 

1300 

JT punch through 
probability 

(%) 

8 

2 

0.4 

Another possible arrangement for the calori
meter is based upon the modules considered by the 
general detector group with the Pb front end part 
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replaced with iron and the last and largest module 
removed. The geometry is shown in fig. 3. It 
uses 12 of the "standard" liquid argon ionization 
chamber modules plus four special end cap modules 
(not shown). The details of this design are given 
in the report of the general detector group and 
will not be repeated here. 

INTERNAL CONVERTERS 

The angular resolution of the spherical part 
of the crystal ball is determined by the size of 
the prism segments. Each of these covers a solid 
angle equivalent to a cone with half-angle of 4.2°. 
Thus a photon's direction can be determined to 
about this angle but not to much bett5r than it. 
In fact, detailed Monte Carlo studies have shown 
that for an isolated Y, one can interpolate in
side a prism because of the transverse size of a 
shower and obtain an angular resolution of about 
3° at 100 MeV and 2° at 2 GeV. In the ball the 
uncertainty in reconstructing the mass of a ~o is 
dominated by the angular resolution for momenta 
above about a hund2ed MeV and in this region, 

6m=/2"pmC::E 
where p is the momentum of the particle of mass m 
and C::13 is the angle uncertainty on one photon. 
This uncert-ainty formula assumes that one calculates 
the invariant mass of a y-pair with the formula 
2ElE2(l-cos S), where E1,2 are the energies of the 
two photons and S, the angle between them. However, 
because of the size of a shower, each photon covers 
a cone of half angle oS, where oS > 68. When 
p > m/oS, the cones from the two y's overlap, and 
other methods than the simple kinematic formula 
given above must be used to calculate the invariant 
mass of the pair. Figure 4 shows these relations 
(including the small effect of the energy resolu
tion in Nai) for representative crystal ball param
eters, Although these uncertainty bands are broad 
compared to the masses of the JTO and no themselves 
(which are the usual comparison quantities), it is 
more relevant to compare them to the width of the 
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distribution of invariant mass between pairs of 
random photons with the same total energy. This 
distribution ranges from 0 to E2 , where E=E1+E2, 
and, for reference, Fig. 4 shows this range. 
Detailed Monte Carlo studies of the problem of 
identifying rr 0 •s and n°•s in multi-hadronic events 
have been done for the SPEAR energy range, and the 
results are given in Ref. 1. 

One approach to improving the angular reso
lution is to simply increase the number of seg
ments in the sphere and increase its radius R, In 
addition to improving the angular resolution, this 
option provides other benefits, viz,, reduction in 
the probability that two unrelated y's have over
lapping showers and finer binning of the trans
verse spread of a shower, This later is poten
tially useful in reconstructing the invariant mass 
of a pair of overlapping y•s by Walker's second 
moment method. or extensions of it.6 The random. 
overlaps probability as a function of multiplicity 
for an isotropic y distribution is shown in fig, 5. 
The parameter f is the fraction of the sphere used 
by a single Y and, for the present geometry, its 
value is 0.83%. As an example, consider increasing 
the Nai volume a factor of 2 and segmenting the 
sphere into 1280 prisms; then the outside radius 
becomes 80 em, the inside becomes 40 em, and 
shower max occurs at about 47 em. The angular 
resolution is then reduced to about 2.3° for 100 
MeV photons, assuming the same ability to inter
polate inside a prism. The fraction of a sphere 
covered by a shower is reduced to about .46%. The 
reduction in randoms overlap is also shown in fig. 
5. If the jet structure of multiQadronic events 
develops as expected, every event will contain 
significant overlaps and the statistical ~calcu
lation based on isotropy is irrelevant, On the 
basis of this exercise, it did not seem profitable 
to pursue the matter further, The point is simply 
that as radius R increases, the angular resolution 
decreases as 1/R, the required number of segments 
roughly as R~, and the volume as R3, 
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A more profitable approach is to introduce 
converters in the cavity of the ball. An elaborate 
system is not possible because of space limitations, 
and we settled on the following requirements: 

(a) Angular resolution of about 10 mr. This 
is five times better than the unmodified ball and 
would hopefully (see below) provide a count of the 
number of y's contained in an unresolved energy 
blob observed in the ball. Since the individual 
energies of two nearby y's cannot be disintangled, 
and the average direction of the total energy has 
a 50 mr uncertainty, one cannot calculate a mass 
in the manner assumed earlier, but must resort to 
statistical fitting to distinguish rr's from acci~ 
dental overlaps. 

(b) energy resolution compatible to that of 
the main detector. This forces one to an·Nai 
active converter to preserve the energy resolution 
in the 100 to 200 MeV region. Table III shows the 
resolution of the system if a lead glass active 
converter with 

~E .05//E (GeV) 

were used. 
{c) conversion efficiency of about 70%. 

As shown in Table III, this is achieved with two 
radiation lengths. Higher efficiency is not 
possible in the small cavity of the ball. Figure 
6 shows the probability that 0, 1, or 2 photons 
do not materialize in 

Active Converter Loss Probabilities 
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N (Number of Photons) xllL 759-8363 
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the active converter as a function of the total 
number of gammas incident. It ·is most relevant 
to consider N as the number of photons in an un
resolved energy blob in the ball so that N in the 
2-6 range is suggested by the jet model. 

A possible geometry ~or the active converter 
is shown in figs 7 and 8. The changes from the 
SPEAR version of the. ball are: 

(a) reduction'of the radial thickness of the 
ball by 2X0 , this being .replaced with the active 
converter. The inside radius then becomes 28 em. 
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(b) beveling·of the inner edges as shown to 
allow for the cylindrical geometry of the converter. 
Only 17% of the sphere ·is affected by this modi-
fication. · . · · 

Table rrr;: Active C.onv·e.rter Properties 

,.• .·,. .. lX 
0 

(MeV) 

E 100 200 4oo 1000 y 

Conversion b'l't 1 proba '- 1 Y .46 .48 • 50 .54 
. . . 7 

Energy loss in converter 13 14 15 19 

Overall resolution with ·5.8% '3. 3% 1.9% 1.2% 
Pb-glass 

Angular resolution (mr) 35 18 8.9 3.5 
due to MCS only 

2X 
0 

E 100 200 4oo 1000 y 

Conversion probability7 .10 .72 .74 .79 

Energy loss in converter7 32 4o 50 70 

Overall resolution with 9.0% 5.1% 3.0% 1.6% 
Pb-glass 

Angular resolution (mr) 77 38 19 7.7 
due to MCS only 

Fig. 8 
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The active converter is segmented into 24 
parts, 12 modules around the circumference, split 
at the center of the interaction region. Dr.ift 
chambers are used for position determination . 

The dominant source of direction uncertainty 
for low energy y's is the multiple scattering of 
the converted electrons in the active converter. 
The rms radial position uncertainty at the detec
tor for a single electron of energy E passing 
through a thickness d1 of scatterer of radiation 
length X0 followed by a drift space d2 to the 
detector is 

21 ~I (dl+d2)3 - d~ 
E(MeV) l 3X. 

0 

Thus, this contribution to the angular resolution 
goes inversely as E. This has been used to esti
mate the average angular resolution as a function 
of y energy of the configuration shown in .fig. 7. 
The resolution has been averaged over conversion 
points, energy partition between the conversion 
pair, and photon production angle and ranges up to 
several times the average value shown.. We assume 
that the event contains charged particles so that 
the vertex is known. For high energy photons, the 

XBL 7 59·8368 
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resolution is determined by the size of the showers 
after 2 r. 1. This has not been evaluated, but 
experience with a similar arrangement at DESY sug
gests 10 mr as the limiting resolution. Figure 8 
shows the expected average angular resolution, 
for photons. 

There are several difficulties with this 
system which we can point out, but have not fully 
evaluated. First, the segmentation into only 24 
parts implies serious overlap between uncorrelated 
photons, even if they are isotropically distributed. 
Figure 5 shows the probability that no two photons 
are in the same active converter segment as a 
function of the number of isotropically distributed 
photons in an event (curve with f = 4.2%). In the 
frequent case that two or more photons fall in the 
same active converter element, we will be unable 
to disentangle the part of their energies lost in 
the active converter. Thus, we anticipate that 
the overall energy resolution with this system 
will be seriously deteriorated. A second problem 
is that the size of the shower at 
the drift chamber will fluctuate strongly de
pending upon the conversion depth in the active 
converter. Thus, the expected average angular 
resolution of 10 mr is not a good measure of the 
ability to resolve two nearby photons. For ex
ample, the pair from a late converting photon can 
be easily lost in the shower of a nearby, early 
converting one. In conclusion, the desireability 
of an active converter depends upon a more precise 
definition of physics goals than given here, but we 
think we have identified the most important ex
perimental trade-offs with such an addition. 

Other Modifications 

We considered two other possible modifications 
to the simple ball. One was the addition of a 
small magnetic field to the inner cavity to pro
vide the sign of charged particles, and the other 
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I 0 0 0 

was a radial segmentation of each prism into two 
parts, separated at about 3X0 , to allow some rr-e 
separation. The first interacts with the active 
converter just described. Since it would be im
practical to shield its phototubes from a several 
kG field; these two· options could not be mixed. 
Since we felt that the arguments for photon angular 
resolution are stronger than those for a field, 
the matter was not pursued to a practical design. 

Two methods of segmenting a prism were sug
gested, one based upon polarization of the light 
from the inner segment, and the other based upon 
a sharp cutoff filter, tuned to split the spectrum. 
Both require doubling the number of phototubes 
in the system but this is possible with 1" tubes. 
The polaroid idea would work nicely if only total 
internal reflection were used to propagate the 
light in the prism. This, however, leads to a 
-4:1 ratio of light collection efficiency.from 
one end to the other, and so is intolerable. Thus, 
diffuse reflectance is required, and this is ex
pected to lead to some depolarization. Without 
experimental work, it is impossible to speculate 
on the achievable separation with- this method. 

The second method is to separate the two 
segments with a sharp cutoff filter, and put a . 
similar filter in front of one phototube. Suitable 
filters for splitting the spectrum are available. 

CONCLUSIONS 

It·appears practical and desirable to augment 
the SPEAR version of the Crystal ball with an 
external calorimeter for use at PEP. It is ex
pected that the resulting system would give a 
calorimetric measurement of total energy, and so 
would yield a total hadronic cross section from one 
photon exchange with different biases than the mag
netic spectrometer methods. We find that an active 
converter is geometrically feasible, but its de
sirability is not so clear. A definitive evalu- · 
ation of these additions must await Monte Carlo 
studies, but the "back of envelope" designs seem 
promising enough to warrant more detailed work. 
Finally, the calorimeter clearly does not deteri
orate the response of the system to low energy 
photons for which most other instruments are rela
tively blind; an active converter is much more 
problematic in this regard. 
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A LIQUID ARGON NEUTRALS DETECTOR (LAND) FOR PEP 

A. Eisner, G. Hanson, D. Hitlin, U. Koetz, M. Marshak, T. Mast, 
J. Matthews, C. Peck and D. Yount 

SlUillllary 

We discuss the physical effects limiting the 
gamma energy resolution of a liquid argon calori
meter without passive converter plates. An example 
of such adetector based on the General User's 
Magnet.designed at this. SlUillller Study is given. 

1. MOTIVATION AND GOALS 

The general motivation for ·an apparatus sensi
tive to·low energy photons at·PEP has been dis
cussed in "Neutrals Detection at PEP ;• a paper from 
this SlUillller Study. That paper describes our general 
ideas about neutrals detection, the physics avail
able to a neutrals detector, and the multiplicity, 
energy, arid angular 'distributions of gammas ex
pected at PEP. Our emphasis on low energy photons 
is motivated by the realization that general detec
tors will provide adequate resolution and sensi
tivity in the GeV range. 

One approach to observing the expected large 
number of low energy photons would be to use the 
Crystal Ball detector presently being built for 
SP~~- This detector has some nice properties and 
some obvious disadvantages, both of which are de
scribed in the paper "The Crystal Ball at PEP" from 
this SlUillller Study. The major advantage is the ex
cellent energy resolution and nearly 4n solid 
angle coverage. In addition the small size makes it 
very feasible to surround it with a hadron calori
meter. The major disadvantages are the lack of mea
surement of the charged particle sign and momenta, 

the relatively coarse angular resolution, and the .• 
lack of flexibility coming from the expense and 
fixed geometry of the crystals. An alternative 
which we have studied is a new detector using 
liquid argon ionization chambers. 

We were motivated by the successful construc
tion and operation of liquid argon calorimeters 
during the past year. 1 Ou1 initial goal was to de
sign a detector-with energy resolution for low en
ergy gammas (less than 500 MeV) that was compar
able to that of Nai. In addition we wanted modest 
momentum resolution for charged particles, flexi
b1lity in terms of being able to match given geo
metries of other detectors and magnets, and hope
fully low cost. Our initial vision was a small sole
noidal magnet surrounded by a large pure liquid 
argon gamma detector (i.e., without plates of pas
sive converters). In addition to the above features 
such a detector would have some nice capabiiities 
coming from the longitudinal information available 
in a liquid argon counter. This information and the 
good energy and momentum resolutions would yield 
excellent electron-hadron discrimination. In addi
tion the longitudinal information in the argon 
provides measurement of the ionization energy loss 
for charged particle identification. 

The major effort of the group was not the de
sign of a specific detector, but instead the study 
of the considerations that would go into such a 
design and the feasibility of achieving the goals 
described above. In Section 2 we describe the re
sults of that study. In Section 3 we do describe 
very briefly one possible configuration for such 

Table 1. Properties of shower counter materials (Ref, 3) 

Material 

Argon 

Lead Glass 
(F2) 

Aluminum 

Lead 

Nai 

Copper 

Iron 

dE/dx 
(MeV/cm) 

2.11 

5.38 

4.37 

12.8 

4.84 

12.9 

11.6 

x0 (cm) 
Radiation 
length 

14.1. 

3.22 

9.00 

0.56 

2.59 

1.45 

1.77 

(f]xo 
(MeV) 

Critical 
Energy,Ec 

29.8 

17.3 

39.3 

7.17 

12.5 

18.7 

20.5 

Interactions on Moliere radius 
protons/X0 21.2 x0/Ec Density 

g/cc (op in mb) (em) 

15.6 10-4 0 10.0 1.40 
p 

-4 9.31 10 0 3.9 3.61 p 

23.5 10-4 op 4.9 2.70 

2.55 10-4 
0 1.7 11.35 

p 
5.5 10-4 0 4.4 3.67 

p 
9.0 10-4 0 1.6 8.96 

p 
10.2 10-4 0 1.8 7.87 

p 



a detector. Finally we sunnnarize in Section 4 our 
conclusions on the feasibility of using liquid 
argon for a high resolution neutrals detector, and 
we outline the work that we think needs to be done 
before a detailed design can be made. 

2. CHARACTERISTICS OF LIQUID ARGON DETECTORS 

The use of liquid argon in high energy physics 
was originally studied with the view of achieving 
very high spatial resolution for charged par
ticles.2 More recently considerable success has 
been achieved in using it in hadronic and elec
tromagnetic shower detectors.! 1his work of the 
past few years is well described in the literature 
and we will not review it here. We have sunnnarized 
in Table 1 some of the characteristics of liquid 
argon and other materials used in shower counters. 

The detectors used to date have contained 
plates of passive converters (lead or steel) in 
order to reduce the depths of tl1e counters. Com
pared to a pure liquid argon counter these plates 
seriously degrade the energy resolution for low 
energy ganmas. Thus our main emphasis was on a de
tector without such plates, and we simply accept 
the deep counters which this implies. However, we 
were concerned with the relatively large trm1sverse 
spread of a shower when these plates are absent. 
Consequently some work was done on detectors with 
them. 

In Section 2.1 we deseribe the contributions 
to the energy resolution of liquid argon electro
magnetic shower detectors. One of the advantages 
of a liquid argon detector may be a low sensitivity 
to magnetic fields and we discuss this in Section 
2.2. In Section 2.3 we describe the problems of 
spatial localization of ganmas. 
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2.1 Energy Resolution 

Electromagnetic showers create ionization in 
the liquid argon; the collection of electrons from 
this ionization then induces a signal in the de
tector; and finally this signal is processed by 
the electronics. We use this series of events to 
classify the various contributions to the energy 
resolution as follows: 

A. Fluctuations in ionization coming from 
fluctuations in: 

(1) energy loss out the back end, 
(2) energy loss in a magnet cojl and 

dewar; 
(3) energy loss in passive converter 

plates, 
(4) energy loss transversely out of a 

shower fiducial volume, 
(5) tracklength induced by·electromag

netic hadron production. 

B. Fluctuations in the pulse induced in the 
electronics coming from fluctuations in shower 
track positions. 

C. Electronic Noise. 

We discuss each of these below. In general, 
we adopt the attitude that fluctuations at the 1% 
level must be experimentally determined. Thus, 
our goal in the analysis is only to identify what 
must be done to reduce the effect of any given 
fluctuation source to this level (if possible). 

(A) Fluctuations in Ionization 

Energ~ loss out the back end of the detector. 
We have rna e Monte Carlo calculations of the fluctu
ations in energy loss out of the back end of pure 

Fluctuations of Ionization Loss for Gammas in Liquid Argon 
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1.0 Monte Carlo' Gammas in Liquid Argon 
liquid argon counters of various thickness. The 
results are shown in Fig. 1 as a function of gamma 
energy. For the low energy showers that we are 
emphasizing, about 10 radiation lengths are suf
ficient to maintain an energy resolution of ~ 2%, 

RMS of Energy Lost in Each Layer 

Energy loss in a magnet coil and dewars. 
During the past year considerable progress has been 
made in designing and testing thin superconducting 
magnets. 4 A solenoid coil presently being construc
ted will have a thickness of 0. 33 radiation lengths. 
Considering the oblique angle of some gammas and 
the liquid argon dewar thickness we consider the 
effects of 0.5 radiation lengths of passive mater-
ial (aluminum). · 

Wit~ the magnet coil in front of the shower. 
detector about 27% of the gammas convert in the 
coil, and the rms energy loss for these 'converting 
gammas is plott~d in Fig. 2. Shown [or comparison 
are the resolutions, for lead glass,' sodium iodide, 
and that expected for the Mark II SPEAR Magnetic 
Detector. 

Since we do not want to degrade the resolu
tions of low energy gammas, we have considered 
the case where the coil follows 5 radiation lengths 
of gamma detector. (The motivation was to make the 
length large enough to get most of the shower en
ergy and small enough to minimize the wasted mag
netic field.) The results are also shown in Fig.2. 
These latter results are based on the fluctuations 
in energy loss at various depths in the shower 
shown in Fig. 3. From this calculation, we con
clude that a lumped passive converter, such as a 
coil, embedded in the y detector is unacceptable 
for our purposes. 
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Althoug t e a ition o very t in lea plates to 
a pure liquid argon detector will add energy loss 
fluctuations, it may also decrease the electronic 
noise and reduce the transverse spread of the 
showers (See Sections 2.13 and 2.3 below). Thus 
it is important to calculate the size of these fluc

•tuations as a function of the plate thickness. The 
usual rules of thumb for these fluctuations (see 

. for example Ref. 1) are not valid for very thin 
plates. Unfortw1ately we have not found an analytic 
expression for these fluctuations which agrees with 
both intuition and existing data. Either an analytic 
or Monte Carlo solution of this problem is needed 
for an optimized design. However, on the basis of 
some rough estimates we feel that enough material 
to significantly reduce the shower spreading would 
probably significantly degrade the energy resolu
tion. 

Fluctuations in energy loss transversely out 
of a shower fiducial volume. In practice one will 
add together a large enough number of readout cells 
to contain the shower. As this number is increased 
the fraction of energy escaping and the fluctuations 
in this energy are reduced. However, the electronic 
noise increases as the square root of the number 
of cells added (to be discussed later). Thus there 
is some optimum munber of cells to be added together, 
and this number depends on the particular config
uration of the detector and the energy of the 
shower. In Section 2.1 of this paper we discuss 
the electronic noise for various configurations, 
and in Section 3 we discuss the transverse size 
of the shower. However, we have made no detailed 
optimization to determine the size of shower fidu
cial volumes and this would probably have to be de
termined by the experimental calibration of each 
particular detector. 

Fluctuations in track length induced by elec
tromagnetic hadron production. At some low level 
there will be fluctuations in the ionization due 
to the production of hadrons by electrons and 
photons in the shower. This sets a floor under 
the achievable resolution of any electromagnetic 
shower detector. For the low energy showers that 
we are emphasizing here,we expect this effect will 
be below the 1% level. 

(B) Fluctuations in the Pulse Induced in the 
Electronics 

The pulse induced by the collection of an 
electron in an ion chamber depends on the original 
position of the electron1 i.e., the position of 
the original ionization.o Since the position of 
tracks will fluctuate,the above effect will give 
rise to fluctuations in the output. We have esti
mated the size of these effects for parallel plate 
and cylindrical-wire collection geometries. 

Parallel plate geometry. For most showers 
the nurilber of track-gaps will be very large and 
the fluctuations in the position of the ionization 
within the gaps will be reduced by the square root 
of this large number. So we consider an extreme 
case, a 50 MeV gmmna in a pure liquid argon detec
tor with 1 em gaps. Since the critical energy is 
30 Me~ we have about two tracks. In other words 

the original electron-positron pair will be formed 
and then come to rest through ionization loss. If 
the tracks are perpendicular to the collection 
plates, there will be about 25 track gaps. Fluctua
tions in the relative lengths of the tracks give 
rise to track-gap variations of 1/2 track gap. 

'The rms over the mean is then~/2/IZ)/ 25 = .006. 
If the tracks are at 45° to the plates.this is in
creased to .008. We conclude that this effect will 
be small,and we relegate it to the general unre
solved background of 1% effects. 

Cylindrical-wire ~eometry. Wire collection 
electrOdes are attractive for mechanical reasons 
in a practical counter. We have therefore con
sidered some of the effects associated with this 
option. 

In a cylindrical volume of radius b with a 
wire of radius a, the voltage pulse induced by the 
collection of an electron originating at radius 
r equals (e/2TIE)ln (r/a) = k ln (r/a).6 For a uni
form distribution of ion pairs the mean voltage 
equals k(ln (b/a)-1/2) and the (root mean square 
deviation about the mean)/mean = l(2£n(b/a)-~) 
The latter varies from 0.18 at b/a = 25 to .07 at 
b/a = 2000. (A 10 mm radius volume with a 5 micron 
radius wire has b/a = 2000.) Thus if a shower con
sisted of only one ion pair the resolution would 
be poor. This resolution. is improved by the square 
root of the number of randomly distributed ion 
pairs, and since this will be quite large for most 
showers, this contribution to the resolution will 
be negligible. For low energy showers (50 MeV or 
less) this effect will contribute significantly to 
the resolution in a geometry with the wires longi
tudinal along the gamma direction. Such a geometry 
was considered by A .. Odian at last year's Summer 
Study7 and rejected for this reason. We conclude 
that wire collection electrodes transverse to the 
shower axis, replacing the conventional parallel 
plate geometry, will not contribute significantly 
to the energy resolution for the reasons considered 
here. However, it must be pointed out that we have 
not considered the effect of inductance in the 
wire geometry and this bears on electronic noise. 
Indeed it may be that the characteristic impedance 
of a wire collection electrode (treated as a trans
mission line) is large enough that the lumped com
ponent analysis used here is not applicable and 
considerations such as given in Ref. 8 should be 
used. We have not done this. 

(C) Electronic Noise 

We have considered three possible collector 
geometries. 

(1) Squares. These were suggested at last 
year's Summer Study by A. Odian.7 The hope was to 
connect them in tower arrangements (Shish-kebob 
geometry) so each detector defines a unique solid 
angle and each has a low capacitance. We have not 
devised a convenient way to connect the high volt
age and readout squares. In addition there would 
be an enormously large number of elements re
quiring electronics and so we considered this 
arrangement no farther. 

(2) Strips. These will be easier to construct 
and have a relatively low capacitance, but they will 



have the problem that more than one gamma will hit 
the same strip. 

(3) Wires. These will be similar to strips 
and perhaps easier to construct. . 

The capacitance for the wires and strips are 
not very different,so we use strips as an example 
for the following discussion of electronic noise. 

We follow the electronic noise analysis of 
Willis and Radekal based on a system where the 
signal from the collectors passes through a trans
former into an FET preamplifier. The results of the 
analysis are shown in Table 2. The first two col
umns define the geometries considered, d is the 
liquid argon gap length and w the strip width. 
Column 3 shows the capacitance (Cd) for strips.l 
meter long and with enough strips connected in 
parallel to make .1 radiation length in depth 
(= 1 cell). Column 4 gives the collection time 
assuming a drift velocity of 200 nsec/mm. The opti
mum transformer ratio (column 5) is given by 
n = (C /C )1/2 where C is the FET, transformer, 
and st~a?capacitance.Awe follow Ref. 1 and take · 
CA = 30 pF. 

Column 6 gives the rms energy fluctuations 
from electronics noise for 1 cell. = (52.8 MeV 
lost/signal electron detected) 

1/2 ' 1/2 . ' 
4 12 en1; 2 (CdCA) · /A .' where en is the FET 
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noise, 1 nV/H~/2 , and A is the res;lving time, which 
we take as 1.5 x collection time. In order to con
tain the entire shower we add together the cells for 
a depth of 12 radiation lengths and for a transverse 
distance of 60 em. The noise from these cells adds 
in quadrature and is given in column 7. Finally, 
column 8 gives the ratio of the noise without a 
transformer to that with a transformer 
= 0.5(n + 1/n). For the last geometry it may be 
possible to eliminate the transformer. 

The energy resolution for each of the geom
etries is shown in Fig. 4,and the resolution of 
Nai is shown for comparison. In the low energy 
region liquid argon is comparable to Nai for con
figuration f. The resolution increases as the 
square root of the length of the strips, so for .3 
meter strips these resolutions are increased by 1.7. 
The. resolution also varies as d-3/2 so consider
able improvement can be achieved if d, the spacing 
between electrodes, is increased. One pays linearly 
in collection time and the required high voltage 
as d is increased. : 

' 
' 

Attempts have been made to reduce the collec-
tion time by increasing the drift velocity through 
the introduction of polyatomic organic compounds 
to cool the electrons. A group (Ref. 9) at LBL 
has increased the drift velocity in liquid argon 
(at 10 kV/cm) by 30% using 500 ppm methane. An 
experimental program to study this problem has 
been started in Berlin by Gerhard Knies~O 

One way to reduce the capacitance of the de
tector, which was used by Knies and Neuffer (Ref .ll), 
is to couple the plates within a cell in series in
stead of parallel. We have not made an analysis of 
the noise nor the constructional difficulties for 
this configuration. 

Electronic Noise with Passive Converter 
Plates. As plates of passive converter are added 
to pure liquid argon, the number of gaps per radi
ation length decreases, and thus the capacitance 
and electronic noise per radiation length is re
duced. Howeve~ since the amount of energy being 
deposited in the argon is also reduced, the size 
of the signal is reduced,and eventually the frac
tional electronic noise increases. For the elec
tronic noise with lead plates we find that the ex
pression used above for the electronic noise in · 
pure argon must be multiplied by the factor 
F = (1 + 6.07 r)/(1 + 25.2 r)l/2 where r is the 

Table 2. Electronics noise for various configurations of a pure liquid argon detector 

(1) (2) (3) (4) (5) (6) (7) (8) 
Type Collector Capacitance. Collection Optimum rms energy rms energy Ratio of 

dimensions for 1 meter time transformer fluctuations fluctuations noise without 
w d ~y 11 c~2ipF) (J.lS) ratio per cell per shower transformer to 
(mm) (MeV) (MeV) that with it 

a 10 2 4956 0.4 12.9 0.93 26 6.5 

b 10 5 793 1.0 5 0.24 6.6 2.6 

c 10 10 198 2."0 2.6 0.083 2.3 1.5 

d 20 5 1586 1.0 7.3 0.33 6.6 3.7 

e 20 10 396 2.0 3.6 0.12 2.3 1.9 

f 20 20 99 4.0 1.8 0.042 0.82 1.2 
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Electronic Noise in a Pure Liquid Argon Detector 

rms energy fluctuations/shower (12 Xo by IOOcm x 60cm) 

0.1 

ENERGY (MeV) 

Fig. 4 

ratio of the length of lead (em) to the length of 
argon (em) in each gap. The numerator in F comes 
from the reduced signal seen in argon and the de
nominator comes from the reduced capacitance per 
radiation length. This factor is plotted in Fig.5 
and shows a shallow minimum at r = 0.085. For a 
gap of 2 em in liquid argon,this implies a thick
ness of 1.7 mm of lead,which would introduce 
rairly large energy loss fluctuations in the lead. 
Our conclusion is that the noise reduction due to 
adding lead plates is small,and we expect that it 
would be more than offset by the energy loss fluctu
ations in the lead. 

If no transformer is used,then the functional 
dependence of the noise on the capacitance changes 
fro~ (CdCA) 1/2. to ~Cd + CA), and the effect o~ 
adding plates IS different. The factor relating 
the resolution in this case to that of pure liquid 
argon with transformer is given by 

1/2 fcciCA) l/2 I (1 + 25.2 r) 

1/2] + (CiCd) (1 + 6.07 r). 

This is plotted for two values of Cd/CA in Fig.6, 
and again the electronic noise is not strongly re
duced by the addition of lead plates._ 

In the above considerations we have not in
cluded the reduction in electronic noise that comes 
from the fact that the transverse shower spread 
may decrease as lead is added and thus fewer cells 
need be added to contain the shower. 

2.2 MAGNETIC FIELD EFFECTS 

The Electronic Effects 

As noted earlier,signals from liquid argon 
are transmitted via ferrite core transformers ex-
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cept in the unusual circlDllStance of very low ion 
chamber capacitance. The signals are small, and 
thus the excursions on the characteristic hystr
esis curves are also smalL The response of the 
transformer then depends,only on the slope of the 
hysteresis curve at the ambient excitation. The 
characteristic curve for the 3D3 ferrite, shown 
in Fig. 7, (Ref.fZ) appears to be linear for 
fields up to about 1600 gauss. Typically, a high
permeability material in air will gather flux 
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from an area of order four times the cross section 
perpendicular to the field. Thus a 3D3 ferrite in 
an ambient field of 400 gauss would shunt a field 
of order 160Q gauss .. we conclude that a 3D3 ferrite 
would have an output independent of ambient field 
up to about 400 gauss-~providing that the core 
o erates alwa s on the same h steresis curve. This 
nnpl1es at su cores cou e use rout1nely 
in fringing fields, possibly with some magnetic 
shielding, but they would not operate in the high 
field region of typical magnetic uetectors. A 
further p9int is that calibration pulses should 
be injected into the electronics in situ upstream 
of the transformers' rather than aownstream, to 
incorporate any magnetic field effects into the 
calibration. 

Shower-Track Sampling Effects 

Pure Liquid Argon Detector. In a total ab
sorption detector, such as liquid argon or sodium 
iodide, virtually all of the shower energy ap
pears ultimately in the form of ions, photons, and 
free electrons. It makes no difference whether 
shower tracks are straight or curved due to a mag
netic field. In particular, the number of ions, 
free electrons, or photons is independent of the 
field. 

HYSTERESIS CURVE 

5000 

25°C 
H-1 

~ 
4000 

/7 70°C 
'11 .... 1--

I '(/ "'· 1 , 
I 1J 

3000 

I 

I 

" 2000 I 

I 
I 

1,000 
I 
I 

r- I 

0 
-2 0 2 4 6 8 10 

H (OERSTEDS) 

Fig. 7 XBL 7510-8486 

Sampling Detector. To be specific, we con-. 
sider a sampling detector con~isting of lead plates 
and liquid argon gaps. The gain is determined by 
the fraction of the ionization that occurs in the 
argon. This fraction is normally small so that, 
for example, doubling the gap doubles the signal. 
We then ask: To what extent does the presence of a 
magnetic field alter the fraction of the ioniza
tion that occurs in the liquid argon sensitive 
volume? 

The pathological example shown in Fig. 8 
illustrates that the fraction of the ionization 
sampled can be influenced by a magnetic field. 
Case 1 corresponds to a lead-liquid argon detector 
with no field, and Case 2 corresponds to the same 
device in a field so large that no charged shower 
particle reaches the next lead plate. Evidently, 

CASE I CASE 2 

Fig. 8 XBL 7510-8452 
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the amount of detectable ionization is proportional 
to the width of the liquid gap for Case 1 and in
dependent of it for Case 2. This shows that the 
presence of the field does change the response and 
that the magnitude of the effect can be large. 
For example, it can be larger than a factor of 10. 

A rule of thumb for track sampling is that the 
~agnetic deflection of shower tracks at the criti
cal energy of the absorber plates should be small 
compared to the spacing between plates. For ex
ample, if the absorber plates are of lead (crit-
1cal energy of 8 MeV) and if the plate spacing is 
2 mm, then fields of a few thousand gauss would 
cause significant changes in gain. 

If a large lead-liquid argon detector is op
erated in the fringing field of a magnet and if 
the field is high enough to cause sampling errors 
of the type just described, then variations in the 
field would lead to non-uniformity of the detector 
response as a function of position. Calibration 
and correction of such an effect would be tedious 
and difficult in a large device. 

Electron Collection 

To what extent does the collection of elec
trons depend upon the magnetic field? 

In the case of integrating detectors, such 
as the ionization quantameter, the integration time 
is very long and fully covers the time interval 
during which induced current flows from both the 
primary ions and electrons. Any recombination of 
ions and electrons would be sensitive to the 
ambient magnetic field, but this is minimized by 
using an ionization medium, gas or liquid, of suf
ficiently high purity. Thus this type of device 
can be made to have no magnetic field dependence 
due to this source. 

In a detector sensitive to individual tracks 
(or events) such as we have been considering, the 
electronic integrating time is long enough to in
clude the induced current from the motion of the 
primary electrons, but so short that it includes 
almost none of the current from the much slower 
motion of the heavy positive ions. This is just 
the effect that gives rise to the dependence of 
output signal on position of ionization considered 
in Section 2.1.2. As is illustrated for an ex
treme case in Fig. 8, the equivalent location of 
ionization is at the center of the gap in Case 1, 
but displaced from the center in Case 2. Thus in 
addition to the effect on output signal due to 
the change in energy deposition in the liquid dis
cussed above, the magnetic field will also give 
rise to a change in the output signal induced by 
this ionization. 

Summary 

It appears that liquid argon detectors will 
be sensitive to magnetic fields via: (1) saturation 
of ferrite cores in the readout, (2) change of 
track length of low energy shower tracks in the 
liquid (applicable when lead plates are used), 
(3) change of the equivalent location of the ioniza
tion between the plates (applicable whether or not 
lead plates are used). The first of these can be 
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controlled by locating the cores in a low field 
region for which the price may be increased ca
pacity and inductance in the coupling cable. Dis
placement of the shower tracks would occur through
out the large volume of the detector itself,and 
the results are harder to anticipate or correct. 
Clearly it is important to operate liquid argon 
and lead-liquid argon detectors in a magnetic field 
before large devices of either type are constructed. 

2.3 Spatial Resolution 

The spatial and angular resolution for in
dividual gqmmas will be determined by taking the 
centroid of the shower on the strip~ and we expect 
the spatial resolution will be equal to or less 
than a strip spacing of 1 or 2 em. For the LAND 
detector described below this will· give an angular 
resolution of about 10 milliradians or better. 

However, a matter of some concern in a pure 
liquid argon shower detector is the transverse 
size of the showers since this leads to non-neglig
ible overlap probabil~ties for the expected gam
ma multiplicities .of 10 to 15. Analytic shower 
theoryl3 gives the result that about 90% of the 
energy in a shower is contained in a cylinde~of 
di~eter 3.6 ~ (36 em), where ~ is the Moliere 
rad1us 

R. = 21 MeV X 
-M E 0 10 em for liquid argon, 

c 

where Ec is the critical energy and x0 the radia
tion length. This shower model assumes that elec
tromagnetic processes lead to negligible angular 
displacements and only the effect of the multiple 
Coulomb scattering of the shower particles is con
sidered. 

Experimental work (Ref. 14,15), however, in
dicates that in low Z materials the transverse 
sizes are larger than those which analytic theory 
predicts. This is attributed to the annihilation 
radiation, but the experimental evidence is in
dependent of this interpretation. In Figs. 9 and 10 
we show the observations of transverse shower size 
in. units of~· Extrapolating smoothly in Z to 
argon leads us to expect that 90% of the shower is 
contained in a cylinder of radius 3 Rrvt = 30 em at 
185 MeV and 2.25 ~ = 23 em at 900 MeV. 

In a shower detector of the kind we are con
sidering, the radial distribution is not measured. 
Instead the transverse projection of this onto 
strips is detected. If we take the radial distri
butions implied by the data in Figs. 9 and 10 and 
project them transversely onto the strips, we see 
90% of the energy in a transverse distance of 
4Rrv! (2.8 ~) for the 185 MeV (900 MeV) shower. 
Thus for tne low energy showers, the transverse 
size is about 40 em. 

This relatively large transverse size has two 
consequences. First, there will be random over
laps of the showers from uncorrelated gammas and 
secondly, the two gammas from a high energy nO 
will be strongly mixed. Walkerl6 has given a 
method based upon second moments which allows one 
to reconstruct the invariant mass of an overlapping 
gamma pair, and thus search for nO's. The analysis 
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he gives assumes that the photons strike the de
tector perpendicular to the readout planes and this 
will probably not be the case in a PEP detector. 
However, the longitudinal development of a shower 
is measured so that a correction can be applied 
for non-normal incidence. The general problem of 
overlapping showers is considered in detail by 
Bulos in "Resolving OVerlapping Gammas in a Modular 
Neutral Detector," a paper from this Summer Study 
and it seems feasible to use an analysis similar 
to Walker's. 
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The probability of no overlapping gammas in 
an event with N photons with isotropic distribution 
is 

~ (1 - nf), 
n=2 

where f is the fraction of the total space used by 
each photon. It is interesting to calculate the 
fraction of events in which there is no overlap 
in either of two orthogonal readouts for the liquid 
argon detector described in Section 3. The detector 
is broken into octants, split longitudinally along 
the beam into two 2-meter sections, and the shower 
maxima occur at a radius of about 2.2 m. The value 
of f for the strips parallel to the beam is 
(0.40)/(2x2nx2.2) = 0.0145 and for the transverse 
strips (0.40)/(8x4.0) = 0.0125. Figure 11 shows 
the probability per event of no overlap on a single 
longitudinal readout and on neither of the two 
readouts. It is seen that with the assumptions· 
made here, essentially every event will have at 
least one pair of gammas overlapping for the ex
pected photon multiplicities, even ignoring the 
correlations between them implied by the jet model. 
The~nergy resolution for these overlapping gam
mas will be degraded1and the importance of this 
needs to be studied further. 

3. A NEUTRALS DETECTOR FOR THE GENERAL USER 
MAGNET 

The General User Magnet (GUM) is described in 
detail in a paper from this Summer Study. It has a 
segmented coil to produce a solenoidal magnetic 
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field region of 1-meter radius, and this field 
region is instrumented with drift chambers. We 
describe here a possible design for instrumenting 
the region outside the coil with a pure liquid 
argon detector (see Fig. 12). 

The GUM has a lumped coil which leaves 78% of 
the. solid angle down to e = 30° unobstructed in 
e and 82% of the ~ coverage unobstructed. Thus 
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56% of the total solid angle, or 71% of the 
coverage down to e = 3if has a minimum of material. 
Of course in practice this region has some ma
terial; 0.05 radiation lengths for scintillation 
trigger counters, 0.05 radiation lengths for cryo
genic insulation of the superconducting coils, 
0.10 radiation lengths for the structure and in
sulation of the liquid argon tank. In the region 
covered by the coils and their support structure 
there is very poor or no gamma energymeasurement. In 
contrast, for a uniform soleno1dal coil 0.33 X 
thick, the energy resolution is degraded throu2h
out the entire region for those gammas which con
vert (about 27% of the gammas). This degradation 
is described in Section 2.1.1. A disadvantage of 
the GUM design is that the coil support and end 
cap flux return make it very difficult to achieve 
good neutrals coverage for e < 30° . It would be 
possible to put a more compact photon detector, 
such as lead glass/liquid argon sandwich1 in front 
of the vanes, but we have not attempted this in 
our design. 

We have divided the liquid argon detector 
into eight identical modules fitting between m1d 
suspended from the flux returns of the GUM. The 
modules are trapezoidal in cross section (see 
Fig. 13), 2m (14 radiation lengths) in depth, 
1.25 m in their transverse dimension inside and 
3 m outside. Their volume is 17 m3/module and 

6 0 

30 planes (4.2 Xo) 

3 amplifiers 

Fig. 13 
XBL 7510-8447 

they each weigh 24 metric tons when filled. This 
is quite heavy, but does not constitute an assembly 
problem, since the unfilled tanks will weigh only 
a few tons. We have not estimated the cost of the 
detector, but we note that the cost of the liquid 
argon at 50¢/liter is $8500 per module and so this 
part of the expense is negligible. With this large 
volume, a refrigerator is clearly preferred over a 
heat exchanger that boils LN. 

The readout consists of 100 planes of cells. 
High voltage wires or planes spaced 2 em in depth 
are stretched along the 4-m dimension in each 
module. Each longitudinal half of the module is 
read out separately. Readout wires are placed mid
way in each layer, 2 em apart. These wires are 
alternately at 0°, +45° , and -45°. About 10 
wires of a given orientation are grouped in depth 
and connected to a single amplifier. Thus there 
are six channels in depth (two for each of three 
orientations) and an average of 130 transversely . 
Thus, each module requires Zx6xl30 = 1560 channels 
of readout; the eight modules then require 12,500 
channels of electronics, which probably makes it 
economically necessary to multiplex the ADC's. 

The energy resolution for this detector (coming 
solely from electronics noise) is shown in Fig. 14. 
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We conclude that it is feasible to build a 
pure liquid argon detector for PEP that will have 
energy resolutions for electrons and gammas above 
about 100 MeV that are comparable to those achieved 
by Nai. In addition, such a detector can measure 
the longitudinal development of a shower which is 
useful for electron-hadron discrimination. The de
tector is flexible in the sense it can be designed 
to fit into a variety of geometries and is inex
pensive enough to be built around a magnetic 
charged particle detector with good moment~n reso
lution. 

We have discussed in this report various as
pects of the design of a pure liquid argon counter 
but have not presented a detailed design of a com
plete detector system for PEP. The following work 
needs to be done before a detailed design can be 
made. 

(1) 

(2) 

A better understanding of the effect 
of lead plates on the energy loss fluc
tuations and the transverse ·spreading 
of showers is needed to know whether 
such plates can be used to reduce the 
gamma overlap problem without destroying 
the good energy resolution. 

More eA~erimental work needs to be done 
on increasing the electron drift vel
ocity through the u~e of organic 
additives. 

(3) 

(4) 

Experimental measurements of the effect 
of magnetic fields on liquid argon 
ch~m1bers will establish constraints or 
freedoms in the design of a practical 

·rEP detector. 

A more detailed study should be made 
of effects we found here which con
tributed to the resolution at about 
the 1% level. . 
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RESOLVING OVERLAPING GAMMAS IN 
A IDDULAR NEI.ITRALS DETECTOR 

F. Bulos 

Abstract 

It is shown here that in a segmented neutral 
detector the method of moments can be used to de
termine whether a connected region of energy de
posit involving several modules contains one, two, 
or more y 1 s. Up to 2 y 1 s can be handled analyti
cally to solve for their energy and position. Fur
ther it is shown that if the positions of the y 1 s 
are determined externally,then the method of mo
ments can be used to solve the problem of more than 
2 y 1 s analytically. 

* * * * * * * 
It was shown by Walker et al (Calt-68-330) 

that the method of moments can be used to deter
mine the ratio M/E for a particle depositing en
ergy (via its y decay) in a connected region of 
a segmented neutral detector. Essentially,if all 
the overlapping y 1s come from the same particle 
(e.g.) 2 y 1 s from nO),the ratio M/E for the par
ticle can be dete~ined and hence one can identify 
the particle. 

The method however cannot separate the y 1 s 
and hence is not suitable for recognizing individ
ual (isolated) y rays. The analysis described here 
(developed with the help of J. Friedman, SLAC 
computation Group) is an attempt at separating 
overlapping y 1 s analytically. 

The principle involved has been verified ex
perimentally and with Monte Carlo calculations 
namely: 

Consider a y (c) of energy E incident on a 
slab of radiator of a depth along 2he y direction 
sufficient for total absorption. The fractional en
ergy Er deposited in a cylinder with its axis 
along the y direction of radius between r and 
r + dr and length equal to the depth of the total 
radiator (i.e., energy is integrated longitudenally) 
is independent of the y energy Eo and is a func
tion of r only: 

Er 
E = f(r). 

0 
If f(r) is projected on an axis z,one obtains 

f(z) which has the same property, i.e., 

E 
Ez = f(z). 

0 
The two functions differ only in normaliza

tion. Instead of the fractional energy, the frac
tional energy density CEriA E0) = p(r) will be 
used here and its counter p~rt p(z) with: 

"' 
f p(r) 2nr dr = 1; J p(z) dz 1 

0 - a: 

and 

p(z) = p(-z);i.e., p(z) is an even func-
· tion. 

We will assume that the areas of the individu
al segments of the detector are equal or known, 
and so the areas will not appear explicitly. 

Two cases will be dealt with here: Case I 
where no external determination of the y position 
is made and Case II where y positions are known. 

CASE I 

Let (x.,y.) be the centers of energy deposit 
E· in modul~ i 1with respect to co-ordinate system 
X~. parallel to the plane of detector (i.e., the' 
Z axis is along the longitudinal direction of the 
modules). 

Ei is known from the pulse height of the 
module and Xi,Yi can be taken to be the center of 
the module. 

Then the following averages are known 

X = ExiEi/EEi = ExiEi/ETOT 

Y = EyiE/~OT 

XY = Ex-y.E-/F--T 1 1 1 -m 

X2 = Ex~ Ei/ETOT 

y2 = E 2 jF __ _ 
Yi Ei -me 

The equations of the major and minor axis of 
the energy deposit and its major and minor vari
ances are given by the eigen vectors and eigen 

~:~~~=obtari:;'c:~2diagona.:::i:"lthe following 

XV-XV y2_ (Y) 2 
Let the eigen axes and eigen variances be 

u,v and A , A2 respectively. Figure 1 helps 
illustrate5 the method. Note that the eigen vec
tors pass through the center of gravity and for 
the case of two y1 s their centers must fall on 
the major ax~ __ 

To differentiate one, two,or more y 1 s,one 
proceeds as follows 

a) As \ 2 indicates one y or a con-
spiracy. 

b) For two y 1 s, A fA 2, and further more the 
distribution is skewed alOng the major axis un-
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less the two y's are.equal. The third moment M3 
with respect to the e.g. co-ordinate system where 
u is the major axis, can be used to measure 
skewness (M3 (u) = L:Eiui/ETOT). Hence 

"s f >. 2 , M3(u) f 0, M3 (v) = 0 

indicate two y's of unequal energies 

'\ f >. 2 , tvt3 (u) = 0, M3 (v) = 0 

indicate two y's of equal energies or conspiracy. 

c) "s f >. 2 , M3(u) f 0, M3 (v) f 0 

indicate more than two y's. 

Complete Solution of Two y's 

With the help of Fig. 2 for two y's one can 
write the following set of equations 

El + E2 = ETOT (l) 

E1v1 + E2v 2 = o 

(Elvi + E2v~)IEroT = "£ - "s 
2 2 

"s = ° Cfl + E2)/ETOT = 0 

(2) 

(3) 

(4) 

where o2 is the (width)2 of the single y linear 
fractional density function p(z) described above. Re:
member that o is a constant for all y's,known from 
p(z) either experimentally or by Monte Carlo. 

Fig. 2 XBL 75.10-8:'1S6 
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Only one of the equations (Eq. (3)) is not 
immediately obvious. Its proof becomes clear in 
Case II below. 

We thus have four equations with four un
knowns E1,E2,v.1 ,v2, i.e., the two energies and 
positions of tiTe y's. (Recall that ul = u2 = 0, 
an additional equation which has been already 
used in Fig. 2). Hence the case of two y's can be 
solved completely. For more than two y's we do 
not have enough equations. This is discussed in 
Case II below. 

CASE II. Effect of position measurement on 'the sep
aration of individual y's. 

Let x , y , E be the co -ordinance and the en
ergy depos£t ~eaRured in the n-th module (these 
quantities are known). Then the first moments give 

The 

. EE X L:E X 
X= nn_ nn 

EEn - EroTAL 

Y= 
IEny n _ IEny n 

IEn - EroTAL 

second moments give 

IE x 2 
2 _ n n 

ox - ETOT 

IE 2 
2 _ nYn 

0 
- ETOT y 

Thus we have the following known quantities: 

(X,Y) (~enter of gravity), ETOT' o~, o~. 

Consider i y's whose positions are b1own (from 
an external converter- position identifier). Let 
the co-ordinates of y's with respect to a co
ordinate system translated to X,Y as center be 
ui,vi. These are known. 

We now use the properties of the linear frac
tional density £tinction of a single y which was 
described before. 

y v 

n'h Module 

-+------------------------X 

Fig. 3 XBL i51 0-8385 
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Let E(u) be the continuous linear energy de
posit in the cluster projected on the u axis; 
E(v) is projected on the v axis. It is easy to 
see (Fig. 3) that 

E(u) 

E(v) 

I:E. p(u.-u) 
1 1 

I:E. p(v.-v) 
1 1 

t- J E(u)u
2 

du 
IDT 

2 1 I . 2 ov = Ewr E(v)v dv 

Thus we can write 

o2 = ~- JcE E. p(u. -u)u
2
)du 

u -·ror 1 1 

o2 = E1 JcE E. p(v.-v)v
2
)dv v IDT 1 1 

For each term in the integrand we write 
u =.(u-u.)+u. and similarly for v. Substituting 
in the integtands and recalling that p(z) is an 
even function of z, we obtain 

6 0 7 
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2 
0 = u 

2 2 [ o I:E. + EE. v. I /E'lnT 
1 1 1 lV 

where o is the known constant width of single 
distribution function. 

We thus have ~he following general equations 
(compare with Case I) 

I:Eiui = 0 

I:E.v. = 0 
1 1 

1 

ETOT 

e.G. 

[ i EE. + EE. u? I 
1 1 1 

[ 2 . 2 I o EE. + EE.v. 
1 1 1 

The only unknowns are the E .. In principle 
then the case of up to five y's 1whose positions 
are known can be handled analytically. 
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REPORT OF THE GENERAL PURPOSE DETECTOR GROUP 

A. Barbaro-Galtieri~ w. Bartel, F. Bulos, 
R. Cool, G. Hanson, U. Koetz, R. Kotthaus 

'·s. Loken, D. Luke, A. Rothenberg 

Abstract 

In this report we describe a general purpose 
detector for PEP. The main components of this 
detector are a 1 meter radius, 15 kilogauss super
conducting solenoidal magnet with drift chambers 
to detect and measure the momentum of charged 
particles, a.liquid argon neutral detector and 
hadron calor~meter, and a system of Cerenkov and 
time-of-flight counters for identification of 
charged hadrons. A major consideration in the 
design of this detector was that it be flexible: 
the magnet coil and drift chambers form a core 
around which various apparatus for specialized 
detection can be placed. 

I. INTRODUCTION 

A general purpose detector for PEP should 
have the following properties: 

1. Large solid-angle coverage for detecting 
and measuring both charged and neutral particles; 

2. Good momentum and angular resolution for 
charged and neutral particles over a large solid 
angle; 

J. Good charged-particle identification over 
as large a solid angle as possible; 

4. Good muon and electron identification 
over a large solid angle. 

The problems involved in designing such a 
detector were considered separately by three sub
groups of the General Purpose Detector Group: the 
Streamer Chamber Subgroup, the Time-Projection 
Chamber Subgroup, and the Wire-Chamber Subgroup. 
The first two subgroups have submitted separate 
reports to this Summer Study. We present here the 
conclusions of the Wire-Chamber Subgroup. 

II. MAGNETIC FIELD COOFIGURATION 

Three possible field configurations were 
considered in relation to their suitability for a 
general detection facility for PEP. A magnetic 
field transverse to the beam axes was rejected 
because a large field integral is required 
( ~ 10 - 20 T-m) and the synchrotron radiation 
would produce a serious source of background. The 
possibility of using a toroidal field was also 
given some consideration. It was concluded that 
the toroidal field is not optimal for a general 
detection facility for the following reasons: 
(1) the forces on the conductors to produce the 
required field integral are very large, (2) as a 
result of (1), the material required to restrain 
the forces will obscure too large a fraction of 
the aperture, and (3) the fringing magnetic field 
for a relatively open configuration would place 
severe limitations on the choice of detection 

system. In particular, detectors using phototubes 
would be severely handicapped and central detectors 
requiring a uniform field, such as the time-pro
jection device,l would be eliminated. Moreover, 
the strongly nonuniform field would place an 
unnecessarily heavy burden on a pattern recognition 
system for the expected high-multiplicity events 
at PEP energies. 

For the reasons outlined above, we have 
chosen to study the use of a ~olenoidal field 
configuration with its axis parallel to the beam 
axes for use with a general detection facility. 
We recognize that the configurations which we have 
rejected for our purpose may in fact be required 
in other specific experimental situations.2 

Finally, the solenoidal field may be generated 
either by a continuous, uniformly wound coil over 
the required length or by a set of "lumped" coils 
spaced along the axis, with no material between 
coils other than that required to restrain the 
magnetic forces. We consider here the continuous 
solenoid, while the "lumped" coil configuration is 
the subject of another report.3 

Two possible designs for general detection 
facilities using continuous solenoid coils were 

4 presented in the PEP Summer Study Report of 1974. 
This report should therefore be considered as an 
updating of the 1974 study based on the SPEAR 
physics results which have become available with
in the year, the decision by SLAC to build a new 
Mark II detector for SPEAR, and, of course, new 
techniques and new ideas which have been advanced. 

Our starting point is the assumption that the 
Nark II SPJ'i:AR general detector system will be 
available as a facility at PEP. A general detector 
system specifically designed for PEP must there
fore be complementary to Mark II and be designed 
taking into account the much higher energies which 
will become available. 

During the past year, studies of new techni
ques for building superconducting coils requiring 
a small fraction of a radiation length of material 
have made considerable progress at CERN, LBL, and 
elsewhere. Descriptions of this work given during 
the Summer Study5 lead us to conclude that, on the 
PEP time scale, we can foresee with considerable 
confidence its use for high-field (~ 15 kG) sole
noids with radii of about one meter. Based upon 
the data available to us, we will therefore assume 
that a continuous solenoid coil of 1 m radius with 
15 kG can be constructed, and that the total material 
of the conductors and cryostat can be held to about 
one-half radiation length in thickness. There is 
a distinct advantage if this assumption is correct. 
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Fig, 1 

Fig, 2 

SIDE VIEW 

Side view of the central region of a 
.continuously wound, superconducting 

solenoid magnet, 

SIDE VIEW 

Side view of a continuously wound, 
superconducting solenoid magnet showing 
the proposed Fe magnetic flux return, 

Since PEP will produce higher momentum secondaries 
than SPEAR,6 a larger field integral is desirable 
to minimize the error for high momentum particles, 
This larger field integral can be achieved on a 
smaller radius and, since the cost of detectors is 
typically proportional to the square of the radius, 
potential cost savings are considerable. 

To supplement Mark II, it would be desirable 
for a new PEP device to cover a larger solid angle 
within which measurements of charged-particle 
momenta and y-ray energies can be made with adequate 
accuracy. Considerations of 2-y physics, which 
are discussed elsewhere in this report,7 strongly 
suggest that a cone of ~ 15° opening angle be left 
open in the forward and backward directions and 

Fig, 3 

3 

::' 
"' -a; 2 
E 

a: 

Fig. 4 

END VIEW 

End view of the proposed magnet con
figuration. 

2 3 
L (meters) 

Magnetic flux map for the proposed 
magnet configuration showing lines of 
constant magnetic field (kG). 

that the magnet design be compatible with upstream 
and downstream external detectors, We have adopted 
these suggestions as design criteria. 

A possible design for a magnet which appears 
to meet the above criteria is shown in Figs, 1, 2 
and J, The cryostat and coil are assumed to repre
sent a total of about one-half radiation length. 
The physical thickness of ~ 15 em is taken from 
the CERN ISR solenoid design. In Fig. 4, the 
magnetic flux map is displayed, The magnetic field 
is uniform to within 6% in the central region of 
the detector. 

It should be noted that the iron magnetic 
flux return shown is, in a sense, quite artibrary, 
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5 10 20 

Fig. 5 Momentum resolution a(p)jp for charged 
particles in a 1 meter radius solenoid 
with 15 kG field. The position resolu
tion in the drift chambers is assumed 
to be 150 ~m. Curves are shown for 
resolution along the beam direction of 
values cz = 1 mm and cz ~ 1 em for two 
polar angles. The effect of multiple 
scattering in 8 double drift chambers 
is included. Calculations are shown 
for two different thicknesses of 
material per chamber: (a) X= 0.005 
radiation length and (b) X= 0.01 
radjation length. 

The pole tips clearly must be removable for access 
to the internal central detector. They are there
fore flexible and interchangeable. Those shown 
leave open a 15° cone for 2-y physics and as a 
result produce the field nonuniformity of Fig. 4. 
A closed pole tip would produce an almost uniform 
field, while a small, vestigial pole tip would 
severely distort the internal field while leaving 
~ ~0° open. In all cases, the fringing field from 
30 < e < 150° is minimal. Apart from the pole 

TABLE I CENTRAL DETECTCR PARAMETERS 

A. Magnet (continuous solenoid) 

lm Radius of coil 
Coil thickness 
Length of coil 

0.5 radiation length 
4 m 

Radius of return yoke 
Magnetic field 

B. Drift Chambers 

4 m 
15 kG 

Number: 8 double gap chambers 

Chamber 
Number 

l 
2 
3 
4 
5 
6 
7 
8 

Radius of Chamber em 

10 em 
20 
30 
40. 
50 
65 
so 
95 

Material in each chamber X= 0.005 X
0 

or 0.01 X
0 

Spatial resolution 
azimuthal coordinate 
longitudinal coordinate 

c. Momentum Resolution 

o(p)/p at p = l GeV/c: 

l50jlm 
Oz = ~ ~ nun or ~ l em 

e = 90° e = 30° 

5z = 1 rnm 5z = l em 

X = 0.005 X
0 

X ~ 0.01 X 
0 

0. 9Cif, 1.35% 

l.Bo% 

tips, the iron return path is almost completely 
arbitrary and should have negligible effect on the 
internal field so long as the iron cross section 
is adequate to carry the flux. Both the end 
pieces and yoke can be rearranged to suit almost 
ru1y external detector configuration. Cost would 
appear to be the only decisive consideration. The 
specific arrangement shown is compatible with the 
external detection systems we have considered. 

III. CENTRAL DETECTOR 

For the purpose of measuring charged particle 
trajectories, we have chosen to consider cylindri
cal drift wire chambers (DWC). During the past year 
considerable progress has been achieved in this 
field and a number of new techniques are under test. 
Progress reports from CERN, LBL, and SLAC were 
presented during the studv. The basic fact which 
permits designing a device around a small, high
field magnet is that an accuracy of about 150 ~ 
in a direction perpendicular to the field lines 
appears to be achievable in large systems. We 
assume it in our calculations. It is less certain 
whether or not the optimal design of DWC will use 
a separately-shaped drift field. New designs at 
LBL ru1d SLAC now under test eliminate this feature 
and minimize the total material of the detector. 
Our view is that it is highly probably that the 
total material can be kept in the range between 
0.~05 and 0.01 radiation length per chamber. Our 
calculations are made for both values to indicate 
the sensitivity of a(p)jp to this quantity. 

The method and accuracy of the longitudinal 
(z-coordinate) measurement is the most contro-
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Mass separation by time-of-flight as 
a function of path length. 
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Fig. 7 

8 (degrees) 

Mass separation by time-of-flight as 
a function of polar angle e for 4 m 
path length. 

versial. Three methods were discussed, namely, 
delay lines, small angle stereo with wires; and 
large angle stereo with cathode strips. Each of 
these methods is now under development and test. 
Since no firm conclusion seems now possible, we 
have made our o(p)/p calculations for two extreme 
cases to show the sensitivity: (1) oz = ~ 1 em which 
seems now achievable and (2) oz = ± 0.1 em which 
appears possible. 

Calculations of the momentum resolution are 
given in Fig. 5 for the chamber configuration shown 
in Fig. 1. The characteristics of the central 
detector are summarized in Table I. 

0ur .StUdy COncludeS that rwt:J I 8 are likely to 
be a leading candidate for the central detector. 
For the development now underway, we would empha
size the importance of two factors: (1) the 
minimization of material both for low momentum, 
charged particle and for low energy y-ray measure
ments, and (2) the importance of the z-coordinate 
measurement technique in relation to pattern 

recognition for realistic PEP multiplicities. In 
particular, careful Monte Carlo studies should be 
carried out for the competing methods. 

!I'' 

IV. CHARGED HADRON IDENTIFICATION 

We propose to identify charged hadrons 
(n±, K±, p±) with momenta up to 15 GeV{c using 
time-of-flight (TOF) measurement and Cerenkov 
tagging. 

Complete hadron separation is possible in the 
• solid angle range not covered by the flux return 

iron. i.e, -45° < ~ < 45° and 135° < ~ < 225°, 
30° < B < 150°, 6f2/4n = 0.43. Some particle 
identification ~an be done in the solid angle 
range of the return iron using the TOF information 
of a cylinder of scintillation counters surrounding 
the magnet coil. 

A. TOF System 

420 scintillation counters (210 x 20 x 2 cm3) 
are arranged cylindrically at a distance of 400 em 
from the interaction point. Each counter is viewed 
by 2 photomultipliers (2 11 photocathodes, e.g., 
RCA .8575). 

With a similar system of TOF counters the 
DASP Collaboration at BESY achieved a TOF resolut
ion of aT = 0.26 nsec. The TOF measurement was 
started by the signal of a small scintillation 
counter close to the beam pipe. At PEP with the 
bunch crossing signal (6T,.., 0.13 nsec) a more pre
cise start signal for TOF measurement will be avail
able. We therefore expect a TOF resolution of 
aT = 0.22 nsec. Figure 6 shows the momentum Pmax 
at which hadrons of different masses are separated 
by 3aT as a function of the TOF path length. Fig
ure 7 shows Pmax vs. polar angle e for the proposed 
TOF counter arrangement. At e = 90 ° rr and K are 
separated up to 1.5 GeV/c, K and p up to 2.4 GeV/c, 
and n and p up to 2.8 GeV/c. In the range above 
these momenta particle masses will be determined 
by Cerenkov tagging. 

,. 
B. Cerenkov Counter System 

v 
A system of three threshold Cerenkov counters 

Cl, C2 and C3 will serve to identify hadrons in 
the momentum range not covered by the TOF measure
ment. Table II lists the detector parameters and 
Fig. 8 shows how the co~ters are used in identi
fication. The combined Cerenkov counter and TOF 
information produce unambiguous particle signatures 
except for the momentum range of 2.4 to 449 GeV/c, 
where K and p cannot be separated. If desired, 
this gap can be narrowed by increasing the TOF 
Eath length or using a higher index of refraction 
Cerenkov counter instead of (or in addition to) 
Cl. Silica aerogel radiators9 could be used to 
separate K and p in the momentum range not covered 
by the proposed gas Cerenkov counters. 

v 
Each Cerenkov counter is subdivided into 

optical cells small enough to be viewed by one 5" 
photomultiplier tube. The light collection system 
has not been designed in detail, but the optical 
cell size and arrangement have been chosen in a 
way that the optics outlined in Ref. 6 can be 
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TABLE II 

~ r C1 C2 C3 

Radiator Freon 12 Pentane C0
2 

Radiator Length 40 em 40 em 70 em 

(n-1 )J. atm L3 X l.O 3 1..7 x J.o-> .45 x J.o-3 

Pressure '4.0 atm LO atm 1.0 atm 

Total amount ~ collision 
of material length 

8.3~ 2.~ 2.4) 

(including ( radiation 
pressure vessel) length 

19.8% 3.01> 3.4% 

Number of optical cells = 
number of photomultipliers 80 224 320 

adapted for the counter cells proposed here. Fig
~res 9 and 10 show two different views of the 
Cerenkov and TOF counter arrangement. 

Design Considerations 

Freon 12 has been chosen as the radiator in 
the pressurized counter Cl in order to minimize 
the pressure (i.e., the amount of material) nec
cessary for a given index of refraction. 

The radiator lengths 1 given in Table II have 
been calculated according to: 

where 

n 
e 

n 
e 
e 

N 1 · 2e 
0 

• • s1n , 

number of photoelectrons 
'V 

Cerenkov angle 

design number. 

ne was required to be at least four (> 98% effici
ency). For Cl and C2 we assumed N0 = 50 cm-1 

which is a conservative estimate for an ordinary 
5" photomultiplier and the gases chosen. 

No = 100 cm-l is necessary for C3 in order 
not to make the counter prohibitively long. This 
can be achieved by making use of a high-sensiti
vity photomultiplier or wavelength shifters. 

Cl was placed closest to the interaction 
region in order to m1n1m1ze the area to be covered 
with pressurized cells. 

A crude cost estimate, including scintil
lator material, photomultipliers, voltage dividers, 
mechanics, discriminators, ADC's, and TDC's 
(only for the TOF counters) gives: 

$1000 
$1800 
$llOO 

per TOF channel (2 channels/counter) 
per Cl cell 
per C2, C3 cell. 

Total cost is: 

TOF 
Cl 
C2 
C3 

system: 840 X $1000 
80 X 1800 

224 X 1100 
320 X 1100 

Total cost of particle 
ident~fication system 

"' $ 840 k 
144 .k 
246 .k 
352 k 

$1582 k. 
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Fig. ll Modular calorimeter. 

V. SAMPLING CALORIMETER 

A modular calorimeter is used to detect 
electrons, photons, and charged and neutral had
rons. The properties of the detector are shown 
in Table III. Each module is self-contained and 
covers 1/16 of the solid angle of the general 
detector (0. 054 x l<:n: sr). 

A. Electron-Photon Detector 

The first block of the calorimeter (see 
Fig. 11) consists of a lead-liquid argon detector. 
Between each 1.4 mm sheet of lead is a 4 mm cell 
of liquid argon with a plane of wires for ion 
collection in the middle (see Fig. 12). The 
wires are bussed together to form channels of 
constant angle. The use of wire planes rather 
than strips simplifies construction of the vari
able-width channels used to keep constant angle 
acceptance. 

To achieve good resolution in both polar and 
azimuthal angles, we use overlapping channels in 
e and ~. Readout in e is alternated with ~' as 
indicated in Fig. 12. The energy resoiution of 
this system is expected to be o(E)/E = 7'/o/ JE 
(E in GeV). Of course, the photons which convert 
in the magnet coil (see Fig. 13a) will have worse 
energy resolution (see Fig. 13b). The resolution 
shown in Fig. 13b should be added in quadrature 
to the above resolution for those photons which 
convert. 

In order to help separate rr 1 s and e 1 s we 
segment,the detector in depth. The first three 
radiation lengths are combined to obtain one pulse 

48 plates total, each t radiation length 1.4 mm 

7 

6 

5 
4 

3 
2 

1 ......................................... ········ ..... 

e 
~ 

e 
~ 

e 
~ 

identical to 3 

identical to 2 

channels identical to 1 

displaced by t. ~ /2 

channels displaced by t-8/2 

channels of constant 6~ 

e wires joined to form channels of 
constant t. e 
5 em at e = 90° 
10 em at e = 30° 

To collect ionization, we sum all channels of the same' angle in two parts: one up to 
3 radiation lengths, ~d one from 4 to 12 radiation lengths. 

For example, one sum is 1 + 5 + 9 
another is 13 + 17 + 21 + 25 + 29 ••• + 45 

Total readout: .20 X 2 
22 X 2 
16 X 2 
18 X 2 

e cells (50 mrad) 
e + t. e /2 
cp 
cp + t.Cfl/2 

Total = 152 channels 

Cost at $100/channel = $15.2k 

Fig. 12. Shower Detector - Schematic 
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Fig. l3(a) a,b,c. Probability for photons to 
convert in an aluminum coil of indi
cated thickness in radiation lengths 
(X<)) with one or more electrons of 
-energy ::;:. 2 MeV coming out of the coil. 

d,e,f. Probability for photons to 
convert in the ·coil with no electrons 
of energy >,2 MeV coming out of the 
coil. 

Fig. l3(b) Rms energy loss for photons traversing 
an aluminum coil of indicated thick
ness. 

These results are based on Monte Carlo 
calculations. 

height, and the next nine are combined to obtain 
a second pulse height. 

It should be noted that 12 radiation lengths 
may not be adequate to contain all shower energy 
at high energy. However, since the detector is 
followed by the hadron calorimeter, no energy is 
lost. 

B. Hadron Detector 

The hadron calorimeter is similar to the 
electron-photon detector with lead replaced by 
iron (see Fig. ll). In order to contain all 
shower energy up to 15 GeV, w~ use a total of l 
meter of iron.lO For ease of construction, this 
is divided into three sections. 

The first section consists of 20 plates each 
1 em thict separated by liquid argon and wire 
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TABLE III 

Properties of Modular Calorimeter 

Acceptance: Polar Angle 

Azimuth 

Resolution: [ 
2 2 J l/2 o(E) = ot k (E) + '-' . ' rae no1se 

otrack e,/E)/E = 0.07/}T (E in Co€V) 

Weir;ht/l·!odule: 

Cost /Module: · 

I'hunber of Channels: 

o . = 5 MeV 
no1se e,r 

0 track haiE)/E = O.')Oj jE 

cnoise had = 10 MeV 

o(e) = 6.6 mrad 

c(c;o-) = 6.6 mrad 

Pb 2 metric tons 

Fe 48 metric tons 

f.1echanical 

Readout 

ey 152 

hadron 112 

total 264 

$40 k 

$26.4 y, 

rr./e Rejection
12 

(including the effect Or 
a l radiation leng:th ,coil): 

< 10-
2 

for p"' 500 t-·leV/c 

(E in GeV) 

< lo-3 for p .2; 1500 MeV/c 

planes. The readout is again divided into cells 
of constant 6.9 and 6.cp (in this case 100 mrad) • 
Improved resolution in angle is achieved by using 
a second set of cells offset by 6. e /2 and 6. cp /2. 
By combining these channels weighted by the pulse 
height we can find the centroid of the shower in 
both the lead and iron detectors. 

The second and third sections consist of 40 em 
of iron each: 20 plates of 2 em thickness in the 
second section and 10 plates of 4 em thickness in 
the third. Wires are divided into 100 mrad cells 
in e and cp, but no overlapping channels are used. 
A channel consists of a sum over 15 gaps in eithe1· 
e or cp. Again, pulse height allows interpolation 
between channels. 

In considering the design of the hadron 
calorimeter, we have chosen for simplicity and 
cost reasons to use iron. A significant improve
ment in· -resolution is possible using uranium 
since it is in effect possible to sample energy 
from nuclear frag:nents.ll In a detailed design 
of a detector of this type, uranium should be 
given more consideration. 

VI. SUMMARY AND COOCLUSIOOS 

We have presented a general purpose detector 
design for PEP. The core detectDr consists of a 
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15 kG, 1-meter-radius continuous-coil super
conducting solenoidal magnet inside .of which are 
eight drift wire chambers to measure the positions 
and momenta of charged particles. The core detect
or covers 0.9 X 4n sr solid angle. The momentum . 
resolution for charged particles is calculated to 
be a(p)jp = 0.9% at· p ~ 1 GeV/c, e = 9C0 , 

and 0.005 radiation length of material per chamber. 
Identification of charged hadrons over 0.43 x 4n sr 

• is accomplished using time-of-flight and Cerenkov 
counters. n, K, and p are separated over the 
complete momentum range up to 15 GeV/c except for 
the range 2.4 to 4.9 GeV/c where K and p are not 

• separated. A lead-iron, liquid-·argon calorimeter 
covering o.43x 4n sr (eight modules) is used to 
detect photons with energy resolution o(Ey)/Ey 
0.07/JEi'and angular resolution a(e) = o(cp) = 
6.6 mrad. Hadron calorimetry is provided with 
o(Ehad)/Ehad = 0.50/ J Ebad·- rr/e rejection of 
10-2 to 10-3 for momenta from 0.5 to 1.5 GeV/c 
is obtained by segmenting the front part of the 
calorimeter radially. In addition, the large 
path of iron provides an excellent muon filter 
with negligible punch-through. The only ambiguity 
in muon identification will come ~rom decays in 
flight. Cones of 15° opening angle forward and 
backward have been left open for two-photon 
physics. Photon-tagging apparatus as described 
in Ref. 7, cir possibly a simpler version, can be 
placed in this region. 

This general purpose detector can be used to 
study a wide range of e+e- physics. The feasibil
ity of the superconducting solenoid and the drift

' chamber and liquid-argon-calorimetry systems 

should be ascertained within the coming year 
through developmental work now being carried out 
at various laboratories. 
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CONSIDERATIONS FOR A GENERAL FLEXIBLE DETECTOR 

F. Bulos 

ABSTRACT 

Starting from a set of desirable features , a 
general shape of the detector is chosen, To decide 
on the size and magnetic field 4 cases are compared. 
A good compromise is chosen and illustrated here 

General Features 
The general features chosen were divided into 

two groups: Basics that should be present over 
as near 4rr solid angle as possible, and others 
that would be costly and complicated such that 
they would be used in a fraction of the total solid 
angle. However the magnet flexibility should allow 
adding more coverage at will 

A. ~ 4rr Solid Angle Features - Basic 
1. Good momentum measurement 
2. Energy and position measurement for i' s 

3. rr-e separation 
4. Real flexibility over 2rr azimuth. 
5, Provisions for fast trigger 

B. Limited Solid Angle Features - Additive 
1. Finer measurements for J' s 
2. Particle identification extensions 
3. Provisions for a forward tagger to help 

identify 21 processes as recommended by 
the 21 group study 

With these features in mind a solenoidal 
magnetic field is chosen. The flux return is a 
set of 8 ribs capable of returning the flux with
out further additions. A rib must block as little 
space as possible azimuthally. In any case, 
enough space is provided between the coil and the 

Table I 

* Magnetic Field (K.G) ----------------------------
coil ID (Meters) ---------------------------------
No. of removable flux return sections ------------
Cross-sectional area of Mag Field (SQ. Meters)--

Cap a· rea required (SQ. Meters): 
1 Field in iron 18 k.g. --------------------
2 Field in iron 20 k.g. --------------------

Cap area available (SQ .Meters) ----~--------------

Width of flu~ return rib (Meters) 
(Thickness fixed at 20 ems. 

1 Field in iron 18 k.g.---------------------

2 Field in iron 20 k.g.--------------------

X-sectional area for radial coverage out from'coil 
surface of 40 ems. and full azimuth: -------------

Mom, Meas. capability (Mark II Units)+ ___________ _ 

* All ~10 k.g. coils are superconducting. 

CASE I II III IV 

5 12 15 15 

1.5 1.0 .85 • 75 

8 8 8 8 

7.07 3.14 2.27 1.77 

1.96 2.1 1.89 1.48 

1.77 1.9 1. 70 1.33 

6.68 2. 75 1.89 1.38 

1.25 1.32 1.2 .95 

1.10 1.2 1.05 .85 

4.5 3.3 2.9 2.6 

1.0 1.0 .83 .57 

+Mark II as presented by B. Richter 
microns drift chs. resolution,and 

during PEP Study is based on~ll5 ems radial track measurement, 200 
5 k.g. field. Quoted momentum resolution 

(CT p/p )meas = • 75 P (GeV/c ) 1% 
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Fig. 2-- End cap and flux sections - 1/2 shown 
only. One ~ection shown exploded. 

ribs to allow continuous coverage with most of the 
additive detectors invisaged. The thickness of 
the rib azimuthally was chosen to be 20 ems. 

To decide on the radius of the 
value of the magnetic field 4 cases 
all having the same features above. 
are shown in Table 1. 

coil and the 
were considered 

The results 

From the table one concludes that case IV, 
the smallest magnet, is not useful because of the 
loss in momentum measurement capability and the 
marginal cap area available. 

Cases I-III are acceptable. However case I 
the largest magnet is costly from the point of 
view of additive features (1,2}. Case II is also 
still costly for the same reasons and also requires 
a rather wide flux return rib. Case III needs 
caretul consideration by magnet experts to deter
mine the shape of end cap ribs. 

6 
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El 
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F 

Fig. 1-- Cr~ss section of basic detector -
1/4 shown only. 

Space available for pipe cntr and prop chs. 

Drift ·chs - momentum analysis. 

Trigger cntrs. 

Coil 

1st part of shwr cntr lead-scint - prop chs 

sandwich. 

2nd shwr cntr lead scint E1+ E2 give energy 

meas. Division helps rr-e separation. 

Flux return rib. 

G1 and G2 Struts for structure. G1 is 

separated from end cap by space for light 

guides - opening 0. 

H1 and H
2 

End cap and end flux rib. 

I Shower:* Either liquid argon or as in 

El,E2. 

J Prop chs - Coarse digitization - used as 

forward trig. cntr. 

K Front tagger opening (10°). 

* If light guides are used they can be taken out 

through K or 0 which can be increased for that 

purpose. 

Since the magnet shape· is the same for a 11 
cases and case III seems like a good compromise, 
this case was chosen for illustrations. Figs. 1, 
2 show the structure of the magnet including all 
the basic features listed in A. above. 

Flexibility played a major part. It is easy 
to see that any experimentalist can build one or 
more flux return sections (iron is relatively 
cheap), equip it at will with additive features and 
test it without interfering at all with an on going 
experiment. When ready the new section/sections 
can replace the old ones in a very short time.· 
The replaced sections can be used similarly by 
physicists next in line. Although not shown in 
Figures, it is trivial to give the physicist the 
option of removing the shower counters together 
with the flux section or leaving them in place 
(for example if he is interested in adding ~ detec
tion only). 
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THE STREAMER CHAMBER AS A GENERAL DETECTOR 

G. Barbiellini, R. Kotthaus, S. Poucher 
A. Seidl, F_ Villa, and D. Yount 

Abstract 

A general purpose streamer chamber facility is de
scribed. The multiplicities and momenta of charged 
particles are determined in the central region of the 
chamber over a solid angle of about 0. 85 · 4rr. The re
mainder of the visible volume is devoted to rr± /e± sepa
ration and to rr0 and gamma ray detection. The former 
is achieved by observing electromagnetic shower devel
opment and the latter by measuring both the conversion 
point of each primary interaction gamma ray and the mo
mentum of each shower track produced in an array of 
coaxial lead-oxide plates. There are 9 such plates, 
spaced 8 em apart, and the plate thickness is 0. 6 radi
ation lengths. Separation of 1r±/e± is effective above 
250 MeV /c, and gamma ray detection is practical above 
100 MeV by this method. The solid angle of the leaa
oxide shower detector is about 0. 5 · 471". Muons above 
about 1 Ge V are distinguished from charged hadrons by 
a single layer (which gives three track coordinates) of 
multiwire proportional chambers that determip.e whether 
a given particle has interacted strongly in the coils or 
flux return plates of the magnet. This "external muon 
identifier" also sub tends a solid angle of about 0. 85 · 471". 
Good separation of 1r/K, K/p, and 1r/p is obtained by 
ionization below 0.7, 1.0, and 1.4 GeV/c, respectively, 
and useful separation (about 1. 6 standard deviations for 
1r/K, 0. 7 standard deviations for K/p, and 2. 2 standard 
deviations for rr/p) is achieved in the region of the .rela
tivistic rise in ionization. The ionization measurements 
are supplemented by time-of-flight, which is effective 
for 1r/K, K/p, and rr/p at momenta up to 1. 0, 1. 7, and 
2. 0 GeV /c, respectively. 

INTRODUCTION 

The streamer chamber has been discussed as a 
possible central track detector in a previous PEP Sum
mer study Report. 1 Advances in technology during the 
past year, particularly in spatial resolution, 2 in film
less readout, 2 and in particle separation in the region 
of the relativistic rise in ionization3 have added signif
icantly to the already impressive arguments1 favoring 
this technique. We have therefore re-examined the 
streamer chamber approach with two basic questions in 
mind: (1) What auxiliary equipment can be added to the 
central detector already discussed to make it a general
purpose facility? (2) How can the recent advances in 
technology be implemented to optimize system perform
ance? 

ADVANTAGES 

Among the advantages that we see for the system 
described below are: 

(1) Superb spatial resolution, possibly better than u = 
40 1.1 in the plane perpendicular to the magnetic 
field and u = 120 1.1 along the magnetic field. 2 

(2) Excellent multiple-track efficiency. 

(3) High information density of about 2 streamers per 
em (useful in pattern recognition, momentum, and 
dE/ dx measurements). 

(4) Large solid angle. 

(5) Good gamma ray angle and energy measurement, 
allowing precise determination of the mass of par
ticles that decay into two photons. 

(6) Electron identification via electromagnetic shower 
development. 

(7) Good separation of hadrons at low energies and 
also partially in the region of the relativistic rise 
in ionization, via dE/dx. 

(8) Muon identification. 

PHYSICS 

The advantages listed above suggest that the 
streamer chamber would be particularly well suited to 
the following types of experiments: 

(1) Any investigation requiring measurement of high 
momentum. 

(2) Strange particle production (V's can be recon-
structed). 

(3) High multiplicity studies (pattern recognition). 

(4) Search for new particles. 

(5) General class of experiments in which one particle 
or more is identified (e.g., l/J inclusive). 

(6) Inclusive spectra of particles (1r0 , 'f} , ••• ) that de-
cay into two gamma rays. 

(7) Inclusive spectra of charged particles. 

(8) Total cross section. 

(9) Multiplicity of charged hadrons. 

(10) Two-gamma-ray experiments (gamma ray tagging 
must be added). 

GEOMETRY 

The streamer chamber facility is shown in top view 
in Fig. 1 and in beam view in Fig. 2. Two streamer 
chambers are placed back-to-back, and two coils in a 
Helmholtz configuration (coil separation equals coil 
radius) produce a rather uniform magnetic field of about 
15 kG parallel to the beam pipe. The electrodes of the 
chambers are perpendicular to the beam pipe and yield 
electric fields parallel to the beam pipe and thus to the 
magnetic field. The chambers are driven by Blumleins 
and Marx generators on one side of the magnet, left 
open for this purpose. 

The inner core of the detector, extending from 25 
em to 90 em in radius, is devoted to dE/dx and momen-
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Fig. 1 

tum analysis of charged particles. The region from 90 
em to 180 em in radius is provided with lead-oxide 
plates that permit 1r

0 /y and 1r0 je± separation, as well 
as measurement of electromagnetic shower energy. A 
single layer of multiwire proportional chambers . 
(MWPC) with delay-line readout surrounds the iron flux 
return plates and is used to identify muons via their 
failure to interact strongly in the iron. Streamer track 
data (including brightness) are digitized octant-by-octant 
using arrays of self-scanning "charged coupled devices" 
(e.g., CCD-211 by Fairchild Solid State Division). Drift 
chambers just inside the magnet end plates provide some 
sensitivity to charged particles in the small-¢ region 
not accessible to the streamer chamber. The trigger 
consists, for example, of a beam crossing signal, a 
two-particle signal from beam pipe scintillators, and a 
two-particle signal from an array of scintillators lo
cated outside the streamer chamber and covering as 
large a solid angle as is practical. The latter counters 
are used in identifying particles by time-of-flight, sup
plementing the ionization measurements. 

OPTICS 

It has been demonstrated experimentally in Ref. 2 
that the residues of the streamer position measurements 
over a one-meter-long track can be as low as 40 !lm in 
space. These results were obtained with a digitizing 
sensor (Nocticon,tube, Thompson-CSF TH 9655) at a 
demagnification of about 100. In the present application, 
charged-coupled devices (CCD-2'11 by Fairchild Solid 
State Division) could be used. These devices have a. dy
namic range of about 1000 to 1 and a light sensitivity of 
about a factor of ten higher than that of the most sensi
tive film used to record streamer tracks. Equally im
portant, they can be operated in high magnetic fields. 
Thus the charge-coupled devices can be installed with 
the remainder of the optical system within the high-field 
region at a distance of about 40 em from the nearest 
electrode. 

The number of CCD sensors required can be cal
culated from the sensor dimensions, the field of view, 
and the_ demagnification. A possible layout compatible 
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where a is the angle between particles 1 and 2 and Lla 
is the corresponding error. 

In Fig. 7, the mass resolutions calculated, res pee
tively, for a phase-space model and for· a jet model at 
v'S = 30 GeV /care plotted. Figure 8 gives the mass re
solution for the I/J(3100) as a function of momentum for a 
dip angle of "AI/;= 30°. The streamer chamber yields ex
cellent mass resolution, which is necessary in finding 
narrow states in the presence of a possibly large back- .. 
ground. · 

NEUTRAL MASS RESOLUTION 

Gamma ray energies are determined over a solid 
angle of about 0. 5. 4rr by measuring the momenta of 
positrons and electrons pair-produced in an array of 
lead-oxide plates.: In effect, this region of the streamer 
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chamber serves as a pair spectrometer consisting of 9 
plates spaced 8 em apart and having a total thickness of· 
9 x 0. 61::::: 6 radiation lengths. · 

The "visible" energy spectrum obtained by Monte: ·7, 
: (~~. 

Carlo calculation for 3-GeV incident gamma rays iS 
shown in Fig. 9. A low-energy cut-off of 10 MeV has 
been assumed. The horizontal scale gives the fraction 
of the incident ·energy actually materialized, and the 
vertical scale indicates the number of gamma rays (out 
of 2000) in each bin. The half-width-at-half-maximum 
is ± 7% of the most probable visible energy. 

In Fig. 10, the energy uncertainty (HWHM) in per
cent is plotted versus photon energy in GeV. The Monte 
Carlo results at 1, 3, and 6 GeV can be summarized by 
the expression 

LlE /E =a+ bE , 
'Y 'Y y 

(5a) 

where 
-2 a= 5 x 10 , (5b) 

b 10-2 GeV-1 •. (5c) 
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In Fig. 11, the mass resolution ~/Min percent 
is plotted versus energy for a neutral particle decaying 
into two gamma rays. The mass resolution was ob-

=~d 1fr~o(:E:~2 exp)res:ion

6
(AE

1
)2 (AE

2
) 2 ] 

--- ---1 AO +- + -- (6) 
M 2 M2 "Y"Y E 1 E 2 ' 

0 

where AO 'Y1! _is the uncertainty in gamma· ray opening 
angle in raaians, Mo is the mass of the decaying neu
tral particle, and AE1/E 1 and AE2/E2 are the uncer
tainties in the respective photon energies given by Eq. 
(Sa, b, c). In this calculation, the uncertainty in open
ing angle (less than 1 milliradian) is negligible, and the 
result is therefore independent of neutral mass Mo. 
The mass resolution of the streamer chamber pair 
spectrometer is comparable with that of a crystal ball 
(sodium iodide sphere with parameters similar to those 
given in Ref. 6), although the solid angle of the latter is 
about a factor of two larger. 
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PARTICLE IDENTIFICATION 

0.6 0.8 1.0 

The usual n±;e± rejection factor for particles of 
known momentum incident on a total-absorption shower 
detector is of the order of 10-3. This limit is set 
mainly by 71"- char,re exchange via the reaction n- + p -
n° + n. The n±/e rejection for the streamer chamber 
pair spectrometer should be about one order of magni
tude better since the high resolution permits one to dis
tinguish a single gamma ray from two gamma rays by 
the small opening angle of the n° decay. In addition, 
some n±je± discrimination is provided by the dE/dx 
measurements made in the central region of the cham
ber. 

Particle identification via streamer brightness or 
streamer density (dE/dx) was discussed in detail in 
last year's PEP Summer Study. 1 Good separation of 
n/K, K/p, and n/p can be obtained by ionization below 
0. 7, 1. 0, and 1. 4 GeV /c, respectively. In the region 
of the relativistic rise, the separations of n/K, K/p, 
and n/p are about 1. 6, 0. 7, and 2. 2 standard deviations. 

Recent unpublished streamer chamber data3 com
paring dE/dx for electrons and pions in the region of 
the relativistic rise are shown in Fig. 12. The data 
.were obtained by measuring track brightness, rather 
than by counting streamers or gaps. The total amount 
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100 

of light was determined from the local transparency of 
the film, and a correction was made for the known film
response non-linearity. Thee± tracks were obtained 
from pairs produced by gamma rays in the chamber, 
and the 7T± tracks were from reconstructed K0 decays. 
A total of 126 e± tracks and 98 K0 V's (98 7T+ and 98 7T
tracks) were measured. The errors in Fig. 12 indicate 
the boundaries of the (momentum) x (dE/dx) regions 
that contain all of the measured tracks of a given type. 
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The trigger counters surrounding the streamer 
chamber are also used for charged hadron separation 
via time-of-flight. This is illustrated in Fig. 13, where 
particle momentum for a three-standard-deviation sep
aration is plotted versus time-of-flight path length in 
meters. A timing resolution of u 7 = 0. 22 ns has been 
assumed on the basis of results obtained at DASP. For 
the two-meter flight path of Fig. 1, three standard de
viation separation of JT/K, K/p, and 1r/p can be obtained 
up to 1. 0 GeV /c, 1. 7 GeV /c, and 2. 0 GeV /c, respec-

-tively. 
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With the combined information from ionization and 
time-of-flight, the following hadron separations can be 
achieved: 

JT/K/p below 1 GeV /c, 

JT/(Kp) below 1 GeV/c and above 5 GeV/c, 

(1r K)/p below 1. 7 GeV /c . .-
Muons are distinguished from charged hadrons by 

determining whether a given particle has interacted 
strongly in the magnet coils or iron flux return plates. 
For any track observed in the streamer chamber or 
small-angle drift chambers, a multiple scattering cir
cle can be calculated such that if the track is a muon, 
it will lie within that circle with high probability after 
emerging from the magnet iron. Hadrons, on the other 
hand, have a high probability of undergoing a strong 
interaction, which is signaled by the absence of a track 
within the muon multiple-scattering circle or by a mul
tiplicity of tracks from a hadronic cascade. Since the 
hadronic cross sections vary slowly with energy in the 
accessible range, the hadron/1-1 rejection factor is es
sentially constant above the momentum threshold set by 
the magnetic field and by the muon range in iron, about 
1 Ge VIc in the present case. _ 

In tests of this technique using pions and muons at 
3 GeV /c, 7 it was found that a single multiwire propor.;, 
tiona! chamber, following only 50 em of iron, can re
ject pions with 96% efficiency while accepting 96% of the 
incident muons. This should improve in the geometry 
of Fig. 1 since the iron flux-return p~ates are tenta
tively 80 em thick.· At low momenta near the detection 
threshold, the main limitation is pi-mu decay in flight. 
At 1 GeV /c, this process occurs with a probability of 
about 7% for a 4-meter path length. 

It should be noted that the spatial resolution re- / 
quired for muon identification<is low and that large :1. 
areas can be covered at a modest cost by using delay-··. 
line readouts. A system of this type is presently in 
operation behind the 15-foot bubble chamber at the 
Fermi National Accelerator Laboratory. The cost, ex
cluding the original development, is about $3500 per 
m 2 , including electronics. The area covered in Fig. 1 
is about 180 m2, corresponding to a total cost for muon 
identification of about $630,000. This could be substan
tially reduced by using drift chambers. 

SUMMARY 

Beginning with the streamer chamber as a central 
track detector, we have added electromagnetic shower 
sensitivity, time-of-flight discrimination, and muon 
identification. The resulting facility appears to have 
better mass resolution for states decaying into charged 
particles than does the SPEAR Mark II magnetic spec
trometer. This is combined with a mass resolution for 
states decaying into two photons that is comparable 
with that envisioned for the SPEAR Crystal Ball, al
though the solid angle of the latter is about a factor of 
two larger. In the realm of particle identification, the 
streamer chamber system is the most comprehensive 
yet proposed. It is, for example, ideally suited to 
studies of jet structure in which multiplicity is high, 
pattern recognition is difficult, and the range of par
ticle momenta is large. Generally speaking, the 
streamer chamber extracts maximum information , 
from each event. Thus it occupies an ecological niche, 
illustrated schematically in Fig. t4, that is unique and 
augurs well for its survival. 
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THE TIME-PROJECTION CHAMBER-1975 

Dave Nygren 

Abstract 

New experimental results relevant to the per
fonnance of the time-projection chamber (TPC) are 
presented. These include certain properties of the 
"ball:..wire" readout scheme, the suppression of 
electron diffusion by magnetic fields, and the ef
fects of E x B components. The challenging problem 
of particle identification is discussed in the 
framework of a TPC. 

* * * 
Last year in •the 1974 PEP Summer Study Re

portl I discussed a new concept for the detection 
of charged particles, the time-projection chamber. 
The interested reader should refer to this report 
for a presentation of the basic ideas. Lacking at 
that time, however, were data on electron trans
port in various gases relevant to the PTC. There
fore, an experimental program ha:s been carried out 
to detennine those properties. 

I. DIFFUSION SUPPRESSION .· 
Central to the feasibility of the TPC is the 

existence of substantlal suppression of the dif
fusion of electrons as they drift through a gas. 
This apparent conflict with basic motions of ther
modynamic~ can in fact occur by the simple act of 
imposing a strong magnetic field parallel to the. 
drift electric field. If the radius of curvature 
of the electrons in the magnetic field can be made 
small relative to the·electron meah free path, then 
the diffusion suppression can be large. The ratio 
of the diffusion coefficients D for diffusion 
transverse to the fields is given quantitatively 
by the expression2 

D(B) _ 
D(O) - 2 2 . 

1 + W T 

1 (1) 

Here w is the cyclotron frequency of the electron, 
eB/mc, T is the mean collision time of the elec
trons in the gas, and D(B) is the diffusion co
efficient as a function of .magnetic field. 

The spatial distribution of an ideal point 
swann of electrons after a time T is described by 
a Gaussian fonn of width 

(2) 

where a is the rms normal distance to an arbi
trary plane containing the origin of the swarm. 
In the presence of an electric field (2) can be 
rewritten approximately as 

a=jz$. (3) 

Here L is the drift length, and W is the drift 
velocity in the direction of the electric field. 
Since D = V~/3, where V is the speed of the elec
trons (not to be confused with the drift velocity), 

and ~is the mean free path, a can~e rewritten 
in more fundamental terms. 

In the ab~ence of a magnetic field, the trans
verse distribution is given by 

nr a=/3W x/Vf, 

whicn can be compared w1th the strong magnetic 
field case (wT » 1) 

a= /21 13W 

(4) 

(5) 

In the strong magnetic field regime, the best reso
lution is obtained with a gas giving the longest 
mean free path, whereas just the opposite obtains 
without magnetic field. In addition, the resolution 
obtained with strong magnetic fields depends much 
more sensitively on the electron temperature. 
Equations (4) and (5) indicate that a minimum a 
will exist for some value of the drift field E 
since low fields correspond to small W values, and 
high fields lead to increased V due to non-thermal 
agitation energies. These qualitative features are 
born out by the data presented in Figs. 3 and 4, 
which were obtained by the technique described be
low. 

Figure 1 shows schematically a small drift 
chamber designed to measure directly the distribu
tion of single electrons after a 15 em drift inter
val. This is done by counting with a proportional 
counter those electrons which "fall through" a 70 
micron wide slit in the bottom plane. The slit and 
counter are mounted on a micrometer-driven stage 
so that the relative counting range versus x can 
be mapped out. At the bottom plane, the distribu
tion of electrons is expected to b.e of the form 

2 2 2 
-(x + y )/2a 

(6) 

The slit effectively integrates over y, so that the 
resulting dN/dx distribution directly determines a. 
The point source of the electrons is a 25 micron 
diameter pin-hole in the top plane, in reality a 
gold foil of 50 micron thickness. 

Electrons are generated by ionization in the 
space above the foil by a 140 ~curie (244cu) a 
particle source. In the source region, a separate, 
variable electric field can be imposed to regulate 
the maximum counting rate at the proportional 
counter below. Background rates are easily deter
mined by reversing the source field, driving the 
electrons up and away from the pin-hole. In 
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Fig. 1. Cross-section view of chamber for measure
ments of transverse diffusion of electrons in 
various proportional gas mixtures. Free electrons 
are continuously generated in the space above the 
gold foil by alpha particles born in the curium 
source. A weak electric field of either polarity 
can be created in this·space by a battery which 
rides with the potential of the gold foil. Thus 
electrons can be driven either towards the pin hole 
or away from it to study signal/background ratios, 
typically 100 to 1000 to 1. Not shown in this 
figure is a micrometer which moves the proportional 
counter assembly remotely. 

practice, signal-to-noise ratios of 100 to 1000 
were typically obtained. The entire apparatus fits 
into the 8 inch-high aperture of a Bevatron 
18x36 LPH magnet. Figure 2 shows a typical dis
tribution, along with a Gaussian fit to the data. 
The systematic errors are typically 1 to 2 per
cent. A fitting program has been used to find the 
first and second moments of the data. 

An i~triguing possibility noted in the orig
inal paper on the TPC is the beneficial impact 
of the Ramsauer-Townsend effect. This is the 
quantum mechanical phenomenon of a very deep min
imum in the electron-atom collision probability 
at electron energies of about 1/3 eV. The effect 
is significant for noble gases and simple molecules 
like methane, which has an electron shell structure 
similar to neon. As Eq. (5) suggests, the very 
large mean free path due to the transparency of 
the noble gases may result in the best resolution 
being obtained from a mixture of methane plus a 
noble gas. The data in Figs. 3 and 4 bear this 
out, although the mixtures show a rapid deteri
oration at high E/p due to increased agitation 
energy. 

At another extreme is carbon dioxide, which 
has a very small mean free path for electrons. 

A 20% 002-80% Argon mixture was evaluated for 
comparison with the methane mixtures. Predictably, 
it shows the smallest effect as the magnetic field 
is applied. · 

It is worth emphasizing that the diffusion 
along the direction of the fields is unaffected 
as the magnetic field is applied. However, it 
turns out not be safe to assume that the trans
verse diffusion obtained without magnetic field 
should be the same as the longitudinal diffusion.4 
For pure argon (without magnetic field) the ·ratio 
of DLIPT can be as large as 1/7. For all other 
molecules or atoms the ratio is close to unity, 
but no calculations or experimental comparisons 
appear in the literature for methane. Because 
methane is a good moderator, the ratio can be ex
pected to be close to one in the quasi-linear or 
low E/p regime. The measurements of Cochran and 
ForesterS predict a transverse diffusion of 
950±100 microns after 15 ern drift for pure methane 
at an E/p of 1.1 and atmospheric pressure. Our 
own results, referred to atmospheric pressure 
yield a transverse diffusion of 860±30 microns. 
A Saclay group6 (E/p = 1.1, atmospheric pressure, 
pure methane) obtain a longitudinal resolution of 
295±60 microns for 15 ern drift. Their result, 
however, may not represent the single-electron 
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Fig. 2. Typical data and fit for a particular set 
of conditions. This data represent the probability 
distribution for single electrons to enter _the 
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slit as a function-or-slit position. Systematic 
errors are typically 1 to 2%. This set of conditions 
does not correspond to the best resolution obtained. 

transport value because their electronics may have 
been integrating over the arrival of several elec
trons. In any case, the distinction between longi
tudinal and transverse should be maintained even 
in the absence of.magnetic fields. 

The diffusion suppression. has been measured 
as a function of magnetic field for various argon· 
methane mixtures. The results are given· in Fig. 7. 

The data of Figs. 3 and 4 have been combined 
according to Eq. (1) to give values of wT and T 
shown in Fig. 5. For convenience, the experimen
tally observed? drift velocities in argon-methane 
mixtures are-presented in Fig. 6. In general, the 
maximum wT is reached at E/p values less than 
those corresponding to the maximum W values. 

To give some specific numbers, a 1.8 meter 
(90 em each direction) long TPC should give a 
resolution for single electrons of 500 microns 
at 20 kgauss using pure methane at an E/p of 0.5. 
If the Saclay groups' results can be a guide, the 
resolution for particle tracks may be substanti
ally better than this figure. 

To summarize this section, the existence of 
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Fig. 3. Transverse diffusion results without mag
netic field as a function of E/P. Without magnetic 
field, co~ mixtures give smallest diffusion. Lines 
are drawn~to guide the eye. Addition of argon to 
methane increases the diffusion, as expected. 

a substantial suppression of transverse diffusion 
has been.experimentally demonstrated for methane 
and argon-methane mixtures under conditions 
suitable for high-energy physics. The accuracy 
of the data is estimated conservatively as ±5%, 
and can be safely extrapolated to larger or smaller 
drift intervals. 

II . E X B EFFECTS 

In practice, the attractiveness of a TPC 
will depend in part on the extent to which non-per
fect alignment of the E and B fields distorts or 
degrades the track information. Since the fields 
are strong, one naively expects the effect to be 
potentially serious. This effect has been recently 
explored by mounting the diffusion chamber in a 
cradle which can rotate the chamber body (and 
hence E) relative to B. These measurements in
volve mapping the movement of the mean impact 
point in the direction perpendicular to the plane 
defined by E and B as the angle between the fields 
is varied. Some preliminary results .are shown for 
selected conditions in Fig. 8. These data do not 
seem to be easily understandable in terms of simple 
models. Generally, the higher the wT product, the 
smaller the E x B effect. 
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Fig. 4. Companion set of transverse diffusion re
sults, with magnetic field. Here COz is the poorest 
choice,-and mixtures of argon-methane give best 
results. 
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Fig. 6. Values of W, the drift velocity, for vari
ous argon-methane mixtures, as taken from English 
and Hanna, Can. J. Phys. 31, 768 (1953).The ac
curacy of these curves is]probably not better than 

. ± 15%; other measurements indicate that the maxi
mum drift velocity is closer to 10 cm/~sec, shown 
here as a convenience in estimating TPC parameters. 

The most significant result implied by the 
data of Fig. 8 is that the E x B effects are 
small, much smaller than some simple models would 
predict. One way to view the problem is to com
pare the shift introduced by Ex B to the resolu
tion introduced by diffusion. 

In the example given above, the diffusion is 
500 microns in 90 em, or 1 part in -1800. To 
keep the shift introduced by E x B to the same 
level (in angle), the fields can be systematically 
misaligned by 1 part in 330 or z 1/3%. This kind 
of accuracy is achievable without exorbitant effort 
and cost.B E x B shifts of a few times the resolu
tion can be corrected for, so that even greater 
mixmatches can probably be tolerated. 

XBI. 7512·97H7 
Theoretical and experimental work on the 

E x B effects will continue. Curiously, the 

Fig. 5. Values of T, the mean collision time in 
picoseconds and wT (dimension less), as extracted 
from th~ data of Figures 3 and 4 using Eq. 1 (see 
text). 

E x B effect increases as the magnetic field is 
reduced (stilJ comp:Jtiblc with the inverse sensi
tivity to WT). The data, in spite of this para
doxical situation, arc reproducible and regarded 
as reliable. 
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Fig. 7. The dependence of the transverse diffusion 
on magnetic field. The results follow Eq. 1 to an 
accuracy of about± 5%. 

To summarize this section, the impact of the 
E x B effect has been experimentally shown to be 
remarkably small, and should not place severe de
mands on the engineering specifications of the 
magnetic field design. 

I II . TilE BALL-WIRE REAOOliT SCHEME 

In last year's Summer Study Report I dis
cussed one of several possibilities for readout 
at the end-caps,viz, the ball-wire detector. This 
geometry is attractive for several reasons: 
1) very high gain can be obtained, with good 
stability; 2) ball-wire data is intrinsically 
3-dimensional, eliminating the N2 ambiguity prob
lem of pattern recognition; 3) the readout plane 
has (in principle) a simple mechanical design. 

Several, but not all, of the interesting 
aspects of the ball-wire readout have now been 
explored. A so-called magic mode has been dis
covered, in which extremely unifonn pulse heights 
on the order of 10 millivolts can be obtained even 
across loads as small as 100 ohms. The recovery 
time has been studied. The dependence of the pulse 
height on the length of the wire above the plane of 
the dielectric has been determined. Remaining to 
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Fig. 8. The effect of nonvanishing E x B components 
for three mixtures at full and half field. These 
results are very surprising for two main reasons; 
1) the effect on the electron trajectory is very 
small- note difference in scale between electron 
trajectory angle and field angle; 2) the magnitude 
of the effect increases as the field is reduced. 
At quite low f1elds, ~ 1000 G, the sense of the 
effect changes to what one ordinarily expects. 

be studied are the time response in a magnetic 
field as the electron impact parameter is varied, 
what diameter of ball gives optimum performance, 
and what geometry is mechanically convenient. 

The magic mode occurs in argon-isobutane 
mixtures for isobutane concentrations less than 
about 8%, as indicated by floWITleters. It manifests 
itself at high gain and is most simply explained 
as a semi-Geiger type of response occurring over, 
but limited to, the surface of the ball. The pulse 
height spectrum in the magic mode is shown in 
Fig. 9. At higher rates, some broadening appears 
due to space charge effects. The purpose of men
tioning this phenomenon here is that the magic 
mode .provides a very convenient tool for exploring 
the properties of the detectors, and to point out 
that detectors using ball-wires can have simpler 
and cheaper electronics because high thresholds 
can be safely employed. 

The recovery time has been studied in two 
ways, one, by observing the dependence of the 
pulse height of the second of two single-electron 
pulses on the time interval between them. This 
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Fig. 9. The pulse-height spectrum observed from a 
ball-wire detector lUlder ''magic mode" conditions 
(see text). The collllting rate here was approxi
mately 500 Hz. 

recovery time depends on the mobility of the posi
tive ions moving away from the ball, and is typ
ically 200 micro seconds, using the high-gain 
magic mode. However, the recovery time in practice 
depends on the sensitivity of the electronics and 
to only a small extent, the gain at the ball. 
Using fast circuity with 250 micro volt threshold 
and 2K ohm input resistance, recovery times have 
been always less than 250 nano-seconds, for a 
variety of conditions. The explanation is that 
while high gain operation requires a very long 
time to fully recover, the low threshold doesn't 
require much gain in th~ first place. Low gain 
operation leads to correspondingly smaller space
charge effects, so that low-gain operation also 
recovers very quickly. The conclusion to be drawn 
from these remarks is that a ball-wire can re
solve separate tracks which cross within its 
sensitive volume if they are separated by - 2 em 
along the drift axis. 

The voltage required to maintain a 10 mW 
pulse height/electron has been studied as the · 
length of the wire beyond the dielectric plane has 
been varied. The results are shown in Fig. 10. It 
does not appear necessary to have the wire pro
trude more than - 4 mm to achieve good response. 

Much more is known about ball-wire detectors 
than has been presented here. Interested parties 
should feel free to contact the author. 

To summarize this section, the properties 
of the ball-wire detector show no particularly 
lUldesirable aspects and should be capable of 
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Fig. 10. The relationship between pulse-height and 
the distance of the ball-wire above the dielectric 
plane. This relationship is shown for a constant 
magic mode output, 10 MV into 125 ohms; the ordi
nate is the HV needed to maintain this output as 
the distance is changed. As these curves are for a 
single ball-wire, the corresponding curves for a 
cluster may be somewhat different. 

' providing superb pattern recognition. However 
their ability to provide momentum resolution com
petitive with drift chambers is not yet clear. 
Further studies are planned. 

IV. Tiffi SUPER TIME- PRClJECTOR (PART! CLE IDENTIFI CA
TION REVISITED) 

Last year, I discussed a geometry of approx
imately one meter diameter, and noted that while 
dE/dx information is available, the - . 5 meter path 
length is not long enough to provide clean particle 
identification in the region of the relativistic 
rise. Time-of-flight techniques are not useful 
~hove a GeV/c or two, and several layers of 
Cerenkovs may not turn out to be a very attractive 
solution either, for a variety of reasons. In 
principle, one can identify electrons, pions, 
kaons and protons using dE/dx alone except where 
the dE/dx curves cross (Fig. 11). In these regions, 
a time-of-flight measurement or a ~erenkov must be 
employed to resolve the ambiguity. 

To utilize dE/dx with time-of-flight to 
identify these four types of particles, one is 
driven to substantially larger diameter detectors 
to obtain the requisite resolution. A four-meter 
diameter detector will give 5% rms dE/dx resolution 
using argon-methane.9 n-K time-of-flight dif
ference at the ambiguous point is about 0.7 nsec; 
K-p time-of-flight difference is only .3 nsec, a 
very difficult separation to achieve. The availa
bility of micro-channel plate photomultipliers 
would alleviate this problem, but their evolution 
to the stage of off-the-shelf competitively-priced 
commercial stock is by no means guaranteed even 
within the PEP time-scale. 
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Fig. 11. The most probable munber of ion pairs/on 
for argon and xenon at STP, as a fw1ction of 
P(GeV/c) for pions, kaons, and protons. Not shown 
are the curves for electrons, which would be 
essentially flat at the asymptoticvalues goverened 
by the density effect. 

The resolution obtainable in a 2 meter flight 
path through argon-methane still allows several 
percent misidentification due to overlap in_TI-K, 
and K-p separation. It is therefore worthwhile to 
consider xenon for two reasons: 1) it gives steeper 
slopes in the relativistic rise region,IO and, 
2) dE/dx is approximately 3 times larger than for 
argon, thereby giving much better resolution in_a 
given path length. I assume that 2 m of xenon will 
give at least the resolution obtainable in 6 m 
of Argon: 2.5% rms using the optimum sampling 
thickness (3 em Ar or 1 on Xe). If this resolution 
can be achieved in practice, TI-K separation should 
be > 99% efficient, K-p approximately 90% (in the 
relativistic rise region). In the low p region, 
either time-of-flight or dE/dx can provide close 
to 100% identification. Electron identification at 
all energies should be essentially 100%, due to 
their extreme relativistic nature. 

A x~non + methane filled STPC of 4 m diam
eter and 4 m length (2 m drift length) can be 
readout again in several ways. The diffusion in 
xenon-methane is unknown, but is probably larger 
than in argon-methane. A rough estimate indicates 
that multiple scattering is still the dominant_ 
contribution at 8 Kgauss field for a 4 meter di
ameter STPC. 

Readout at the end-caps in the STPC will 
probably be made of modules of wires, in the plane 
of the end -caps arranged so that the drift time to 
the wires, the pulse height on the wires,_~d_the 
position along the wires (i.e., current diVISion, 
induced signals, or delay lines) can be read out. 
Approximately 4000 wires will suffice to read out 
the entire end-caps. The mechanical advantages of 
this geometry compared with a drift chamber system 
of comparable volume are worth emphasizing. Fig. 12 
shows a possible hexagonal module pattern for the 
end-caps; squares are also possible. 

Cosmic ray fluxes will not contribute 
noticeably to the background in an STPC. However, 
the maximum drift times of 20-30 microseconds open 

XBL 7512-9860 

Fig. 12. A possible configuration of a supe: TPC 
end cap, 36 hexagonally shaped modules of wue~ 
fill an end cap 1.9 m in radius. Each module might 
contain ~ SO wires ( ~ 1 em spacing) for a total 
of < 2000 wires/end cap. Each wire will be cap
able of a pulseheight read-out for ~evera~ tracks 
within the STPC drift-time. Every hfth wne can 
be equipped to provide read~out alo~g the wire, so 
that tracking and momentum Information can be ob
tained. In the central hexagonal region, thr?ugh 
which the beam pipe passes, arrays of ball-~I:es 
can be placed to ensure 100,% pattern recognition 
capability for any multiplicity. 

the STPC to background from - 10-15 extra beam 
crossings. How severe a problem this would be in 
practice is not safely predictable without exper
ience at PEP itself. However, background studies 
done at last year's PEP Summer Study have led to 
rather ~anguine conclusions, especially that by 
suitable scraping and pumping, particle losses can 
be very suppressed·near the intersection region. 

As part of the program to evaluate the TPC 
concept, plans are being laid to study ionization 
loss in xenon mixtures, in order to measure the 
slope of the relativistic rise, the intrinsic reso
lution, and the optimum sampling thickness. 

V. CONCLUSIONS. 

The TPC concept remains a potentially 
superior approach for the detection of. charged 
particles at PEP. Much work remains to be done be
fore a critical comparison with drift chambers or 
streamer chambers, etc. can be made with clarity. 
We conclude by noting that in recent times, the 
physics now accessible to study, made possible by 
great strides in accelerator technology, has been 
seriously hampered by inadequate and/or very costly 
detector technology. The pursuit and development 
of new ideas in this arena of physics deserves 
more attention than it regUlarly receives.· 
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CCW'ARISON ,OF TIME-PROJECTION AND DRIFT CHAMBER DETECTCRS' 

J.A.J. Matthews and A. Rothenberg 

Abstract 

Time-Projection and drift ehamber detectors 
are suggested for the central region of a small
radius, high-field solenoid spectrometer. A 
general comparison of these detectors is made, 
along IVith a- -quantitative study of their resolution. 
We find that 8!t present time-proje.ction chamber and 
drift chamber detectors give essentially equivalent 

'performance. 

1. INTRODUCTION 

Tirne~projection chambers (TPC) have been pro
posedl ·as a substitute for drift chambers (DC) for 
use as the central _detector in s.olenoid spectro
meters at PEP• With experimental data now avail
able on the suppression of diffusion transverse 
to the electric (and parallel magnetic) fieJ:d2 a 
quantitative comparison of TPC's and DC'~ is now 
possible.- · 

A comparison of the TPC and DC resolution will 
be discussed first. In particular, we will con
sider the recogriition of, and resolution' "for, 
tracks originating within the detector, such as 
from neutral V's. This will be followed by a 
general discussion of pattern recognition, dE/dx 
measurements, solid angle coverage, etc. 

2. DEScRIPriON OF TPC AND DC DETECTORS 

The operation of a TPC requires a'uniform 
magnetic field of ~20 kG. Suctl a magnetic field 
can be made using .an aluminum stabilized super
conductor with a continuous coil design, comple
mented by appropriate steel end plates and associ
ated flux returns. The necessity of a high field, 
plus the desire to limit the total extent of the 
TPC along the beam, recommends the TPC for those 
experiments requiring a compact detector. There
fore, for our-comparison we take: a) B = 20 kG, 
and b) a detector sensitive region of 70 em radius 
(from the beam), and of length 2m (see Fig. 1). 
The resulting detector has a solid angle of 
~ 0.8 X 4rrwith full field. We will assume, arbi
trarily, that the first 20 em (radically) are not 
available for chambers, being occupied by the 
beam pipe, proportional wire chambers, trigger 
scintillators, voltage distribution for the TPC, 
etc. 

The TPC is divided into two 1 m modules to 
reduce the maximum drift distance. The spatial 
resolution of the TPC has been estimated using the 
experimentally measured transverse and longi
tudinal diffusion for a 15 em drift path.2 These 
values are scaled3 to the present geometry and 
added in quadrature with a 200 ~ overall error 
(see Table 1). We assume a TPC measurement for 
every em of radial distance such as could be 
realized by a ball-wire detector1 at each end of 
the apparatus. Other envisioned schemes,2 e.g. 
arrays of short tangential wires at various radii, 

TPC I 

SCINTILLATOR.., 
...... , ..... . 

z 

TPC I TPC 2 

1m 1eoa ... , 

Fig. 1 Magnet with TPC's. 

may substantially improve the resolution in the 
future. 

For comparison to the TPC, several DC systems 
will be considered: 

a) 10 chambers distributed uniformly in r, 
or 

b) 5 groups of 2 chambers distributed uni
formly in r, as shown, for example, in Fig. 2. 
Two levels of longitudinal resolution are also 
considered: delay lines parallel to sense wires, 

TABLE 1: Chamber Parameters 

Drift Chambers 

Time-Projr.ction 
Chamber 10 planes 5 double planes 

(TPC) DC 10 DC 5 X 2-

Azimuthal resolution, 0.04 0.02 ~,;0,014 
€ (ern) 

0.3 a) 2:.1"' 0.21 

klngitudinsl resolution, 1"2 
5?. (em) 0-15 

1.0 b) 1:.2 .; 0.70 
12 

No- of points on 
full track 

50 10 

Char.-.ber Di::tensions: 
Inner radius (em) 20 ~g};~a~~~8~nes ~g}~p=~~~~amhers Outer rad:!us (=) 70 
I.l:ngth (rn) 2 - 1 m chambers 2 2 

No. of readouts - 32000 (b~ll) - 1900 (wires ) - 1900 (wires) 
WJ.re~ 0, :i em sE!ci!!&~ 

(1 em spacing) - 4000 (strips) a) - 4000 (strips) 

- )Boo (delay) b) - )Boo ('·:lay) 
l:lnes lJ.nes 

Amount of m~ terial - 0 0.03 - 0.1 0.03 - 0.1 
(r.L) 

Maximum data 
- 13 I-tS c) 

- 0.5 liS - 0.5 IJ.S 

collection time (delay lines) (delay lines) 

a) Drift. chambers with 1 em cathode strips at 90° to sense wires. 
b) Drif't char.ibe.:'s with delay lines parallel to sense wires. These should have a better 

multihit/wire ef'f'iciency than the cathode strips. 2 
c) For pure nethane and E/p- 0.5 volt<;/cm-Torr minimizing the e diffusion 
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Fig. 2 DC 5 x 2 showing decaying particle.· 

with &z ~ 1 em, or cathode strips orthogonal to 
the sense wires, with oz ~ 0,3 em. The assumed 
final resolutions, wire spacings, and numbers of 
readouts are given in Table 1. 

3. RESOLUTION 

Momentum and angular resolutions for the TPC 
and ~C systems are calculated following Glucks
tern (see Appendix 1). The predicted resolutions 
in azimuth, momentum, and polar angle are shown in 
Figs. 3a, 3b, and 3c, respectively, as a function 
of the radial starting point of the track. Tracks 
coming from the primary vertex start at a radius 
of zero, those from neutral decays start at a 
radius greater than zero. 

With the measurement resolutions given in 
Table 1, we observe that the TPC and DC systems 
should measure momentum and azimuth equally well; 
the TPC provides a distinctly better determination 
of the polar angle. For general solenoid geomet
ries, a direct quantitative comparison of the two 
systems is obtained by simply taking the ratio of 
the predicted resolutions in Appendix 1. For 
example, to obtain equal momentum resolution (see 
Appendix 1) : 

2 
ETPC ATPC 

2 
EDC ADC 

1 

or the spatial resolution: 

ETPC EDC/i£ ~ EDC :~: ~~CM:::~~:::~~;s 
(0.014 em) Jfffr. "' 0.032 em 

for 50 TPC measurements compared to the DC 5 X 2 
detector. 

One of the advantages of the TPC is the ease 
of detection of neutral V's due to the large 
number of points on each track. However, the 
r·esolution degrades rapidly with decreasing radial 
path length L, 

(see Appendix 1), with the result that the TPC 

" t) 

-135-

has mainly a pattern recognition advantage over the 
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DC. Thus, the principal advantage of the TPC, in 
our example, is that for radii r ~ 44 em the DC 
5 X 2 system has only two point-pairs left and a 
track5 cannot be reconstructed. 

The contributions of track momentum and polar 
angle uncertainties to two-body mass resolution 
(at a mass of 2 GeV) are shown in Fig. 4 and dis
cussed in Appendix 1. Except for the DC's with 
delay lines (oz ~ 1 em), the momentum uncertainty 
is predicted to dominate the angular uncertainty 
at M12 ~2 GeV, but only dominates the TPC angular 
uncertainty at M12 = 1 GeV (not shown). Thus the 
superior polar angular resolution of the TPC may 
yield somewhat better two-body mass resolution 
than the present DC detectors. 
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4. QUALITATIVE. DISCUSSION OF TPC AND DC 

a) Pattern recognition: Space points will 
probably be essential for DC detectors and were 
assumed in estimating the number of readouts, etc., 
in Table 1. The large number of points/track for 
the TPC's should be an advantage in high multipli
city events, but may be degraded by the presence of 
old tracks due to the long chamber memory time (see 
Table 1). 

b) dE/dx: Possible for the TPC in the low 
momentum region, p ~1 GeV/c (where TOF may provide 
adequate separatiog), but not in the region of 
relativistic rise. 

c) Solid angle coverage: DC's and TPC's appear 
equal when resolution is also considered (see Table 
2 and examples of V resolution in Fig 3). We note, 
however, that increased spatial resolution for both 
TPC and DC systems only increases the solid angle 
coverage for the TPC's, since.the DC's were geometri
cally limiting. 

d) Low mass: The TPC will typically be less 
massive (and therefore have smaller multiple 
scattering) than a DC system. Theile di:f;'ferences 
can be made quite small, however.7 

e) Gas, field monitoring: DC's with paired 
planes (offset by 1/2 cell) can be continuously 
monitored.8 Alternatively, an additional monitor 
must be added to the TPC (e.g. source of electrons) 
for checks at regular intervals. 

f) Special TPC problems: (i) Effect of old 
events and positive ions from the e avalanche onto 
ball-wire detectors. (ii) Very large number of 
channels to be read out. This suggests that the 
TPC is possibly better compared to a streamer 
chamber detector than to a DC system. (iii) Sensi
tivity to nonuniform magnetic fields. However, 
recent measurements indicate that for an angle e 
between E and B fields, the resulting e drift tra
jectory deviates by only"' 0.07 e. (iv) High 
electric field, ~30 kV, is required to establish 
the drift gradient. (v) Large drift time implies 
clocks with large ranges. Typical parameters 

TABLE 2: Maximum Solid Angle Acceptance 

Minimum a) dn 
System radius 4n 

(em) 

( f>P/Pi) 
(%/GeV/c) 

Time-Projection 28 'J(I1, 
Chamber (38) (94%) 

Drift Chambers 26.5 'J(I1, 
DC 10 (36.5) (94%) 

DC 5 X 2 34 94% 
(44) (91%) 

a) Includes 10 em for be'3~ pipe plus possible trigger counters, plus the 
requirement that 5P!/P1 :;:. laf,/GeV/c. The numbers in parentheses cor
respond to the model used in this paper where the first 20 em are not 
available for chambers. 

might be 10 ns minimum count and 13 ~s maximum 
count. Such a readout requires a few more bits 
than a DC readout, but a much lower clock rate. 

5. COOCLUSIONS 

Taking reasonable values for the TPC and DC 
resolution, we find that both TPC and DC detectors 
give essentially equivalent performance. Drift 
chambers are therefore recommended for the near 
term on the basis of reduced amounts of electronics 
and volume of data to be handled. Continuing 
development of the TPC (in particular, tests to 
determine the spatial resolution for real tracks), 
of streamer chamber readouts, and of large cylindri
cal systems, leave unresolved the final choice of 
a PEP central detector. 
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APPENDIX 1: Collection of Resolution Formulae 

For tracks that have a sagitta that is small in comparison to the 

ireck radius of curvature, we obtain the relations: 4 

(a) momentum: 
!ipl = (3.3 x lo3 em) p q;: 
Pi B(kG) L2 l N 

and 

(b) azimuth: ~ 6q>=--
L 

(c) polar angle : 

wbere: 

(i) p 1 = p sin 6 (see Fig. 1 :for coordinate system) 

(ii) Lis the "projected track length", viz.,. the radial separation 

o:f the :first and last points on the track. 

(iii) e, !lz are the measurement uncertainties in azimuth and along 

the beam. 
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and 

2 

(iv) B is the magnetic field in kG assumed along the z axis. 

( v) ~· BN' eN are parameters depending on the number of equally 

spaced points, N1 on a track: 4 

~ > BN "'~for N- 10, 

l2N 
eN = (N + lHN + 2) 

Note that for N large, the above parameters are ell proportional to 
1 !ipl 1 

-;rr2
11 2 • Thus, :for example, 2 oc -::3[2 in the solenoidal geometry. 

p
1 

BL 

For the inclusion o:f multiple scattering see Gluckstern. 
4 

The resulting two body mass resolution for symmetric decays 

(p1 :::: p2 , and ~ - ~ - 0) is approximatel,y: 

where e
12 

1s the laboratory angle bet~reen 'P
1 

and p
2

• 
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Tiffi MARK II MAGNETIC DETECTOR FOR SPEAR 

Rudolf R. Larsen 

The Mark II Detector, presently in the de
sign stage, is a SLAC/LBL detector project to re
place the Mark Il,2 now in operation at SPEAR. 
While similar in concept to the Mark I it will have 
improved momentum resolution, shower detection, 
solid angle coverage for both triggering and 
tracking and a magnet design providing easier access 
to those particles transmitted through 'the aluminum 
coil. 

~DMENTUM RESOLUTION 

By using an array of 16 cylinders of drift 
chambers in the 5 kG field_volume we expect to 
achieve a momentum resolution of op/p (%)=p (GeV/c) 
at 90°. This. resolution will deteriorate by about 
x 10 at small angles (- 15 ) . 

SHOWER DETECTION 

Design and prototyping of a system of liquid 
argon and Pb ionization chamb~rs is proceeding. The 
goal is a special resolution of order 1 em and en
ergy resolution of order 10% at 0.5 GeV/c. Two 
arrays are contemplated: one array of modules sur
rounding the solenoid magnet coil (- 1 r.l. of 
aluminum) and another assembly with planes normal 
to the beam direction located at each end of the 
coil. Angular coverage extends over 2rr in azi
muth and polar angles ~ 15° . 

TRIGGER AND TRACKING SOLID ANGLE 

As in the Mark I, a cylindrical array of 
scintilla tors at a radius of - 1. 5 m will provide 
time-of-flight information and, in conjunction with 
the shower detectors and additional contemplated 
proportional chambers, will provide a triggering 
solid angle of - 0.95x4rr. The potential of trig
gering on tracks reconstructed on-line from the 
drift chambers is being studied. The tracking solid 
angle will be essentially the same as the trig
gering solid angle. 

Fig. 1. Mark II Detector without shower counters. 

THE MAGNET 

The magnet is a "conventional" solenoid with 
field uniformity of a few percent at large polar 
angles and, unlike the Mark I, the flux return iron 
will be located only on the top and bottom of the 
coil. This provides greater external access (after 
removing some shower detectors) to those particles 
transmitted thru the coil, and it should be a 
valuable asset for "outrigger" experiments. 

It is expected that the Mark II will be in 
operation at SPEAR by Fall 1977. 
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DETECTION OF HIGH l\OIENTIJM PARTICLES 
Willi IDENTIFICATION OF TilE FINAL STATE 

U. Becker, R. Cashmore, E. Groves, L. Keller, S. Loken, 
C. Morehouse, S. Poucher, and M. Strovink 

Abstract 

Two detectors for PEP are described which will 
measure and identify charged particles with good 
momentum resolution in the range 0.2-15 GeV/c. Com
plete identification is attempted for almost all 
charged hadrons as well as for a significant frac
tion of electrons, muons, and photons. In this way, 
events involving high momentum particles can be 
studied nearly completely. Whereas both detectors 
use solenoidal magnets with Cerenkov and time of 
flight counters and drift chambers, the more favor
able design assumes light sensitive detectors op
erating within a magnetic field. A comparison to 
the detector designed by the 1974 group is made, 
and ideas suggesting substitutions for part of this 
apparatus are discussed. 

INTRODUCTION 

e+e- annihilation has offered many surprises 
in 1974-75. In particular, many states with heavy 
masses and thus highly energetic decay products 
have been observed, as well as indications of jet 
structure. 'I11erefore, energetic secondaries de
serve particular interest, as do the other particles 
which complete these final states. Apparatus for 
detection of high momentum particles and identifi
cation of the final state at PEP may aim to provide 
various levels of information: 

1. Velocity and momentum analysis of charged 
particles within a relatively small solid anele 
adequate for measurement of inclusive single-parti
cle yields. Part of the remaining solid angle may 
be devoted to tracking without magnetic field. 
Apparatus representative of these goals is in op
eration at the ISR, SPEAR, and DORIS. 

2. Analysis of momenta and of highest veloc
ities over a large fraction of the solid angle, 
with measurement of lower velocities (B $ 0.998) 
over a smaller aperture adequate for inclusive 
yield measurements. Such an apparatus would deter
mine inclusive particle spectra with additional 
charged particle correlation information, but woulJ 
not identify all the charged particles in the final 
state. A detector of this type was studied in the 
1974 analogl to this report. Appendix A of this 
paper describes the possibili}Y of achieving some 
similar capability by adding l:erenkov counters to 
the Mark II SPEAR detector now under construction. 

3. Full velocity and momentum analysis of 
charged parUcles over most of the solid angle. Th~_ 
present report is focussed upon this type of Je
tector, which would completely analyze and identify 

many of the charged final states that include high
momentum particles. Capabilities such as detection 
of neutrals and lepton identification would be 
developed to the extent practical. 

RATES.AND PHYSICS 

Reconsideration of event rates and physics 
goals in the light of developments since the 1974 
PEP Summer Study has guided our approach to high
momentum particle and final state detection. New 
data from SPEAR anJ DORIS are in general agreement 
with the semi-empirical formula for inclusive rates 
given last year by Richter,2 as is the limited Ii 
model developed recently.3 Figure 1 demonstrates 
agreement of inclusive rates vs. x = 2p/15 as 
predicted by the two models.4 These rates are low. 
For example, particles of any type with momenta ex
ceeding 10 GeV/t at PEP are as rare as ~ 100/day. 
Particular types of particles such as antiprotons 
could comprise~ 10% of these events, while the 
range of extrapulation from present observations 
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empirical rnnnula used by the 1974 group 
(Ref. 2) . 



PEP SIMULATION. JET 30GEV 

TYPICAL EVENT 

> 
w 
'-' 

-140-

VJ 
z 
<( 

0:: 
0 -------------'='-~~-----------

E-

Cl 
w 
E
u 
w 

0 
0:: 
0.. 

TYPICAL EVEr\T 

., 

l 
-5~~~~~~~~-L~~~~~~~~~~~~~~~~_L~~~~~~~--"-~ 

-5 0 5 0 
MOMENTUM ALONG AXIS (GEV) MOMENTUM ALONG AXIS (Gf:\) 

XBL 7511-9'!13 

rig. 2. Typical multihadron final ~tate~ at 15= 30 GeV generated according to the 
limited-transverse-momentum jet model (Refs. 3,4). 

properly introduces overall rate uncertainty at the 
order-of-magnitude level. These event yields de
mand large solid. angle for identification of charged 
particles over the full momentum range. As much as 
Qgs~ble of the final state accompanying these rare 
~momentum particles should be identified and 
momentum-analysed. The rates do not permit piecing 
together the needed information from fragmentary 
measurements of a large number of events, nor from 
measurements of correlation functions. 

Logarithmic extrapolation of existing e+e- data 
suggests charged multiplicities of 7-8 at IS= 30 
GeV and neutral multiplicities of 4-7. They multi
plicity is assumed to be nearly twice the latter 
figure. Concurrent detection of neutrals clearly is 
necessary for apparatus attempting full reconstruc
tion of a significant fraction of final states. 

Particular emphasis should be placed on pre
cision in high-momentum resolution for these 
studies. With event rates decreasing approximately 
as exp(-8x), accurate measurement of large xis 
essential. Further, uncertainty in high-momentum 
measurement will dominate the error in momentum 
balance of the final state. With a relatively good 
resQlution of Llp/p2"' 0.005/(GeV/c), Llx would be 

±0.07 at x = 0.9, IS= 30 GeV; the uncertainty in 
recoiling momentum would be ±910 MeV/c. 

New evidence for jet structure3 in e+e- an
nihilation at high s intensifies the interest in 
high-momentum secondaries, which in the "sphericity" 
analysis3 largely determine the jet axis. If the 
jet structure and associated polarization phenomena 
exhibit further s-dependence at PEP energies, the 
composition of the jet particles will be studied 
intensively. Clearly, fine granularity of individual 

detector cells will be required to detect the nearly 
collinear parallel and antiparallel members of the 
jet. Examples of simulated jet structures4 at PEP 
energies are found in Fig. 2; Fig. 3 is the simu
lated distribution of opening angles between parti
cles. We shall return to the study of cell granu
larity in greater detail. 
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As further motivation for study of a detector 
with the capabilities underlined above, one might 
imagine the role its analog would have played in 
the exploration of properties of the new particles5 
at the existing e+e- storage rings. The best 
examples cannot be cited, since information from 
such a device to a large extent is not available 
now. Obviously, a much larger sample of 

ljJ'(3684)-+ p +y 
c 

L. J(3095) + y 

L +-
11 11 

_would exist than has been detected6 in the llASP 
aperture. This example stresses the importance of 
precise charged particle momentum and y conversion 
point measurement over a large solid angle. The 
alternative decays 

1Ji'(3684)-+ x(3410) + y 

~ (n+ or K+?) + (n or K-?) 

observed6 at SPEAR would be identified properly and 
the parent mass ·determined independently. The ob
served6 scale-breaking excess flux of charged prongs 
at IS= 4.1 GeV and x ~ 0.4 would be identified 
as to particle type and composition of the accom
panying final state. Again, this is the more im-
portant at high s, where the rate will be so low 
that the fraction of recognizable events must be 
enhanced. 

MAGNET STRUCTURE 

Initially we attempted to use as a starting 
point the detection system studied by the high-mo
mentum hadrons groupl at the 1974 PEP Summer Study. 
Their detector, shown in Figs. 4 and 5, employed 

PROTOTYPE 
LARGE 
MOMENTUM 
PARTICLE 
DETECTOR 

XBL 756-3200A 

Fig. 4. End view of PEP'74 high-momentum hadron de
tector. The Cerenkov counters labelled c1 , 
Cz, c3 have refractive indices similar to 
those described in Fig. 8. 

6 

XBL 756-3200B 

Fig. 5. Side view of PEP'74 high-momentum hadron 
detector. The right half is a section through 
one of the flux return legs. 

an "open" cylmdrical magnet with flux return vanes 
and a nonuniform field reaching 8 kGauss at the 
interaction point. Two layers of Cerenkov counters 
produced hadron separation over a fraction of the 
momentum range and 65% of 4n steradians. No muon 
or high-energy electron identification was attempted. 
Within its limits, the design represents a well-con-. 
ceived approach to the experimental prohlem. 

Our attempts to modify that magnet design 
were aimed toward increasing the polar angular aper
ture, improving the field uniformity in order to 
ease computation problems in reconstruction, and 
raising the magnetic field in order to improve mo
mentum resolution. These efforts were frustrated by 
the fact that both the pole tips and flux return 
vanes were nearly saturated in the existing design. 
Other, quite different magnet systems were con
sidered. High field superconducting toroids without 
iron were rejected because of excessive forces on 
the coils.7 Two magnet designs were selected for 
further study: 

Large volume low ma~netic field. Because 
~pjp2 ~ B£2, a solenoid o radius £ - 3m can pro
Vlde goOd momentum resolution with a modest central 
field of B = 3kGauss. A large (600 ton) magnet is 
implied, with very small forces on the coil. The 
photosensitive devices implied by a particle identi
fication system would need to be.located within the 
magnetic field. These could be the microchannel 
photomultipliers described in the following report .8 

"Conventional" solenoid. The lumped9 super
conducting coil would provide 15 kGaussccntra1 
field within a radius of 1 m. All phototubes \vould 
be located in low field regions outside the co:i l. 

In addition, an aluminum-coil solenoitl 1 i.ke 
the "existing" Mark II magnet could be equipped with 
Cerenkov counters over a small fraction or the solid 
angle. This possibility is explored in Appcnd:i"" A. 
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Figure 6 contains sketches of the two magnet 
configurations with a comparison to the scale of 
the magnet proposed by the 1974 group. If the re
turn yoke is included, their radii are similar. The 
1975 magnets are longer along the beam direction, 
reflecting a desire to study for example beam polar
ization effects over a larger range of polar angle. 
Economics could force a retrenchment in this atti
tude. 
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Fig~ 6. Comparison of the sizes and shapes of the 
solenoidal magnets (a) and (b) studied in 
this report, and (c) the magnet envisaged 
by the 1974 group. 

DETECTION SYSTEMS: GENERAL CONSIDERATIONS 

Before considering details of the detectors 
associated with each magnet configuration, certain 
common features are more briefly described below. 

Cell Granularity 

The probability that no two charged particles 
of multiplicity N = 7 are counted in K = 100 un
iformly illuminated cells is 

N-1 
j~l (1-i) = 0.81. 

That is, even in systems with 100 elements, 19% of 

the events will suffer at l~st one ambiguity. Ex-. 
amples of such systems are Cerenkov and time-of
flight (TOF) counters, and wire chambers, which 
tend to have fewest elements close to the beam. The 
probability that the entire detector will unambig- · 
uously detect an event is the product of probabili
ties like the above for each independent subsystem 
of elements. For ·this reason it m~ be advantageous 
to arrange layers of for example Cerenkov cells to 
subtend the same elements of solid angle (ignoring r. 

curvature in the trajectories). 

The problem is exacerbated by upward fluctua
tions in event multiplicity; additional tracks from 
y conversions, o rays and strong interactions in 
detector material; and correlations in particle di
rections introduced by energy-momentum conservation 
and by dynamics such as observed at SPEAR and de
scribed by the limited- p1 jet model3 mentioned 
earlier. For example, for 12 tracks the 100-element 
detector yields at least one ambiguity 50% of the 
time. Figure 7 displays these probabilities for 
various multiplicities and cell granularities. 
Earlier in Fig. 3 a jet-model simulation of the 
distribution of particle opening angles at 
IS = 15 GeV was shown. It implies a concentration 
of particle density in the jet direction which is 
~ 4 times that expected without correlations be
tween particles. Effectively, the number of detec
tor cells is reduced by a similar factor! 

Pending detailed Monte Carlo study, we have 
constrained layers of proposed detection system 
to possess ~ 100 cells. Coarser systems surely 
will not work; finer systems probably will be 
necessary. 
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Fig. 7. The probability of no double hits, given 
N uncorrelated tracks and 30-200 devices 
(cells). 
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Velocity Measurement 

For complete nKp separation in the range be
, low 15 GeV/c, five types of velocity measurement 

are needed (Fig. 8): 

a) Time-of-flight over 3-m flight path with 
cr = 0.22 nsec.lO Maintaining this timing accuracy 

1 over huge hodoscopes at this radius would provide 
> 3cr nK separation below 1.3 GeV/c and Kp separ-
~tion below 2.1 GeV/c. ,J 1 

b) Aerogel threshold Cerenkov counter with re
fractive index n~ 1.04. This material is in the 
development stage.ll Aerogel with n = 1.06 has 
been produced and indices down to 1.025 are thought 
to be possible. The latter index would be ideal, 
providing nK separation between 0.6 and 2.2 GeV/c 
and Kp separation between 2.2 and 4.2 GeV/c. In 
the large volume low B detector, - 600 cells roughly 
15 em on a side would be needed--an enormous 
quantity by present standards. In the conventional 
solenoid at larger radius, at least five times 
more would be required! Even in the more favorable 
case, the use of aerogel on this scale is regarded 
only as a possibility. 

c) Isobutane threshold ~erenkov counter, 
n = 1.006 at 4.1 atmospheres, providing nK(Kp) 
separation between 1.3 and 4.5 (4.5 and 8.5) GeV/c. 
Six atmospheres of propane could substitute for the 
isobutane, at the expense of thicker vessel walls. 
Freon is not an acceptable substitute in this case 
of wide angle optics, because it scintillates ex
cessively (- 1.7 photons{~).l2 

d) Isobutane or pentane threshold Cerenkov 
• counter near atmospheric pressure with n = 1.0015 

or 1.0017, providing nK (Kp) separation between 
2.4 and 8.5 (8.5 anq 16.1) GeV/c (for n = 1.0017). 

e) C02 threshold Cerenkov counter at one at
mosphere (n = 1.00045), providing nK separation 
above 4.7 GeV/c and err separation below 4.7 
GeV/c. 

The radiator lengths were chosen to give com
fortable light levels except in the case of the 
C02 counters where a minimum of N ::: 5 photoelec
trons would be produced if Ne = lbO Le2. Achieve-

" TOF K 
(3m) p 

" Aerogel ·K 
n = 1.025 

lsobutane " 4.1 atm 
n = 1.()06 

lsobutane 
1.05 atm 

n = 1.0015 

C02 
1 atm 

" 

p 

ment of the latter figure requires use of special 
photocathode and phototube window material, or 
wavelength shifter,14 or both. Phototube and col
lector sizes were chosen considering both the size 
of. the ~erenkov ring and the track curvatures at 
lowest relevant n± momenta .15 Most photo tubes 
illustrated in the figures have a photocathode 
area roughly the same as that of a standard 5-inch 
tube. In these figures and in Fig. 8, counters (b), 
(c), (d), and (e) have been dubbed C4, c3, C2, and 
cl respectively. 

We would be happy to replace this array of 
apparatus with simpler means of velocity measure
ment. Appendix B is an initial attempt to e~Jlore 
the use of microchannel - plate phototubes to re
cord ~erenkov ring radii. Unfortunately, in the 
example chosen, 25 m2 of 1 cm2 photosensitive ele
ments are required. We did not seriously consider 
relativistic-rise dE/dx velocity measurement, as 
the necessary sampling le~ths seem excessive. 
Pulse-height analysis on Cerenkov counters with 
large light levels conceivably could provide 
additional information sufficient to eliminate 
one layer of Cerenkov counters. 

Triggering 

We approach the intractable problem of de
signing a trigger with sufficiently low background 
rate by assuming that the PEP vacuum is as good 
as that at SPEAR and that beam-gas scattering con
tinues to contribute 5-10% of the multi-hadronic 
event rate. In this case an adequate and flexible 
trigger scheme would make use of 2-3 coaxial cy
'lindrical proportional counters (or other fast 
high-resolution devices) close to the beam pjpe. 
Azimuthal coincidences of hits at different radii 
in these counters, in time with the beam crossing 
and TOF counters, would form a fast bias-free 
_ 1 kHz pretrigger. Flexibility in setting ma
jority requirements on the number of azimuthal co
incidences would be retained. Some cosmic ray con
figurations would fail to satisfy the TOF coin
cidence. 

Radiator 
length for Name 

Ne= 100 e2,= 5 

2.1 em c4 

K 4.2 em c3 
p 

K 17 em c2 
P-

" K- 56 em c1 

.3 .4 .5 .6 .7 1.0 2 3 4 5 6 7 10 15 20 

Hadron momentum (GeV/e) 

XBL 7512·9866 

Fig. 8. System of 5 counters for particle identification (described in 
the text). The time-of-flight (TOF) solid lines labelled n,K, and 
p indicate the momentum ranges over which en, nK, and Kp respec
tively are separated by less than 3cr. The threshold Cerenkov 
(C1,C2,C3,C4) solid lines 1ndicate the momenta above threshold. 
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Fig. 9. Side view of one quadrant of the large volume low magnetic 
field detector. 

After the pretrigger, a scheme similar to 
those in use at PLUTO and envisioned for the SPEAR 
Mark II detector would perform fast track recon
struction within -100 )lSec. Only drift chamber 
wire occupancies (rather than digitized coordinates) 
would be used. Control of momentum cutoffs, multi
plicity, and topology would remain flexible. The 
two-level trigger is intended to provide a logging 
rate of - 1 Hz with < 10% dead time. 

LARGE VOLUME LOW MAGNETIC FIELD DETECTOR 

The 3 kGauss solenoidal magnet, with a coil 
of radius 3 m and length 8 ·m, already has been 
mentioned and its outline shown in Fig. 6(a). 
Figures 9 and 10 depict portions of its side and 
end sections in greater.detail, along with the de
tector array. The allocated coil space is sufficient 
either for a superconducting·coil or for a simple · 
aluminum winding. The superconducting approach is 
made attractive by.the low field, minimal coil 
forces, and low stored energy (- 7 MJ) ," but not 
by the large cryostat. A scaled~up ''MINIMAG" de
signl6 seems too expensive."The coil area is 
4.3 x that of the Mark II magnet and the field 
58% as large. With half the Mark II current density 
a conventional Al coil would draw 3 MW and still 
present less than one radiation length. 

The magnet flux is returned on eight sides 
of an octagon by laminations of 1 radiation length 
steel plate, with total steel thickness 30 em and 
total lamination thickness 80 em (Fig. 10). The 

rema1n1ng 50 em are used for position and energy 
measurement of showers (discussed below). The 30 
em thick endcaps leave a 10° cone for electron 
tagging of the yy process. A very homogeneous 
solenoidal field is expected. Total weight of the 
iron is 600 metric tons. 

3.9 

3.0 

E 
"' 2.0 .:! 

"0 

"' cr: 

1.0 

Flux return 
iron plates ( 1 R L) 
and drift chamber 
gas at STP 

--.- C1- 1 atm C02 

~-7 ~ ------ Drift (3 layers) 

----~-C2 - 1 atm pentane 

Drift ( 5 layers) -~ Aerogel c4 
----------c3 - 4 atm isobutane 

------- Drift (6 or TPC) 
~ ------------ Trigger (3 layers) 

XBL 7512-9868 

Fig.- 10. End view of one octant of the large 
vol~e low magnetic field detector. 
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Particl~ Identification 

~The prime advantage of this detector is that 
the Cerenkov counters C3 and C4 (see Fig. 8), which 
have highest index and large cost per unit volume, 
may be kept manageable in size by placement near 
the beam crossing point. This choice combined with 
the low magnetic field minimizes the effect of 
track curvature on their optics. The counters lie 
in the region SO em < radius < 95 em and subtend the 

• range 32° < e < 148° {84% of 4~). Their location is 
shown in Fig. 9 (sideview of one quadrant) and 
Fig. 10 (endview of one octant), with optical de
tails in Fig. 11. Using overpressure safety factors 
in excess of 3, their material(mainly A] amounts 
to 0.24 radiation lengths. Despite the relative 
compactness of the aerogel counter, it still re
quires 608 elements roughly 15 em on a side. This 
volume of aerogel may exceed projected production 
capabilities, leading to a large reduction of the 
solid angle of the counter. In this case a hole 
in Kp separation between 2.1 and 4.5 GeV/c may be 
created in the otherwise full momentum range for 
hadron identification. 

The time-of-flight scintillation counters 
subtend 82% of 4~ steradians just inside the coil. 
The length of this system (8.5 m) probably makes it 
necessary to split the coil about the plane z =a· 
(not shown in Fig. 9) for ph<itotube readout at 
z = 0 in addition to z = ± 4.25 m. The number of 
TOF elements would exceed 100 and the number of 
phototubes (conventional or microchannel) would 
exceed 200. These counters are inaccessible to 
particles with Pl < 135 MeV/c. Possibly, addi
tional Kp separation at lower momenta could be ob
tained with TOF information from drift chambers at 
smaller radius. 

4-atm 

isobutane 

t R(m) 

A A 

c 

/ 

. The atmosph~ric-p:essure counters c1 and c2 
are lllterleaved with dnft chamber layers outside 
the aerogel (Figs. 9 and 10). The integral tracking 
and momentum analysis is intended to discriminate 
between original secondaries and daughters arising 
from knock-on <.md strong interactions in c3 and c4. 
C2 SUbtends 84% Of 41T , while C1 is extended to 
98% of 4~ because of the interest in clean identi
fication of single electrons with x < 0.3. More 
energetic electrons will be identified by the 
shower counters used for detection of neutrals 
(described below). 

Muons are identified with 85% confidence over 
73% of 4~ by comparing the coordinates of charged 
tracks outside 30 em of steel with extrapolations 
of their trajectories within the solenoid.l7 This 
confidence level is not badly matched to the levels 
of decay background; for example, the 5-GeV ~2 decay probability is 0.06 at e = 90°. ]1 

Sensing Cerenkov Light within the Magnetic Field 
.. 

Each of the Cerenkov counters mentioned above 
employs single reflections from aluminized surfaces 
onto photomultipliers located within an ambient 
3 kGauss magnetic field. The necessary photocathode 
area of each indicated light-sensitive device is 
roughly that of a 5-inch phototube. Obviously, 
magnetic shielding of conventional photomultipliers 
would be too tmwieldy. 

The asstmtption sustaining our interest in 
this detector is that, by 1980, microchannel-plate 
photomultipliers ("J1CPM's") with sufficient in
sensitivity to magnetic fields will exist in ade
quate quantities ( - 400 excluding aerogel 
counters). A brief introduction to ]1CPM's is 

Aerogel surface code 
A = Aluminized 
B = Black 
C =Clear 

4 X 2.5 in. I' channel PMT 

(608 total) 

Equiv. 5-in. diam I' channel PMT inside 
pressure vessel (4 atm abs.) 

/ 

/ 
5 polar } ( PMT 
16 azimuthal segments Total 80 f mirrors 

I XBL 7512·9869 

Fig. 11. Side view of high pressure and aerogel threshold Cerenkov 
counters used in large volume low magnetic field detector. 



found in the following report.8 Sufficiently corn
pact ~CPM's with adequate gain exist now at out
rageous prices. The price seems more a matter of 
supply and demand than one of manufacturing cost. 
The unresolved technical questions concern quantum 
efficiency and magnetic field sensitivity. Quantum 
efficiency is determined by photocathode chemistry 
and primary photoelectron collection efficiency. 
We assume that bi- or tri-alkali photocathodes 
evaporated onto quartz or Vycor windows can be 
mated to the rnicrochannel multipliers. The collec
tion efficiency is thought to exceed the fraction 
c~ 60%) of plate area which is channel-aperture 
rather than channel wall, due to local focussing 
effects at the beginning of the channel. With pres
entlS obtainable channel diameters as small as 
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9~m, a photocathode might (we imagine) be placed 
as close as 25 ~to the channels, at a relative 
potential of - -10 V. Under these circumstances 
the Ex B deflection would be .S. lO~rn - perhaps 
large enough to disrupt the local focusing effects 
mentioned above, but not large enough to cause the 
photoelectrons to be lost altogether. Once inside 
the channel, the photoelectron, if anything, would 
seem to suffer more wall collisions in the presence 
of a perpendicular magnetic field, resulting in 
greater multiplication. Obviously, these supposi
tions need to be tested soon. 

Certain early photomultiplier designs used 
magnetic fields as a necessary part of the focusing 
structure. Although requiring specific orientation 
with respect to the field, such devices might be 
worth reincarnating for our purposes. 

An alternative to light detection within 
the field is to pipe the light out. Systems 
of light pipes opening into the Cerenkov gas 
volumes can be engineered to require few bounces 
and obstruct a minor fraction of the drift chamber 
tracking area. Unfortunately, even quite an elab
orate framewor~ of light pipes would service only 
two layers of Cerenkov counter, which is not an 
advance over the 1974 detector.l 

Tracking 

Charged particle trajectories are detected 
by seven sets of drift chambers, detailed in 
Table l(a) and Fig. 9. These are divided into two 
main groups. In the cone 32°< 8 < 148°, cylindrical 
chamber sets DJ-D4 with small-angle stereo in se
quence +5° , -5 , 0° are planned. Cell sizes of 4 ern 
are used except in the innermost set of chambers, 
where 2 ern cells may give fine enough granularity. 
A particle passing through Dr-D4 intersects a total 
of 18 layers of drift chamber. For momenta less than 
than 10 GeV/c, momentum measurement will use Dz, 
D3, and D4 only, in order to avoid the effects of 
Coulomb scattering in C3 and c4. The chamber set 
Dr provides track direction information at radii 
inside c3 and c4 for interpretation of these 
counters, and for improved momentum resolution 
anchors the trajectories of particles with momenta 
~xceeding 10 GeV/c. Assuming (conservatively) 
200 ~ resolution in sagitta of tracks projected 
upon the z = 0 plane, the momentum resolution, as 
shown in Fig. 12, is better than 6% at p = 15 
GeV/c, e = 90°, and improves further in the range 
20° <8<.90°. 

1 0"/o A 

~ PEP 74 
> 8% __ j ., 
l? 
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6% -- ..... ..__ ....... ../ 
/ 
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\.PEP 75 
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2% 
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90° 60° 30° 00 

e 
or 
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1 ()",{, Assumes ll (Sag itt a ) = 200 11 m 8 
("'2 X Mk II) / 

8% /' 
b // PEP 74 
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6% 
PEP 75 
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c. 4% --c. 

Outer 2/3-1- Full detector <I 

2% 
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p(GeV/c) 

XBL 7 512-9870 

Fig. 12. Momentum resolution of large volume low 
magnetic field detector (a) vs. momentum p, 
(b) vs. polar angle 8, assuming sagitta 
resolution of 200 ~· Below 10 GeV/c only 
the outer 2/3 of the detector is used in 
order to minimize Coulomb scattering effects. 

Although we have described D1 as a set of 
conventional drift chambers

1 
the time-projection 

chamber described by Nygren 7 is a candidate for 
use in this region. The reason is that information 
of sufficient density for local track reconstruction 
is sought in an annular region only 30 ern thick. 
The location, centered on a point of high symmetry 
in the solenoid, would provide exceptional magnetic 
field uniformity18 since the time-projection chamber 
would occupy only a tiny fraction of the (already 
uniform) field volume. 

The regions 10° < e < 32° and 148°< e < 170° 
are serviced by Dr and by drift chamber sets Ds,Dp 
and D7. Each of the latter sets is a -60°, 0°, 60 
configuration for highest information content of 
each individual plane. The inner 10° cones are ten
tatively left open for access and to prevent beam
gas background at low e from creating too many 
extra wire hits. 

The total solid ru1gle for charged particle 
track reconstruction is 98% of 4TI. 

. 
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Table 1. Drift Chamber Wires 

(a) Large Volume Low B a 

Length Layers Cell 
Wires Total r size(an) Angles 

(an) ±5" 
Dl 32.S±l2.S 110 6 2 ±'.f 102 612 

(j' 

D2 120±10 sos 6 4 ±5" 188 1128 r:f 

D3 180±10 6SO 3 4 ±5" 283 849 r:f 

D4 282±10 840 3 4 
±5" 

442 1326 00 

Ds 180 6 4 ±300 4S 270 900 

D6 3SO 4 4 
±30° 87 348 900 

D7 sso 3 4 ±3Cf' 136 408 900 

4.9 K 

(b) Conventional 

Dl 
20±8 100 4 1 ±So 63 2S2 
30±2 lSO 1 2 Delay line 9Sx3 288 

D2 SS±lO 27S s 2 
±So 

141 707 oo 

D3 9S±S 410 4 3 
±So 

200 00 

D4 12S±4 SlO 3 3 
±So 

260 780 oo I 

oo 

Ds 300±8 600 6 10 60° 240 1920 
x210 1200 

4.8 K 

aDoes not include shower detector. 
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Detection of Neutrals 

The one-radiation-length ("lX ") steel flux 
return plates, subtending 73% of 4n° steradians, 
ideally would be sampled by a liquid argon system 
(of enonnous area). Since the choice of sampling 
device is governed by cost analyses which at this 
stage are not complete, we instead shall describe an 
example of what may represent a manageable system. 
It has the advantage of emphasizing precision in 
direction of the neutral particle, which to a cer
tain extent has been neglected even by proposed 
detection systems that concentrate on neutrals. For 
this purpose the location of these counters at 3 
meter radius is a distinct advantage, not only be
cause of the large lever arm for direction measure
ment but also because those y's which are tightly 
collimated have an opportunity to spread out and 
produce separate showers. 

The chosen sampling medium is drift chamber 
gas (mainly argon) at STP. Thicknesses of 5 em fol
low each of the first four lXo radiators (the coil 
counts as the first radiator). Thicknesses of 2.5 
em follow the next ten lXo slabs, and alternate 
lXo slabs in the final four radiation lengths. Each 
2.5 em of gas is contained within one drift chmnber, 
with cell spacing designed to minimize cost, con
sistent with granularity requirements. Most drift 
wires run in the /z direction, except for the outer
most chamber and half of the eight chambers within 
the first four radiation lengths, which have wires 
in a rectilinear direction approximating $. 
The innennost pair of chambers is azimuthally seg
mented to follow the coil shape. The innermost eight 
chambers have wires staggered and at slight stereo 
angles in order to resolve ambiguities, and are 
read out individually with electronics giving 1. 5 
mm spatial resolution, while preserving pulse height 
information. Corresponding wires of the next five 
and five chambers, respectively, are connected to 
common electronics channels. The outennost two cham
bers are read out individually in order to identify 
muons. The intention is that the first 4 x0 portion 
of the counter detects conversion electrons with 
1.5-mm resolution both in Z and r¢ ; the first 14X0 
portion measures electromagnetic shower energies 
with lXo sampling; and the entire 18X (2Labs) 
counter observes hadron showers with~2Xo sampling 
and identifies muons. 

Each of eight octants by this prescription 
would contain 20 drift chambers of a size exceeding 
2x8 m, with electronics for the equivalent of 12 
chambers. We imagine that the iron laminations 
themselves would supply most of the frame stiffness 
and gas enclosure for these chambers. Nevertheless, 
without considerable design innovation their con
struction cost would be staggering. Total drift 
chamber electronics channels would not exceed the 
~ 5000 allocated to the inner detectors. Their low 
level of required perfonnance needs to be exploited 
fully in order to keep the cost within reason. 

The conversion point resolution is limited 
by Coulomb scattering of the produced pair within 
the radiator at low energies. As a function of en
ergy E (GeV) , at 8 = 90° the projected y direction 
is known to 

' 2 ]., 
±0.5(1 + (3/E) ) 2 mrad 

for typical conversions in the coil, and 
2 ]., 

±0.5(1 + (0.5/E) ) 2 mrad 

for typical conversions in the iron. 

Electromagnetic shower energy resolution suf
fers contributions both from the shower statistics 
and from delta rays in the gas.20 For the case of 
lXo sampling in iron with 2.5 em of argon at STP, 
these contributions to o(E)/E are estimated to be 
0.22/...'E and0.39/...'Enns, respectively. Thus the an
ticipated y energy resolution is o(E)/E~ 0.45/...'E, 
or ~ 6 times worse than may be achievable with 
liquid argon and thin Pb plates. 

Above 3 GeV, this y energy resolution com
bined with the high angular precision will achieve 
>3a separation of nO from nO. Once identified, the 
y pair's energy resolution can improve dramatic
ally if opening angle information is used. Let 1\1 
and E be the no or nO mass and energy, and k1 and k2 the y energies. Then 

A 3-GeV n° or n° with k
1 

= k2 has better than 2% 
energy resolution. If k

2 
= 2k

1 
the resolution rises 

to 18%. 

Events with up to four y's that cannot be 
identified as nO or nO may still be fully recon
structed, provided that the y's fall within the 
75% of 4n devoted to neutrals detection and the 
charged particles lie within the 98% of 4n which 
is insttumented for charged particle reconstruction. 
Since the y energies are not used in the fit, the 
number of constraints drops from 4 to 0 as the 
number of y's rises from 0 to 4. Even the OC events 
are subject to the condition that the fitted 
energies be consistent with their independently 
measured values. If nO or nO are presumed to be 
the y-ray parents,21 one may demand with good 
accuracy that two independent y pairs each match 
one of these parent masses. 

+ ± 
Separation of e- and n is performed by the 

shower counter only above 4.6 GeV/c, because of the 
existence of the co2 Cerenkov counter Cr. For n± 
that feed ~ 1/3 of their energy into electromagnetic 
showers, the separation of e± from n± will exceed 
4a. 

At energies below 15 GeV, the 30 em of Fe will 
contain > 80% of the hadron shower energy.22 
Crudely taking into account contaminment effects 
and a-ray confusion in the drift chamber gas, we 
compute an abysmal hadron energy resolution 
a(E)/E ~ 2/~. Neutron and KO directions are 
measured by the muon identifier c~bers. This 
class of particles can be identified with low 
(- 30%) efficiency and high confidence if they first 
interact in the outer half of the shower CRunter. 
We note that 30 em of steel is not a bad KL ~ Kg 
regenerator. 
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DETECTOR USING "ffiNVENTIONAL" SOLENOID 

The side view of one hemisphere of this de
tector is shown in Fig. 13 and its end view in Fig. 
14. The right-hand quadrant in Fig. 13 shows a sec
tion between the laminated flux return legs, while 
the left-hand quadrant shows a section within the 
legs. 

.Magnet 

The magnet was chosen to have 15 kGauss over 
lm radius for sufficient momentum resolution. A 

-superconducting coil was selected for power econ
omy, and preference given to a lumped coil to keep 
y conversion and hadron interactions localized 

End plate 

4 

3 

2 

0 
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6 

to the relatively small coil obstruction of 10%. 
Also the cryostat is manageable. The field is re
turned through 8 legs,of 3.4m inner radius which 
occupy 1/3 of the azimuth. By these demands, the 
magnet turned out to be similar to the General 
User Magnet. For details of a typical design, the 
reader is referred to their report.23 

Particle Identification 

· The detector uses a time-of-flight system 
that is similar to that previously described, ex
cept that the counters at 3 m are inaccessible to 
particles with momenta ~ 225 MeV/c. Because of 
the very large volume of radiator that would be 

Open· 

2 3 4 4.85 

XBL 7512-9871 

Fig. 13. Side view of "conventional" superconducting solenoid detector. 

2 3 4 m 

XBL 7512-9872 

Fig. 14. End view of "conventional" superconducting solenoid detector. 
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required, an-aerogel counter covering an appreci
able fraction of the solid angle is not envisaged. 
The gas ~erenkov counters C1, Cz, and C3 (Fig. 8) 
perform the same particle separation functions with 
the same refractive indices described earlier. The 
high-pressure isobutane counter (C3) lies inner
most, beginning at a radius of 1.4 m. It and the 
surrounding atmospheric-pressure COz counter (Cl) 
subtend 82% of 4n steradians. These counters per
form nK separation above 1.3 GeV/c, and Kp 
separation between 4.5 and 8.5 GeV/c. Kp separation 
above 8.5 GeV/c is provided over 2/3 of the azi
muth by the atmospheric-pressure counter c2. 

Technically, the counter c3, which produces 
plenty of light, employs double-reflecting optics, 
consisting of outer and inner spherical mirrors 
with respective radii of curvature 1.8 and 0.6 m. 
The momentum dispersion created by the magnet 
field integral of 450 MeV/c makes it necessary to 
use two 5-in. tubes per cell in order to make the 
light collection efficiency momentum-independent. 
Inexpensive tubes like RCA4525 may be used,24 
since timing and rate are no problem. The photo
tubes and mirrors will be enclosed by a cylindri
cal pressure vessel of 0.7 em Al wall thickness.25 

Photons will not trigger-the TOF scintilla
tion cotlflters and thereby can be distinguished 
from charged particles. The drift chamber outside 
the lXo Pb absorber will determine coordinates of 
a charged particle or the vertex of a y conversion 
with 50% efficiency. The Pb absorber will produce 
new 6 rays while absorbing those produced at 
smaller radii. By constraining charged particle 
trajectories, this chamber will recognize interac
tions in the walls of. C3 and especially in the. 
lumped coils, which is a problem specific to this 
design. 

Muons are identified with 97% confidence over 
27% of 4n by drift chambers outside the flux re
turn legs (not shown). Electrons below 4.7 GeV/c 
are identified by c1 over 82% of 4n. Higher-en
ergy electrons are Identified over 31% of 4rr by 
5000 crossed proportional tubes interleaved with 
lX iron laminations in the flux return legs and 
sh8wer counters close to the pole faces, (Fig. 13). 
These laminated detectors identify neutrals in a 
manner similar to tha1 discussed previously for 
the large volume low B detector.· · 

Tracking 

Five sets of drift chambers D -D record the 
trajectories of charged particles. nl-83 subtend 
9~% of 4n. Usin¥ the partial informatio~ in D1-D2 gives less precise momentum reconstruction over 
96% of 4n. The momentum resolution using the sets 
D1-D4 (subtending 82% of 4n) has the high-energy 
asymptote 

~p/p2 0.0055/GeV 

at e = 90° , again with the assumption of 200 urn 
sagitta resolution. 

The details of these drift chambers are found 
in Table l(b). D1-D4 a~e sets of drift chamber 
layers in sequence +So, -5°, 0°·, except that D1 

possesses an extra layer of delay-line drift cham
ber cells for improved pattern recognition. The 
chambers in D5 are almost square in shape and 
equipped with wires at +60°, 0°, -60° .These 
provide additional tracking precision as well as 
identifying y conversions in the Pb. The total 
number of drift chamber wires is 4900. 

OOMPARISON OF DETECTORS 

Size and Equipment 

An immediate comparison of the size of the 
two magnets discussed above with their 1974 counter
part! has been displayed in Fig. 6. Greater detail 
is provided in Table 2. Although the magnets have 
grown by - 25% radially and up to 50% longitudinally 
since 1974, they still are accommodated by the 4-m 
pit floor clearances anticipated for five experi
mental areas. More than half of the interaction 
area length (20m) will be available for compensating 
coils, electron tagging, etc. Magnet tonnages also 
have grown by 50-150%. However, most of the 
ton weight of the largest magnet is composed of 
plates that also serve as media for shower develop
ment. 

The 1975 detectors each substitute ~ 3000 
drift chamber channels for ~ 3000 MWPC wires plus 
42000 spark-chamber capacitive-readout channel1 
used in the 1974 design. The large volume low B 
detector's shower counters would require up to 5000 
additional low-resolution drift chamber cr~els 
with pulse height capability, while the "conven
tional" detector would add 5000 proportional tubes. 
Total scintillator area has dropped by 20%. The 
number of Cerenkov layers has risen from 2 to 3 
(or 4 with the low B aerogel option), while the 
number of Cerenkov cells has trebled to - 400 
(excluding aerogel). Most of the latter increase 
is needed to solve ambiguity problems, rather than 
to service the extra layer. One measure of dif
ficulty in constructing the explosive 4.1-atmo
sphere Cerenkov counters is the total ar~a of the 
im1ermost pressure windows. This is 24 m for the 
1974 detector, 48m2 for the 1975 "conventional" 
detector, and 6m2 for the 1975 low B apparatus. 

Performance Summary 

Table 3 summaries the relative performance 
of the 1974 and two 1975 detectors. Listed are 
solid angles for tracking, various ranges of nK 
and Kp separation, and electron, muon, and neutrals 
detection. The 1975 detectors have only 10-30% of 
the 1974 tracking inefficiency. The high-momentum 
nK separation (Cl) extend over 98% or 82% of 4n, as 
opposed to 48% in 1974. Intermediate momentum nK 
and Kp separation (Cz) subtends 82% for the low B 
detector and ~ 60% for the others. Lower-momentum 
separation (C3) has the largest gain: > 80% 
of 4n, as opposed to 16% in 1974. The low B detec
tor retains the possibility of an aerogel ~erenkov 
layer (C4, 82% of 4n)which overlaps the TOF separ
ation region. The TOF systems in all three detec
tors cover similar solid angles. 

Identification of muons and high-energy elec
trons, capabilities absent from the 1974 detector, 
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are performed over - 75 or - 30% of 4rr . The con
fidence levels for muon identification range from 
80% to 90%. Photons are detected with excellent 
accuracy in direction over 75% or 30% of 4n , and 
with modest energy resolution o(E)/E~ = 0.45 
Ge~~- Some K£ and neutron identification is pos
sible. Capab1lity for neutrals detection again was 
absent from the 1975 detector. 

Summary of New Design Features 

I' 
0 2. 9 
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J 
Simpler Cerenkov optics improve counter 

performance and reduce cost. The set of terenkov 
counters is more complete. 

Location of high pressure counter at 'smaller ,. 
radius deC1S1Vely lffiproves fh~s1gn o~arge
volume low B detector. Its high pressure isobutane 
counter has a 6-m2 inner-pressure window subtending 
84% of 4n. The corresponding 1974 counter had a 
24-m2 inner window subtending 16% of 4n. 

Essential new features of the 1975 detectors FULL IDENTIFICATION OF THE FINAL STATE ? 
are: 

. Homogeneous magnetic fields tremendously 
simplify the tracking software. 

e,y,~, and neutral hadron detection capabil
ities are added with lamination of the iron return 
yoke in order to provide a medium for shower de
velopment. 

Full use of drift chambers reduces chamber 
electronics requirements while make possible 
"slow" trigger decisions. 

With the detectors specified, the report con
cludes with a brief estimate of their ability to 
achieve the original goal--full identification of 
a non-negligible fraction of the final.states 
accompanying the high-momentum particles. We 
consider an event as IS = 30 GeV with 6 
charged particles and 4 nO•s. Loss or ambiguity 
in particle identification may occur because of: 

tracking 

Table 2. Detector Comparisons: Scale 

Detector 

Outside dia x length (m) 

Magnet 

./ 

Peak field (kGauss) 

Yoke weight (tons) 

Coil weight (tons) 

Cerenkov detectors-no. of cells 

co
2 

(1 atm) 

Isobutane or pentane (1 atm) 

High pressure (n = 1.006) 

Total 5 in photomultipliersd 

Total pressure window areaf(m2) 

Drift wires 

MWPC wires 

Spark chamber channels 

Scintillator area (m2) 

Proportional tubes 
v 

OPTION: Aerogel C (n = 1.025) 

aNumber of phototubes may be larger. 

b192 phototubes. 

PEP'74 

6.5x6. 74 

8 

230 

5 

72 

32 

24 

128 

24 

1960 

3500 

42,000 

210 

PEP'75 
[Larg_f volume 
low :B field I 

7.8x9.1 

3 
600 

23 

176a 

144 

80 

2. 400e 

6 

4900 + shower 

-500 

170 

608{cells} 
PMT 

cAll phototubes approximately equivalent in area to 5 in dia. 

PEP'75 
[Conventional] 

8.0x9.7 

15 

330 

2. 400 

48 
4BOO 

-500 

160 

5000 

~eludes time-of-flight counter phototubes (approx. 200 in. each case). 

1Microchannel-plate photomultipliers 

£Inside window only. 
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Table 3. Detector Comparisons:Performance 

Detector 

I. llS1 /4rr Full tracking 
(partial tracking) 

I I.llS1/ 4rr for Earticle identification 

(a) Cl: rrK separation (p>4.6 GeV/c) 

(b) c2: 
rrK separation (2.4<p<8.5) 

Kp separation (p>8.5) 

(c) C ·{rrK separation (1.3<p<4.5) 
3" Kp separation (4.5<p<8.5) 

(d) C4: Kp separation (2.2<p<4.2) 

{rrK separation (p<l.3) 

(e) TOF: 
Kp separation (p<2.1) 

{rrK separation (p<2.1) 
Kp separation (p<3.6) 

III. Electron identification - llS1/4rr 

(a) c1 p<4.6 GeV/c 

(b) Shower counter p>4.6 

IV. Muon identification 

(a) llS1/4rr 
+ 

GeV/c 

PEP'74 

0.64 

0.48 

0.64 

0.16 

0.64 

0.16 

0.48 

(b) Punch-thru + K- prob. @ 5 GeV/c -
j.l\1 

V. Photon measurement 

(a) llS1/4rr 
(b) llE/E~(Ge0) 
(c) (M or M\ 

VI. ~L and neutron identification 

aAerogel costs may be unrealistic. 

bTypical; see text. 

PEP'75 
[ Large volume 

low B field] 

0.98 

0.98 

0.84 

0.84 

(0.84)a 

0.82 

0.98 

0.75 

0.73 

::0.15 +::: 0.06 

0.75 

0.5 
1 mradb 

PEP'75 
[ Conventional] 

0.90 
(0. 96) 

0.82 

0.56 

0.82 

0.56 

0.82 

0.31 

0.28 

:::0.03 +::: 0.06 

0.31 

0.5 
1 mradb 

llS1/4rr::: 0.75x:::0.25 efficiency 
k '(h llE/E 2 

::: 2 Gev 2 
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v 
two particular Cerenkov layers must be cr_Qssed. 
The tracking probability for the (a) low B or (b) 
conventional detector is 0.98 or (partial tracking) 
0.96 respectively. The Cerenkov solid angles are 
near 0.83 of 4n steradians except for Kp separation 
in the conventional detector at p > 8.5 GeV/c. Jet 
structure which correlates the particles may lead 
to -ZX reduction in the effective nUIUber of inde
pendent isotropic,track directions, except for fine
structure in the Cerenkov acceptance due to 10% 

• coil lUIUps in the conventional detector. These 
effects give efficiencies 

£a - (0.98) 3 
x (0.83) 3 = 0.54 

(0.96) 3 
X (0.83/0.90) 3 

X (0.90) 6 0.39. 

Multiple hits in detector cells. We assUIUe 
that drift chamber redundaricy and sta2gered cell 
azimuth·confine this problem to two Cerenkov 
counters whose cells occupy the same solid angle 
element. Six particles plus two converted gamma 
rays share only SO cells due to jet effects. The 
efficiencies are 

£a £b = 0.55. 

Disabling of ~erenkov cells by interactions. 
Delta-ray background is worst in the high pressure 
counter C3 at the level of z 2%. Its walls will 
create ~ 1% o-ray background in Cz. Inelastic 
strong interactions occur at the z3% level in these 
walls. We have already discounted the effects of 
coil lUIUps. The efficiencies are 

- - 6 £a £b = (0.95) = 0.74 

Decays. K decay is dominant. Perhaps two of 
the particles are K's with {p) = 2 GeV/c and decay 
probability (out to 2m) ~ 1~%. Hence 

£a= £b = 0.72. 

Soft particles. Tracks with momenta smaller 
than 135 MeV/c or 225 MeV/c, respectively, fail to 
reach the TOF counters. A (model-dependent) guess 
is that 5% or 10% of events, respectively, have 
a particle in these ranges, yielding 

£a = 0.95; £b = 0.90. 

Detection of neutrals. The detection effi
ciencies are 0.75 and (0.31 + 0.56 x 0.5) = 0.59 
respectively (0.5 is the detection efficiency of 
the lXo Pb). AssUIUe that the effects of the jet 
model and nO + Zy decay reduce the nUIUber of 
effectively isotropic tracks from 8 to 3. Then 

(0. 75) 3 = 0.42 

(0.87)
3 x(~J~-r = 0.007. 

Reconstruction of neutrals. For the conven
tional detector, reconstruction of 8 y's is 
virtually impossible since crude energy informa
!ion is available only for - 3 of them. In the low 
B detector we speculate that 5-10% of 8 y systems 

could be reconstructed w1ambiguously. In both de
tectors, (good OC + pseudoconstraint) fits can be 
made to ( .s_ 4 y + charged) final states. The strong 
dependence of reconstruction efficiency on y 
multiplicity means that most reconstructed events 
will be drawn from downward fluctuations in neu
tral multiplicity rather than fluctuations within 
a fixed multiplicity as in our example. 

Results. The nUIUbers quoted above are meant 
as guidlines rather than as estimates appropriate 
to all possible multiparticle configurations. The 
products of these crudely estimated efficiencies for 
reconstructing and identifying this 6-particle 
charged final state are 0.15 and 0.10, respectively, 
for the large volUIUe low B and conventional detec
tors. Detection (not reconstruction) of 8 y's 
plunges these efficiencies below 10% and 0.1%, re
spectively. It is probably safe to conclude that 
full reconstruction and identification of "typical" 
charged plus neutral final states at ,IS = 30 GeV 
will not be made with more than ~ 10% efficiency. 
Of course, the events containing one or two am
biguously identified particles are still rich in 
correlation information; many complicat~d multi- · 
particle states of known baryon nUIUber, strangeness, 
and invariant mass will become available for study. 
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Appendix A 

INSTRUMENTING THE MARK I I DETECTOR WITH 
HIQi-~ PARTICLE IDENTIFICATION 

GENERAL 

The Mark II, proposed for general purpose de
tection of multi-hadron events, has no provision 
for charged hadron identification above 0.6 - 1.0 
GeV/c momentUIU. This note sketches a detection 
system over the available solid angle. 

The Mark II detector as now envisioned con
sists of a 3m diameter, 3m long solenoid magnet 
filled with tracking chambers. This cylindrical 
magnet is enclosed in an iron flux return box 
open on two sides. Each open side allows n/2 in 
azimuthal.angle and n/2 in polar angle free at the 
iron flux return,or0.18of4nsolidangle. If the 
open sides are oriented in the horizontal, both . 
could be instYUIUented with particle identification; 
if the open sides are at the top and bottom, then 
only the top could be instYUIUented. As presently 
designed, the Mark II coil is surrounded by liquid 
argon shower detector modules. The modules occluding 
the solid angle subtended by the particle identifi
cation package would have to be removed. The major 
disadvantage to instrUIUenting the Mark II with 
particle identification modules is the fact that 
the modules can be brought no closer than 1.5 m 
to the source, requiring enormous volUIUes of de
tectors. 



IDENTIFICATION SCHEME 

Particles will be identified in a triple 
tandem array of Cerenkov counters. The counters 
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are primarily threshold devices, but pulse height 
detection will increase the range of separation. 
The three counters, labeled Il, I2, I3, have re
fractive indices 1.0045, 1.008, 1.05 respectively. 
A chart of Fig. A-1 shows where particle separation 
is made. 

With this scheme ~-K-p separation is accom
plished between 1.6 GeV/c and 10 GeV/c. Pulse 
height comparisons are required in the aerogel, 
I3, to separate K-p from 3.2 GeV/c to 4.2 GeV/c 
and in the propane, I2, to separate K-p from 8.5 
GeV/c to 10 GeV/c. Separation of ~ from K and p 
is complete from 0.6 GeV/c to 15 GeV/c. K-P separa
tion ends at about 10 GeV/c, and perhaps lower 
depending upon the ability to measure pulse heights 
in I2. 

Assuming a conversion efficiency of Cerenkov 
photons produced to photoelectrons of 0.1 in each 
counter type, a S = 1 particle yields 8 photoelec~ 
trons in the 2 m Il, 40 photoelectrons in the SO em 
I2, and 100 photoelectrons in the 10 em I3. 

11 
1 atmC~ 

n = 1.00045 

8 atm
1
;mpane ~ 

n=1.008 l 
13 j • 

K~-----------------------+ 

K~--~-----------------------------Aerogel I 
n = 1.05 L_ _ _i.__L____."J~::::L=::L=::::=::::C:=:==::i=::::L=:L -.J.._______l_____.j___l__ 

8 9 10 11 

Momentum (GeV/c) 

XBL 7512·9873 

Fig. A-1 

CONFIGURATION 

The particle identification module is shown 
in Fig. A-2 (plane view) and Fig. A-3 (elevation 
view). It consists of four different elements. We 
describe a module for one of the open quadrants; 
numbers of elements refer.to one module subtending 
18% of 4~. There are two large tracking chambers 
with position resolution of - lmm to flag hadrons 
interacting in the magnet coil and o-rays produced 
in the coil. The chambers each have an area of 
1. 7 m x3. 5 m = 5. 8 m2. Next comes a 10 em thick 
layer of aerogel at a distance of 2 m from the 
interaction region. The 12.6 m2 area is composed 
of a 16 x 20 array of aerogel modules, each 20 em 
x 20 em on a face with a 30 em light-collection 
assembly behind leading to a phototube. 320 of 
these 60 em deep elements will be required. Fol
lowing the aerogel layer comes a layer of 8 pres
sure vessels of diameter 1. 3 rn and length 3. 5 m. 
Each vessel contains 8-atm propane and three optic
ally separate Cerenkov systems with SO em act~ve 
length. The mirror area in each cell is 4.5 m , 
divided into three 1.5 m2 mirrors, one for each 
separate optical system. The 8 high pressure cells 

Flux return iron 

\ 

Pit floor 

XBL 75 12·9874 

Fig. A-2. Plan view of particle-identification 
system which could be added to the SLAC-LBL 
Mark II detector. 
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11 

meten 

XBL 7512·9875 

Fig. A-3. Elevation view of particle-identification 
system which could be added to the SLAC-LBL 
Mark II detector. 

will contain a total of 24 separate ~erenkov 
counters. The final elements of the system are 24 
atmospheric C02 ~erenkov boxes each 2 m long with 
a 2.4 m x~Zm m1rror on the back. The distance of 
the last Cerenkov mirror from interaction region 
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is 6 m and the a2ea of the rear of the array is 
12m x9. 4m = 113m . There are a total of - 1000 
drift wires and 368 photcitubes. Realistically the 
module probably covers only 15% of 4TI taking into 
account support frames, etc. 

DECAY AND MISIDENTIFICATION 

Decay. In detectors of the size we are con
sidering, a crude table helps to evaluate decay 
probabilities. 

% Prob.Decaz:: 

2 20% 
5 10% 

10 5% 
15 3% 

The kaons which decay will yield muons which will 
radiate Cerenkov photons. These rates can be re
liably calculated once the spectrum of surviving 
kaons is known. 

o-Raz::s. In the counters we are proposing 
0.2-1% of slow particles will count in the 
eerenkov medium itself due to o-ray production. 
The low index materials (atmospheric pressure 
gases) have the 0.2% confusion level; the high 
index materials (high pressure gas or aerogel) 
have the - 1% confusion. In addition, pressure 

· vessels contribute 2-3% confusion in high pressure 
gas counters. Tracking chambers with N 1 mm resolu
tion positioned 10 em behind o-ray producing rna~ 
terials (such as magnet coils) will reduce the 

· 5-10% confusion so generated to - 0.5%. 

Appendix B 

J 
LARGE SOLID-ANGLE DIFFERENTIAL CERENKOV COUNTER 
USING MICROCHANNEL PHOTOMULTIPLIERS AND AEROGEL 

This note explores the possibility of a 
large-solid-angle differential Cerenkov counter. 
Such a device is impossible with presently available 
photosensitive detectors which, because of their 
expense, require optical systems to collect photons 
produced. No optical system has been devised which 
focuses images directed over 4TI solid angle. How
ever, if a photosensitive device with a large and 
segmented area could be obtained, no optics would 
be necessary and a differential counter could be 
imagined. Microchannel photomultipliers (vCPM) 
could be the answer to the large-area device re
quired. However, scaling up from existing 5-10 em2 
areas to 25 m2 and 1-em position resolution re
quired make this hypothetical for the near future. 

Assume that the vCPM is available in large 
areas with a 1-em square cell readout. Then a dif-

' ferential counter could be constructed by placing 
a Cerenkov radiator of refracting index n- 1.1 at 
small radius surrounded by a drift region to allow 
the eerenkov cones to separate in space, followed 

·by the vCPM to record the positions of the photons. 
A detector (Fig. 17) could consist of an inner pro
portional counter, a 2-em layer of n = 1.1 aerogel, 
and a 1 m drift region containing tracking chambers 
inside the vCPM. Assuming the vCPM records posi
tions only, a layer of scintillation counters fol-

lows for time of flight (TOP) measurements. The 
TOP and vCPM must be followed by an atmospheric 
gas Cerenkov counter to separate high momentum 
TI .and K. 

The 2 em thick aerogel with a 1 m drift 
region and 450 ~ad ~erenkov angle gives a 9 mrad 
wide circle of Cerenkov light. The TI-K ~erenkov 
cones are separated by 9 mrad at 5 GeV/c and the 
K-p ~erenkov cones are separated by 9 mrad at 
9 GeV/c. Thus the identification is: 

1. TOP TI K to 0.6 GeV/c K-p to 1.2 GeV/c 
2. Aerogel TI-(Kp) 0.4-1.2 GeV/c 

TI-K-p 1.2-5 GeV/c; 
K-p up to 9 GeV/c 

3. 1 Atm co2 TI-(Kp) above 5.5 GeV/c. 

The tracking chambers give momentum. and direction 
of the particle to be identified and a search is 
made of the three possible ~erenkov rings. Assuming 
photocathode efficiency of 0.2 and transmission ef
ficiency in aerogel of 0.7, approximately 15 photo
electrons are produced with which to define the 
C'erenkov rings. 

Microchannel 
photomultiplier 

Tracking 

Interaction 
1 1 1 1 

) 

chambers 

region -+ .....,_ 

~ Aerogel 
Proportional 

chamber 

counter 

C02 threshold 

counter 

6-ray chamber 

1 

2m 

Charged particle 
trajectory 

XBL 7512-9876 

Fig. B-1. Schematic end view of possible future dif
ferential Cerenkov counter system using 
aerogel radiator and microc~el photo
multiplier detectors with 1 em area 
covering 25 m2. 
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USE OF MICROCHANNEL ELECTRON MULTIPLIERS IN HIGH ENERGY PHYSICS 

P. Lecomte and V. Perez-Mendez 

Lawrence Berkeley Laboratory 

PROPERTIES OF THE MICROCHANNEL ELECTRON MULTIPLIERS 

Microchannel plates were developed for mili
tary purposes, mainly for night vision applica
tions, but some of their characteristics are of 
great interest in high energy physics. We will 
summarize briefly the 'properties _of the available 
plates, bearing in mind that they are designed for 
image intensifiers and that they could be further 
optimized for our particular applications. 

These plates can be presently obtained with 
useful diameter between 25 and 75 mm, channel 
diameters from 9 to 50 microns, and electron gain 
per plate around 103 to 104 (Fig. 1); the transit 
time of the electron is about one nanosecond, and 
the time spread is well below 100 ps. The plates 
are extremely compact and are not affected by mag
netic fields, but are sensitive to heavy ions, low 
energy electrons, soft x-rays and UV light. 

Gains in excess of 107, with noise of 3 
counts/cm2 sec are obtained when cascading two 
plates. A "chevron" arrangement is needed to re
duce the positive ion feedback, which could damage 
the photocathode; spatial resolution is then di
vided by two. As an alternative, plates could be 
manufactured with twisted channels. 

Photomultipliers incorporating these micro
channel plates could be manufactured in various 
shapes; they should be extremely compact and, in 
the so-called Wafer design, where the photocathode 
is in close proximity'to the microchannel plate, 
(extensively used in image intensifiers and in 
some microchannel photomultipliers, Fig. 2 and 3) 
they should exhibit good insensitivity to magnetic 
fields and extremely low time jitter for single 
electron response. 

It should be noted that this type of tube is 
not well suited for energy measurements, the pulse 
height distribution of one plate being either 
exponential or saturated. 

The imaging capabilities of these plates are 
also of great interest and several m~thods of 
electronic readout are presently developed, in
spired by the techniques employed with proportional 
chambers. 

SOME POSSIBLE APPLICATIONS 

(a) To our knowledge, no other device can 
presently compete with microchannel photomulti
pliers for timing measurements at low light levels; 
this means in practice either improved momentum 
resolution or, and often more important, decrease 
of required flight distance, resulting in an in
creased solid angle. 

c: 
'ii 
(!l 
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XBL 759-~332 

Fig. l 

Scintillation counter hodoscopes using dif
ference in transit time of light could be built 
with resolution of about one em, even for low 
energy gamma rays; presently, this resolution can 
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Channel photomultiplier with a coaxial output provides a short response time 
and a high output brightness. XBL 759-8334 

Fig. 3 

be achieved only with energy losses of 10 to 30 MeV 
in the scintillator. 

(b) Conventional photomultipliers could be 
replaced by w.icrochannel plates as long .as a good 
energy resolution is not required, where space is 
critical or .where high magnetic fields are present. 

(c) The imaging capabilities of the micro
-channel plates, even at ultra low light level and 
high speed, allow them to compete favorably with 
such devices as return beam Vidicon and image 
dissectors. They could be used for pattern recog
nition in Cerenkov counters, that is to record 

size and position of the ring of Cerenkov light 
for digitization of streamer chambers, for imaging 
of multicell liquid scintillators and, of course, 
without photocathode, for imaging with various 
types of particles and radiations. 

CONCLUSIONS 

From the preceding, it is apparent that micro
channel photomultipliers and electronic imaging 
devices are of great interest in high energy 
physics. 

Several manufacturers have the ability to 
produce such devices, but, in order to obtain 
products well adapted to our applications at a 
reasonable cost, we must define the exact specifi
cations we require and cnnvince the manufacturers 
that a satisfactory market exists. 

Preliminary conversations show that, once 
this is done, prototypes could be obtained within 
some months. 
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PHOTON-PHOTON PHYSICS 

G. Barbiellini, A. Benvenuti, K. Berkelman, A. Courau, F. Foster, 
K.-W. Lai, F. Lobkowicz, J. Matthews, N. Mistry, and T. Rhoades 

.. · . Further, when one considers the ex
treme speed with which light spreads on every side, 
and how, when it comes from different regions, 
even from those directly opposite, the rays trans
verse one another without hindrance, one may well 
understand that when we see a luminous object, it 
cannot be any transport of matter coming to us 
from this object . . . " 

I. INTRODUCTION 

1 Christiaan Huygens 

Experimental research with e+e- colliding 
beams has been centered on the study of the one
photon mechanism and 

the production of C = -1 states. With the advent 
of high-energy high-luminosity facilities such as 
PEP it will also be possible to study the two
photon process and thereby 

--~----~~__:--==~ -...... 

2 probe not only the realm of C = + 1 states , b~t 
also the inner structure of the photon itself. -5 

This is the report of a study which extends 
the work of the 1974 PEP study group6 on two
photon processes, mainly by considering the 
experimental cuts'in tagging measurements re- . 
quired to obtain high-quality.data, the result1ng 
effects on the tagging efficiency, the effects 
of transverse e+ and e- beam polarization, a 
possible design for a parasite tagging apparatus, 
and a suggestion for a prime photon-photon 
experiment. A systematic explanation of the 
kinematics and quantum electrodynamics of tagging, 
including polarization effects, is given in the 
appendix to this report. 

In the tw?-photon pr~c~ss we are conc~rned 
with the react1on e+e-+ e e + hadrons, wh1ch we 
view in terms of a head-on collision of two 
almost-real photons: 

+ + 
e + e y} 

_ _ yy + hadrons. 
e + e y 

The process is identified by detecting in coinci
dence the outgoing e+ , e- , and presumably at 
least one hadron. The e+ , e- detection fixes 
the enerqies E' 1 and E' 2, polar angles e1 and e2, 
and azimuthal angles ¢1 and ¢2 of the outgoing 
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Tagging kinematics: the relations among the 
yy center-of-mass energy, the center-of:mass 
motion and the laboratory photon energ1es. 
Definitions and formulas are given in appendix 
I. 
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Deep inelastic kinematics: four momentum trans
fer as a function of tagging angle and photon 
energy. Definitions and formulas are given in 
appendix I. 



Virtual Photon Spectrum 
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The virtual photon energy spectrum integrated 
over tagging angle from zero to 8max' for 
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various values of 8max Since the dependence 
on beam energy E is only logarithmic, these 
curves are approximately valid for a wide range 
of E. See appendix II for more details. 

+ -e e . These variables together with the incident 
e+ or e- energy E determine the energies w and 
w2, the four-momentum-squared q12 and q/, And the 

polarization of the tagged virtual photons. The 
1 abora tory photon energies w1 and w2 de.termi ne the 
yy center-of-mass energy Wand the Tab velocity 
S of the center-of-mass. The relevant formulas 
are given in appendix I qnd plotted in Figs. 1 
and 2. 

I I. TAGGING CUTS 

A. Angles 

The backgrounds expected to be important in 
the tagging system are discussed in detail in the 
1974 PEP study report?. Any detector sensitive to 
electrons whjch have lost energy but are emitted 
at 6 = 0° will have 100% occupancy from beam-beam 
bremsstrah 1 ung. Even at very ~ow beam currents 
or at 100% beam duty cycle, the cgincidence rate 
from the oo double bremsstrahlung would com
pletely dominate over the desired two-virtual
photon tagging rate. Fortunately, however, these 
and other backgrounds decrease much more rapidly 
with angle (typically 8-3) than does the 9-l 
distribution for virtual photon tagging {see 
appendix II). 

Tagging at 8= 0° is .unnecessary. It is clear 
from Fig. 3 that as long as w/E is not too small, 

the lost events with 8 < 10 mrad d~ not amount to 
a very large fraction of the total. This is about 
the minimum tagging angle that one can achieve 
without magnetic deflection, using detectors just 
outside the beam pipe (about 10 em radius) 10 
meters from the interaction point. 

The counting rate for a tagging detector 
sensitive over the range 8min < B < 6max is pro-
portional to ln (8ma/8min) (appendix II). Since 
this decreases rather gradually with 6max' it is 
difficult to decide on an upper limit. In prac
tice, the decision will depend on the desire for 
deep inelastic data, economic considerations, and 
compatibility with other parts of the experiment. 
We will show (in section IV) that reasonable deep 
inelastic rates can be obtained out to about 
8 = 300 mrad. 

B. Energies 

There will be some minimum energy E'. below m1n 
which it will be impractical to tag the outgoing 
e+ ore- . It is difficult to distinguish elec
trons by shower detection below E' ~ 100 MeV; 
multiple scattering in the beam pipe can degrade 
the 8 and E' resolution; and backgro~nd electrons 
and photons from beam-gas collisions will cause 
random coincidences if E' . is too low. Since it m1n 
is rather difficult to predict what E'min will 
have to be, it is fortunate that the yy luminosity 
is not very sensitive to w . d£ /dW depends on max yy 
wmax only for the higher portion of the W range 

and then only through the ln (2wmax/E) factor 
(see AlO, Al2). For rate estimates we will there
fore use E'min = 0, wmax = E. 

One will also have to set a maximum energy 
cut E'max' either in the trigger electronics or 
in the data analysis. There are several reasons 
for this. 

l) Elastic and radiati~e e+e- scattering 
gives a high rate at E'~ E. Although this re
action is distinguishable by having w1 and w2 + -both very small and collinear e e (or at least 
coplanar, if there is radiation before scattering), 
one may be able to exclude some accidental coin
cidences by rejecting high E' tags. 

2) The effective photon spectrum N(w/E, 6 . m1 n, 
max) goes to zero as w/E +.0 (Fig. 4). 

3) For the case E' >> E' the resolution in 1 2 
W is given by 

&w 
vv 

It diverges as E' + E. 
1 

4) For the case E' >> E' the yS of the photon
photon center of mass felati~e to the lab is 

E,' 

2..fE(E- E,') 
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and diverges as El + E. Note that yS = cot a, 
where a is the laboratory angle of a relativistic 
particle emitted at 90° in the center of mass. 
If yS >> 1 the hadron angular distribution will 
be considerably distorted by the c.m. + lab trans
formation. 
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4. The virtual photon energy spectrum integrated 
over tagging angle from emin to emax· See 
appendix II for details. 

Taking all effects into account, it appears 
that E'max/E = .80 to .95 is probably reasonable. 
Eor most of the rate estimates we will then use 

wmin/E = .1. 

C. Single Tagging 

It is clear from Fig. 1 that if one could 
integrate over all angles s1 for one of the e+ or 
e- by not requiring its detection, one would gain 
in tagging efficiency, especially for low values 
of the corresponding photon energy w1. This would 
certainly increase d£ /dW at the lowest W. Such 
a tagging mode was rerbmmended in the 1974 PEP 
study for observing the one- and two-body fi na 1 
states in yy collisions at W < 2 GeV. Another 

• advantage of a single tagging system is that one 
has somewhat more freedom to place scrapers and 
shields in the unused end of the straight section 
to help in reducing backgrounds in the tagging.9 

Although any double tagging system, such as 
we propose here, can in principle be used for 
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5. The photon-photon luminosity (defined in appen
dix II) with the dependence on angle cuts 
divided out. The various curves correspond to 
different tagging energy cuts. The counting 
rate for ee + eeX in a bin of yy energy from 
W to W + ~W is obtained by multiplying the 
value from the curve by the ee luminosity (in 
cm-2sec- 1), the angle cut factors 
Qn(elmax/elmin) 1n(e2max/62min), the normalized 
yy energy bin width, ~W/2E, and the cross sec
tion a for yy + X. 
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6. The form of the distribution of yy luminosity 
in the yS of the center-of-mass, at fixed 
c.m. energy W. 

single tagging, we doubt if this mode will be 
practicable. Without a two-fold tagging coinci
dence one will certainly be much more vulnerable 
to backgrounds from beam-gas processes, double 
bremsstrahlung, misidentified hadrons, and so on 7 



Furthermore, one photon has an unknown energy w1, 
and hence W and S are unknown except in rare cases 
where one can reconstruct the hadron final state 
and infer the mass and momentum of the missing 
virtual photon. The lower energy e+e- rings may 
be better suited to investigate the W < 2 GeV 
range. 

III. PHOTON-PHOTON ENERGY RESOLUTION 

A. Dependence on Tagging Resolution 

Since the yy center of mass energy is given 
by 

W ·~ 2- J(E-E/)(E-E{), 

the energy resolution oW is 

$ W "'- J,--(-l-~-E-1 ,-,-z +-( ~-S-E2-, -)z 
V.J 2 E- E ,'I 2 E- E:i' 

Si nee any measurement at fixed W covers a range of 
w1 and w2 values (Fig. 1}, the data will include 
events with a range of W resolution. It will be 
best for symmetric tags, w1 = w2 = W/2, and worst 

for the most asymmetric tags. In the 1 atter case 
the contribution to oW from the highest E' will 
dani nate. 

~W) ZE-W ~E' 
U) W best :::::. {2 w E:' 

·~ )~rst ~ r - ><"- ~E' 
(2) 2 ---- E' X,._ 

where x 2 (see AlO). = max (wmin/E, W /4Ewmax) a 

B. Intrinsic Limits on oE' /E' 
+ -

The e or e energy detected in any electro-
magnetic reaction will always b~ degraded some
what because of radiation of an extra photon or 
photons in the reaction itself or later in the 
material through which thee+ ore- passes on its 
way to the detector. If P(k)dk is the probability 
of an energy loss between k and k+dk we have for 
the integrallO 

S ~~)Jk ~ f - r~ u~ q: - I) + tJ £V\ Eo', 
o rr m 6E , 

where q2 is the four-momentum-transfer-squared in 
the reaction and t is the n~mber of radiation 
lengths (assumed<< 1) of jntervening material. 
E' is the e+ or e- final energy in the absence of 
e~tra radiation. P(k) itself has the typical k-l 
behavior as shown in the sk~tch. 

t 
P(k) 
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The ~E'/E' within which we have 50% of the area 
0 . 

under the peak is 

6E'"" el(p ~--!..[~fJ., qZ. -1) +tJ-Il 
E' ( 2 rc \ ·• mz. 5 , 

The "equivalent radiation length" of the reaction, 

l«. (lvt ~ - I) rc m } 

varies from .055 to .076 for q2= .1 to 10 GeV2. 
This would imply (for t=O) a ~E'/E' between .01% 
and .14%, a completely negligible contribution to 
the experimental energy resolution. 

T9e statement was made in the 1974 PEP 
Study that "The inherent resolution of the tag 
is limited by ... radiative effects (1-3%}". 
This we believe is misleading. The question is 
how one characterizes the resolution of such a 
pathological function (see sketch). Although the 
average ~E'is several percent (because of the 
long tail}, most of the energy losses are less 
than a small fraction of a percent. We believe 
that when looking for resonances and other struc
ture in energy, the latter criterion is more 
relevant. The long tail contributes to the back
ground but does not affect the "resolution". If 
this were not true, the masses of the ~ and ~· 
would not have been measured so precisely. The 
important inherent limit is probably the spread 
in initial e+e- energy oE/E, just as in the case 
of the~ and~·. This will be about .5% r.m.s. 

It should be noted that radiation in the 
beam pipe, etc. will affect the resolution only 
if the energy is measured by magnetic deflection. 
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7. Approximate dependence of the virtual photon 
polarization (see appendix IV) on photon 
energy. 
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Otherwise, the radiation will contribute to the 
electron shower and no energy will actually be 
lost. The energy scale of a shower detector will 
be self-calibrating because of the Bhabha scatter
ing events. 

IV. SOME POSSIBLE EXPERIMENTS 

A. 3 to 20 GeV Survey 

Suppose we assume the following conservative 
cuts in tagging angles and energies, 

10 mrad < 81, 82 < 300 mrad, 
.lE < w1, w2 < E, 

and take E = 15 GeV and a = .3 )lb (actually, it 
probably will decrease wi~ energy2 like a (W)= yy 
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.24 ~b + (.27 )lb-GeV)/W.). We can then derive 
from (Al) and Fig. 5 the exP.ected number of counts 
for an experiment in which Jrl dt = 1038cm-2 (see 

ee 1 32 -2 -1 Fig. 8). AssuminganaverageJ:ee=lflO em sec,, 
such an experiment would take 46 days. The 

integrateg number of counts over the whole ~ range 
is 2 x 10 . This should be compared with 5 x 104, 
the expected number of ee~hadrons events, assuming 
R = 6. 

Fig. 8 also shows the maximum value of yB 
for the motion of the two-photon center of mass 
(see also Fig. 1). The angular distribution of 
hadrons in the center of mass will presumably be 
similar to that observed in hadron-hadron colli
sions. We can probably expect the charged hadron 
multiplicity in the final state to increase loga
rithmically from n"'-2.8 at W= 4 GeV to n~5.4 at 
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8. Estimated number of events per GeV interval 
in W for an experiment withE= 15 GeV, 

: 

.lE < w1, w2 < E, 10 < 81, 82 < 300 mrad, and 

fJ:eedt = lo38cm- 2sec-l. The dashed curve 

shows the maximum yB of the center-of-mass 
motion for the same experiment. See section 
IV-A for details. 

6 3 

W= 15 GeV. Measurements of inclusive distribu
tions rather than exclusive final states will be 
of increasing importance at the higher W. Such 
distributions may be characterized by the usual 
variables, PJ. and XF = ~f /P~ax (* denotes 
center of mass). Assuming that the two photons 
are almost real, the physics devides roughly into 
two regions: 

l) Central region IXFI < .1 
2) Photon fragmentation region IXFI > .l 

If one of the photons has q2 
>> 1 Gev2, there may 

be a third region, the so-called parton fragmen
tation region. Under the assumption that the XF 
distribution is flat in rapidity, we would expect 
similar total rates in the two regions. Figs. 9 
and 10 show the relation between laboratory angles 
and XF' P.L for two choices of W, yB: a "worst" 
case in Fig. 9 and a more typical situation in 
Fig. 10. The central region of XF corresponds to 
8 > 30° except at the lowest P.L . Furthermore, 
the fragmentation region for the "slow" photon 
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9. Laboratory-frame Peyrou plot for yy collisions 
with W = 10 GeV, yB = 1.33. Curves of fixed 
center-of-mass fractional longitudinal momen
tum xF= p11 */Pmax are indicated. This repre-

10. 

sents a worst case in terms of distortion of 
the angular distribution by center-of-mass 
motion, for the experiment described in 
section IV-A. 

W • 7 GoV, y {3• . 5 

p01 (GIV) 

Laboratory-frame Peyrou plot for yy collisions 
with W = 7 GeV, yB= .5. Curves of fixed xF 
are indicated. This is a rather typical 
situation in the experiment described in sec
tion IV-A. 



(i.e., XF < 0} also corresponds to large lab 
angles. By symmetry the inclusive distributions 
cann.ot depend on the sign of XF' so that one 
would not lose any inclusive information by ig
noring the more difficult to detect fast photon 
fragments. Note that the interesting high P.L 
events, where kinematically allowed, always appear 
at large angles. 

The resolution oW will be no worse than .4 
GeV multiplied by the percent tagging resolution 
oE' /E' (see Fig. ll). This is certainly appro
priate for a survey experiment in which the data 
might be grouped in ~W = 1 GeV bins. 

The above facts imply that such an experiment 
is quite appropriate for running as a parasite 
with a single-photon experiment using a "conven
tional" detector with an added tagging system 
which is interrogated every time a hadron trigger 
occurs. Whatever the host experiment is doing 
(crtot' inclusive spectra, jets, correlations, 
high P.L, neutrals, etc.) the yy experiment will 
also do-- with comparable statistics, but with a 
distribution of energies W. The parasite experi
ment also measures the yy contamination in the 
host experiment, of course. 

It is also clear from the y8 curve in Fig. 6 
and from Figs. 9 and 10 that for an experiment in 
which one wishes to see several or all of the 
final state hadrons one would prefer to have an 
angular acceptance for hadrons which extends to 
much smaller angles (say~ 5°) than is customary 
for a detector designed for single-y experiments. 
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The resolution in the yy center-of-mass 
energy for the experiment described in sec
tion IV-A implied by 1% resolution in the 
tagged e+ and e- energies. 
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A simpler argument leading to the same conclusion 
is made by noting that a "typical" hadron is 
emitted at a center-of-mass angle given by 

<e> sin- 1 (<P.~.>; <P>) 
sin-1(<P ... > n/W) 

. -1 s1n (.3 GeV • 10/10 GeV) 
17°. 

B. Resonance Hunting 

Since the 1974 PEP study we have come to 
suspect the existence of many resonances in the 
energy range 2 GeV < W = 5 GeV. Some should have 
C= +1, accessible only in yy process. (or through 
decay of higher 1- resonances). We list here a 
number of known and suggested C= +1 (and J 'f 1) 
particles and their properties. 

NAME M(GeV) Jp ryy(keV) rtot(MeV) decay 

7.8-10-6 yy 0 . 135 0 - .0078 rr 
T] .550 0 .30 .001 yy, rrrrrr 

£ . 7 0+ 

n' .958 -0 
fo 1.27 2+ 
Ao 
2 1. 31 2+ 

Ao 1.64 2 -3 
T] 3? 0 c 

1.3?12 

4.5? {SU3) 
6?12 

? 

? 

13? 13 

600 rrrr 
.023 yrrrr,py 
170 mr 

100 prr, nrr 

300 

6.514 yy. 
·~ 

The energy-integrated production 
for any such resonance isl2,15 

cross section 

San dW =- ~:: (2J+1) r1'll". (3) 

The observable peak resonance cross section is 

(J"_ ~ ltot 'tf r ; ~w 
{ 

~M~ (Z.J +I) r;_;r (4) 

pi< c z >3/2. r td: , 

_rr- (2J +I)_!.!_.. (S ). 
M 2 ~w 

where OW is the r.m.s. resolution in W. 
Could we find the n resonance in a yy experi

ment at PEP? With the cOnservative tagging cuts 
and ring energy E assumed in the previous section, 
the yy luminosity (Figs. 5 and 8) goes to zero at 
W= 3. We consider three alternatives: (a) reduc
ing the wmin cut to .OSE, (b) setting wmin=.025E, 
(c) reducing the ring energy E to 7.5 GeV (leaving 
t•l • =.1£). The· e range is assumed to be 10 to m1n 
300 mrad. 

S 
Do we have enough rate? For an experiment of 

J: dt = lo38cm- 2 the total number of tag ee · 
coincidences from nc production wil1 be 

V1 = ( 10 ~go..;-l) _!_ s!_lrr 1 _!_ r () d. w t dzl 2EJ u~~ 
ee !"MI2E 



where 

a) 

0 0 

I a dW = 22 nb-GeV 
yy+nc 

_!__ J£,~ ~ 2.3 "10-4 

oCe.e d~ 
.:. n ~ 1 7o cou.v>ts. 

,~,.J 

· b) d.t'~.- a -"\ 
.f.e~ ~ ~ - 1 0 >< I 0 

.'. V\ :;::. :3 QQ COU.VIi.S. 

. d.t:.-u '+ c) -d.
7 

~ 2,3" (0-
;;eee "' 

.· n -~ 340 counts. 

~.} "! 5 l'' 
',) 

from (3). 

+~en, (A9) 

(this should be reduced a factor of 4, since 
i is proportion a 1 to E2, in order to com-ee · 
plete the experiment in the same time.) 

.· n :::: 85 counts --

These rates are rather low but not impossibly low. 
What about resolution? Suppose we assume 

that the n2n-resonant background cross section 
a = .3 ~b . In order to get a k =a for the nr p nr 
nc' we can compute the required resolution from 
( 5) : 

owreq = 30 MeV (r.m.s. ). 
The expected average tagging resolution can be 
estimated by averaging equations (1) and (2) and 
assuming optimistically that oE'/E' = 1%: 

a) oW= 240 MeV 
b) oW= 390 MeV 
c) oW= 110 MeV 

In all of these examples the expected energy 
resolution is insufficient to see the nc with the 
assumed properties at a signal/background of 
better than one. There are several ways out. 

1) Run the experiment at a much lower energy 
E or at a lower energy machine. But although the 
resolution will improve, the expected number of 2 counts will be lower, taking into account .tee""'-E 

expected for PEP and the 1 ower .tee of other mach:
ines. 

2) Reconstruct the resonance mass from the 
detected decay products instead of from the tagged 
e+ and e- energies. This will not be easy. Many 
events will have high y6 values (see Fig. 1), im
plying small lab angles; and o- resonances usually 
have large branching ratios into neutral modes. 
The requirement that the final state be recon
structable will certainly reduce the number of 
useful counts. 

3) Use single tagging. This improves the 
rate but since the energy of one of the initial 
photons is unknown, one still has to reconstruct 
the resonance mass from the decay products. The 

• backgrounds will be worse, since a single tag is 
not enough to guarantee that it is a two-gamma 
event. 

4) Give up on low-energy resonances and make 
the search at higher masses where the resolution 
(Fig. ll) is much better. Here again, the rate 
will be lower unless r increases sufficiently 

to offset the
1

M- 2 in t~! cross-section (equation 
3) and the w- in the luminosity (Fig. 5). 

~ 

c 
j 
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In conclusion, resonance hunting is diffi
cult or even impossible unless the expected r yy 
is much larger than the 13 keV predicted for the 
llc· 

C. Deep Inelastic Electron-Photon Scattering 

One can divide the yy physics program into 
three areas according to the characteristics of 
the virtual photons: both photons almost real 
(already discussed), one almost real photon and 
one far off the mass shell, and both photons far 
off the mass shell. This division is in increas
ing order of experimental difficul~y, since the 
yy luminosity contains a factor q- for each 
photon (equation Al4). 

The second area of research may be the most 
exciting, since it allows us t~ grobe the inner 
structure of the photon itself - . The idea is 
to use the flux of almost real photons emitted 
by one of the beams as a target for large-angle 
scattering by the other. The reaction studied 
is then + + 

e + y + e- + hadrons; 
and the cross section is given in (Al8) in terms 
of photon structure functions. 
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The number of deep inelastic events per GeV2 

interval in q~ for the experiment described 

in section IV-C, assuming various values for 
the minimum v. 
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In order to estimate counting rates for a 
deep inelastic scattering experiment, we assume 
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E= 15 GeV, we assume that the "target" photon is 
tagged with 1 < El < 14 GeV and 10 < 81 < 50 mrad, 
we assume that the "deep" spacelike photon is 
tagged with 1 < E2 < 14 GeV and with 82 fixed by 
2 q2 (although always 82 > 10 mrad}, and we take a 

naive guess at the values of the structure func
tions (appendix V}. The predictions ~re then 
plotted in Fig. 12 as a function of q and v .. 

2 2 m1n 
The event rate per GeV2 shows several thousand 
events at reasonable q2, v values for a typical 

J 
of> 38 -2 experiment of ~ dt = 10 em . For v . = 3 

2 ee . 2m1n 2 GeV studies should be possible out to q2= 10 GeV. 
Fig. 13 shows the differential scattering cross 
section for various values of 6z· The bulk of the 
events are predicted to occur for 70< 82< 400 mrad. 

There are three structure functions that can 
be measured in an experiment in which the photons 
can be transversely and longitudinally polarized. 
In order to discuss the possibility of separately 
measuring5the three functions, we use the equiva
lent form of the cross section in terms of a yy 
(All}: 

ayy = aT+ E2al + s's2 aA cos 2~2 The aT' al'· oA, which are functions of q2 and W 
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13. The deep inelastic cross section for e+y+e+ 
anything as a function of the outgoing elec2 tron energy and angle. Lines of constant q 
are also indicated. 

(or v}, are given (Al9} in terms of the structure 
functions w1-: w2Y, ~1{ The transverse pol ari zati on 
asymmetry aA is separated by noting the dependence 
of the counting rate on the angle ~ between the 
two photon polarization planes (appendix IV}. 

To separate the transverse aT and the longi-
tudinal al we must measure ayy twice at the same 
q~ and W but with different values of s2. This 
is actually nowhere near as difficult as it is in 
electron-nucleon scattering. The longitudinal 
polarization s 2 is mainly a function of just 
w2/E (appendix IV}, and counting rates are not 
overly sensitive to it. Consider the following 
pair of measurements at E= 15 GeV, W= 15 GeV, q~= 

. 2 2 ~ 
6.6 GeV , q1 ~ 0, for example. 

1) w1 14, w2 = 4 GeV, 82 = 200 mrad 
.916 

E2 

5.6, w2 = 10 GeV, 82 = 300 mrad 

.394 
The counting rates are essentially in inverse 
ratio of the angles 82 and are therefore not very 
different. In this example, using the ~-averaged 
measurements a(l}, a(2} we have 

0:(1)- 6(2) 
0 = --~--------

L .9(b-.~9Lt 

.91(, cr( 1) -. 3'1-4 cr(Z) cr, .::. 
. 91 G - . 3 ')4 

In practice one will make the ~eparation by fit
ting all the data at a fixed q2 and W. Since the 
center-of-mas~ motion also changes when one varies 
s2 at fixed q2 and W, it is important to insure 
that hadron detection biases do not distort the 
comparison of rates. 

Finally, the yy processes with both photons 
quite far off 4he mass-shell are of great theore
tical interest and can provide critical tests of 
the scaling and short distance behavior predicted 
by quark-parton and light-cone models. Although 
the yy luminosity for such events is low, it 
should be possible to start studying them at PEP. 

V. PARASITE TAGGING SYSTEM 

A. Requirements 

Every PEP experiment should have a two-photon 
tagging system, such as the one we describe here. 
For the host experiment the tagging provides not 
only the obvious physics bonus -- a comparable 
number of events of a new and fascinating process 
-- but also serves to monitor the yy background. 

A general-purpose double tagging system 
should have the following characteristics: 

1) detection of electrons with energies 
between about 1 and 14 GeV and at angles 
between about 10 and 300 mrad, 

2) energy resolution of the order of .3 GeV 
r.m.s. or better (if one wishes to hunt 
for C= +1 resonances, the resolution 
should be as good as the ultimate machine 
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14. One quadrant view of the prdposed parasite tagging system described 
in section V. It is symmetrically arranged on both sides of the 
interaction point and around the beam line. 

energy accuracy (~.08 GeV), at least for 
tagging at small angles); 

3) angular resolution of the order of 2% 
r.m.s. or better, 

4) shields and scrapers to minimize back
grounds from beam-gas collisions and 
synchrotron radiation, 

5) low cost, if possible. 
An apparatus meeting these requirements is 

shown in Fig. 14. The detector on each side of 
the interaction region consists of two parts, 
dividing the angular range at 40 mrad. 

B. Small-Angle Tagger (10-40 mrad) 

The resolution requirements can be met by 
using lead-glass (or sodi~m iodide if one needs 
the ul~imate resolution) . A total frontal area 
of 1 m and a thickness of 14 radiation lengths 
will be sufficient to cover the angular range on 
both sides of the interaction region. The angu
lar resolution can be accomplished with multiwire. 
proportional chambers with 2 mm wire spacing. It 
may be advisable to include a layer of scintilla
tion counters to improve timing resolution to 
suppress backgrounds. Ideally the detector should 
be placed close to the first quadrupole magnet 
Q3, 9.5 m from the interaction po·int, however 
compensating magnets may have to be installed, so 
that 8 m may be more 1 ike ly. The actua 1 emi n will 
be determined by this distance as well as by the 
minimum clearance between beam and counters that 
can be tolerated by the beam and by ~he counters. 
The double tagging rate varies as ln (e · /8 . ) . max m1 n 

Since these detectors will be located very 
close to the beam line, they will be especially 
vulnerable to backgrounds from beam-gas collisions 
and synchrotron radiation getting past the scrapers 
at the far end of the straight section and scat
tered from the scrapers at the near end. Some 
lead shielding will certainly have to be placed 
between the detectors and the beam pipe. As soon 
as possible, tests of these backgrounds should be 
made to optimize the placement of detectors, 
shields, scrapers, etc. 

The small-angle tagging system is essentia1~Y 
the same as that proposed in the 1974 PEP study . 

C. Large-Angle Tagger (40-300 mrad) 

Here again we use lead-glass for energy 
resolution, proportional chambers for angular 
resolution, and scintillators for timing. To 
minimize the area, the distance to the interaction 
point is made as small as the detector of the 
host experiment will allow. This distance and 
the size of the open cone in the host experiment 
determine the actual upper limit of the acceptable 
angular range. T~e lead glass covers a total 
area of about 7 m , 14 radiation lengths deep, 
for both sides of the interaction point. Since 
that is a considerable amount of lead glass (and 
proportional chamber area), one may not wish to 
equip every interaction region with such a large 
detector. A smaller emax may be sufficient for 
many experiments. At the larger angles one can 
also group chamber wires and still have the re
quired resolution. 

An atmospheric pressure co2 Cerenkov counter 
is included to give pion rejection. 

D. Constraints on the Host Experiment 

1) T~e central detector must have an open 
cone of at least 10° half angle in both beam 
directions, corresponding to the tagging aper
ture. A solenoidal field in this region does not 
significantly perturb the tagged e+ and e- tra
jectories; the effect can be taken into account 
in the analysis. 

2) Compensating magnets, if required, must 
be placed beyond the tagging counters at the ex
treme ends of the 20 m straight section. The 
maximum field B in a solenoid compensator, and 
therefore the ~~nimum length ~is limited by the 
following rule , which insures that ~v remains 
less than .02 per compensator: 

~ 5k& 1.,) 51<& {3'¥1 
z 

Pke:.-...., 
< 1.2 

where BC for the compensator is t Bi for the 
central solenoid, say t x 40 kG-m for the General 

User Magnet; s= 500 m; and PkG-m= Pbeam/.03 = 

500 kG-mat 15 GeV. This implies B ~ 30kG, which 
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15. One quadrant view of the prime photon-photon experiment described 
in section VI. It is symmetrically placed on both sides of the 
interaction point a:hd around the hecun 1ine. 

means that the field of the compensator can be 
20 kG and its length one meter. The limitation 
becomes more serious at lower beam energies. If 
the compensator is only one meter long, one will 
have to lower all the solenoid fields for beam 
energies below 12.2 GeV. 

VI. PRIME PHOTON EXPERIMENT 

We describe here a detector system designed 
specifically f.or two-photon processes, to be run 
as an independent experiment. The system is 
identical in the electron and positron beam direc
tions, and symmetric around the.beam axis. Only 
one quadrant is shown in Fig. 15. 

A. Tagging Systems 

Two tagging systems are provided. A small
angle tagging system, in the angular range about 
l2mr to 50mr, utilizes an array of Nai crystals 
arranged around .the beam pipe. The front face of 
the Nai array is 7.5m from the interaction point. 
It is assumed that l.5m- long .compensating sole
noids will be installed at the ends of the inter
action region as close to the quadrupoles (Q3) as 
possible. The beam pipe in this region has an 
outer radius of 8cm. with a sheet of lead around 
it to shield the Nai from soft X-rays. Two sets 
of drift chambers spaced one meter apart provide 
trajectory information for the scattered electrons. 
Scintillation counters with ~ood timing resolution 
distinguish electrons from photons and suppress 
background due to scattered electrons travelling 

in the wrong direction. The energy resolution of 
the Nar

1
9etector is assumed to be oE/E=0.02/E' /4 

(FWHM). The resulting resolution in W can be 
obtained from Section III. 

The large-angle tagging system spans the 
range about 75mr to 3&0mr. This angular range is 
covered by the "forward" detectors consisting of 
large dipole magnets straddling the beam-pipe, 
with "flux-excluding" pipes to shield the circu
lating beams. The wall thickness of such a 
superconducting pipe, including coil, coolant, 
insulation, and vacuum vessel, is expected to be 
about 4 cm.lY A 30W He-refrigerator would be 
required for the two sections. The large dipole 
magnets, of aperture 3m x 3m, are suitable for 
use at 90° with the General User Magnet as high 
momentum analyzers. 

The forward detectors also serve to detect 
and identify hadrons produced at small angles to 
the beam direction. Sets of drift chambers (trans
verse to the beam axis) provide trajectory infor
mation with high resolution (0.2mm). The momentum 
resolution in this angular range is chosen to 
match the momentum resolution in the central sole
noid detector for tracks at about 30° to the beam 
axis. With a dipole field integral of 10 k Gauss
meters, and trajectory information from a lever
arm equal to the length of the magnet (L=l.5m) as 
well as within the ~agnet, the res~~ution is . 
expected to be op/p ~ 0.3%(GeV/c) . The mater
ial in the inner detector before the forward 
trajectory chambers is restricted to about 0. 02Xo. 
Note that a special beam-pipe with "saw-tooth" 
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corrugations should be installed for a length of 
about l.4m to provide minimum material in the path 
of electrons of 75mr < e < 350mr. 

B. Central Detector 

The proposed Genera 1 User Magnet (PEP - 1975, 
elsewhere in this Report) Ts particularly suited 

(Inner Track 

Chambers) 

1------
0.5 0 

for use as the central detector.for a 2y-experi
ment. Its large aspect ratio (L/R = 4m/lm) allows 
good acceptance and resolution for forward -
going hadron states which are produced in asym
metric 2y collisions. The iron end - plate is 
specifically designed with an open cone up to 
e =20° (350mr) to allow tagging and detection of 
very forward - going hadrons. The solenoid is 

Chambers 

_____ ,_ 
0.5 lm 

XBL 759-8122 

16. Section view of a porbon of the prime photon-photon experiment 
in a plane normal to the beam line. 



expected to produce a reasonably uni~orm 15kGauss 
field, with momentum resolution op/p ~ 0.56% 
(GeV/c)-1 at goo; this assumes a radial distance 
of 0.8m for trajectory measurement within the 
solenoid. The resolution improves as sin e for 
forward tracks up to e ~ 300 and then deteriorates 
rapidly as the tracks leave the solenoid ends. 
However, the resolution is still about 0.6% 
(GeV/c) down to 8 ~ 220. Tracks at angles less 
than 20° are analysed in the forward detectors. 

The solenoid of the G.U.M. is provided with 
an inner detector system of cylindrical drift 
chambers, which provide at least five space -
points along each track within the range 
20° < 8 < 160°. The resolution along the azimuth 
is expected to be~ 0.2mm, while the z-resolution 
may be a few mm. A drift chamber transverse to 
the beam - axis is placed at each end of the 
solenoid, as shown in Fig. 15, to provide precise 
information for the polar angle 8, for tracks with 
e < 300, where the precision in z is not adequate. 
Details of the cylindrical drift- chamber are 
presented in the G.U.M. report. 

Immediately surrounding the cylindrical cryo
stat of the solenoid coil is a layer of Cerenkov 
counters. The Cerenkov medi urn is "Aerogel "20 of 
refractive index n= 1.04. It is assumed that 
this material will be available in cells of at 
least lOcm x lOcm x 5cm thick. The Cerenkov 
counters are made up in azimuthal "strips", 20cm 
wide and lOcm thick (.075Xo),, each strip covering 
about l/8 of 2n azimuth. These strips cover the 
open sectors between the eight support struts of 
the solenoid. The two phototubes for each strip 
lie over the strut and do not occupy any useful 
solid - angle. Each aerogel counter is then 
about 80cm long, with an air light-pipe about 
30 em thick viewed from both ends by fast 5" 
phototubes. The stray field at a radius of 1.4m 
from the beam is expected to be appreciable, so 
that magnetic shielding will have to be provided 
for the phototubes. Threshold momenta for n=l.04, 
(density 0.2gm.cm) are: pn=0.49 GeV/c, pK= 1.72 
GeV/c, pp= 3.29 GeV/c. For S= l, and 100% light 

collection, 80 photoelectrons is the expected 
yield from a bialkali photocathode. Using posi
tion information provided by the inner detector, 
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it should be possible to obtain good time-of-flight 
information from a layer of scintillators behind 
the Cerenkov counters. Assuming a TOF resolution 
of 0.5ns FWHM and requiring a separation of lns 
over the 1.3m flight path, n-K separation is 
achieved up to p 0.64 GeV/c and n-p separation 
up to P"" 1.3 GeV/c. Fig. 16 shows a section 
transverse to the beam axis of the upper half of 
the central detector. Note that between the 
lumped coils the 8 struts obscure a total of 
0.5/2n of the azimuth. Material between struts 
is about .05X0. 

Surrounding the shell of Cerenkov counters 
is a layer of shower detectors in an octagonal 
array. The proposed detectors are Pb-liquid 
Argon proportional chambers, with a radial depth 
of 15X

0
. Each sector of the shower detector is 

an independent cryogenic unit with its own in
sulating jacket. Each sector is approximately 
1.2m wide and 4.6m long. The depth of 15X0 is 

sampled in} -cell units of 2mm of liguid Argon 
behind lmm of Pb. There are 84 such~ -cells 

in depth,with 3 full cells making up approxi
mately one radiation length (l.07X0) .. These 
cells are grouped for readout. The f1rst three 
cells are grouped together (about 1X0). The 
next two cells are rea~ out in cp and e strips 
respectively. The cp (azimuthal) strips running 
parallel to the beam are uniformly 2cms wide. 
The 8 strips are 2cms wide at -8= goo and increase 
in width as (2cm/sin8) to provide uniform resolu
tion in opening angle, ~e. The next three cells 
are again read out as one unit. The cp, 8 pattern 
is repeated for the next two cells, the readout' 
being paralleled with the first cp, B set. These 
are followed by two more groups of three cells 
each. The last 29 cells are all read out to
gether in one unit of ~ 10.2X0. The cp, e divi-
sion is provided to allow identification of two 
separate photons from a high energy n°. The 
resolution is adequate to allow separation of 
the photons from a no of 10 GeV/c decaying with 
minimum opening angle. A further coarse segmen
tation is provided as follows: the sectors are 
longitudinally divided in two, making a total of 
16 sectors in azimuth; parallel to the beam axis, 
the readout is divided into 15 segments, of size 
(20cm/sine), again to provide uniform resolution 
in ~8. Thus there are 30 segments capable of 
independent energy measurement in each octant of

17 the shell. The resolution~~ energy is expected 
to be oEyiEy ~ 7%/(Ey(GeV)) !2 assuming a judi-
cious choice of soft-ware pulse-summing to mini
mize noise for low energies. With this energy, 
and only coarse spatial resolution, one may 
expect a n° mass-resolution (om/m) 0 ~ 40% at 

n 
1 GeV/c. Fine resolution gives (om/mk0 ~ 12% 
at 1 GeV/c. For the process 2y~nc (3 GeV) with 
the worst case yS ~ 1.4, the mass resolution 
would give om= ± 100 MeV, as in this case the fine 
resolution in cp, 8 could be used. The coarse 
segmentation into a total of 240 segments in the 
range 3QO < 8 < 1500 appears adequate to handle 
the multiplicity of particles at 2E = 30 ~eV. 
The fine sampling in radiation depth should pro
vide very good n/e rejection (~5xlo-3). Note 
that the total material between the last drift
chamber and the shower detector is ~.15X0 . 

For more forward angles, the region 20°<8<30° 
(in each beam direction) is covered by similar 
Pb-Argon shower detectors placed between the coil
cryostat and the iron "pole" of the flux-return. 
These are separated into octants by the 8 coil
supporting struts. Coarse segmentation is into 
two e regions (20°-25° and 25D-3QO) and two cp 
wedges in each octant. Within each coarse seg
ment, cp and e fine resolution is provided with 
2cm wide strips. Sampling in depth is exactly as 
in the shell counters, except that due to limited 
space, 1.5mm Pb plates have to be used in order 
to make up l5X0 . The resyl~tion is expectedl7 to 
be oEyiEy ~ 9%/ (E (GeV)) I . 

In order to distinguish final states with 
muons, a muon-hadron discriminator is needed. 
Muons from two-body decays of the hadronic states 
produced in yy collisions will be mostly contained 
within 35°< 8 < 145° if we assume that the maximum 
yS of the produced mass W is limited to 1.4. 
(See Section II). Thus a muon detector must be 
provided for the central region, due to the limit 
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on the velocity B imposed by the tagging cuts 
described in Section II. Since the central de
tector is essentially without interaction mat~rial 
up to~ l.7m radius, the contribution due to 
TI-+ 1-1 and K -+ JJ decays is appreciable. It is 
estimated th~t the con~amination.due to pion an? 
kaon decays 1s ~ 2xlo- a(Hadron1c) for muons w1th 
momentum above 3 GeV/c (see New Particles Report, 
PEP-1975) for a decay path of 2m. A muon detec
tor at a radius R > 2m thus need have hadron 
rejection at the most equal to the contamination 
due to decays of pions and kaons. Assuming that 
the inclusive momentum spectra ~f hadrons in 
2y-reactions is ~i~ilar to that observed in anni
hilation at S= W , we will require a rejection 
ratio of about 2xlo-2. This" is obtained with 4 
absorption lengths or 70cms of Fe .. Since the 
Pb-Argon shower detectors al~o serve as a muon
hadron discriminator of 0.8A absorption, we need 
only add 60cms of Fe. Fig. 16 shows the iron 
divided into three slabs of 20cms. each. In the 
slots, magnetostrictive.wire spark chambers are 
installed; the last three sets of chambers are 
all required to have.a clean t~ack with no accom
panying extra sparks within a radius of say, 20cms, 
in order to signal a muon. The overall hadron 
rejection will then be about 3%, including con
tamination due to decays. 

In the region 200< e < 30°, the transverse 
drift chamber behind the iron pole (85cm thick) 
will serve as a·ihadron <liscriminator, with simi
lar rejection effi_ciency. 

. '· 

C. Small Angle Detectors 

Ate< 20°, particles will pass through the 
holes in the solenoid end-caps and will be an
alysed in the dipole magnets. Trajectories are 
determined by a set of transverse drift chambers 
as shown in Fig. 15. Each chamber provides an 
unambiguous space point, with 0.2mm resolution in 
the bending plane and a few mm in the other di
mension. With a chamber at 5m from the inter
action point, the angular resolution in the non
bend plane should be < 2mr. The momentum reso
lut~on, with a centraT f~eld of 4.5~ Gauss, 
(BL ~ 19k Gauss -meter ); is 8p/p ~ 0.3% 
(GeV/cJ- , with these errors in momentum and 
angle, the mass resolution obtained from re
constructing two-body decays of a mass Mx moving 
along the beam with high momentum Px = 10 GeV/c 
is shown in Fig. 17. 'Thus a pO-meson at 
p ~ 10 GeV/c would be reconstr~cted with an 
error 8Mx~ ±16 MeV. Note that particles at 
50mr < e < 75mr are absorbed in the material of 
the flux-excluding beam-pipe. Those at e < 50mr 
travel in a field-free region once they are beyond 
the solenoid, and are detected in the Nai tagging 
counters, where they deposit about 250 MeV in 
20X0 . This represents a lower limit on the 
acceptance of tagg2d energy. We emphasize that 
yy collisions at q ~ 0 may resemble pp collisions 
at the ISR, with typical small transverse momenta 
p '= 300 MeV/c, requiring good resolution and 
identification at small angles. 

Following the drift-chambers in the dipole 
is an array of shower detectors. These consist 
of segmented Pb-Argon cells as in the central 
detector, with a total depth of l5X0 . · The fine 
resolution is provided by 6cm wide strips in x 

6 
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17. Mass resolution predicted for reconstruction 
of two-body decays of a mass Mx moving along 
the beam with momentum px= 10 GeV/c, assuming 
the detection apparatus described in section 
VI. 

andy, while coarse segments divide the counter 
in cp and 8 segments: flcj> ~ 2TI/l6, fiB ~ lOOmr. The 
fine resolution is sufficient to identify the two 
photons of a 10 GeV/c TI0 decaying with minimum 
opening angle. 

The hole in the solenoid end-cap can be 
filled with a gas-cerenkov counter, 1.2m long, 
preferably at atmospheric pressure with thin . 
windows, the total material being restricted to 
about . 02X 0. co2 at atmospheric pressure will 
separate electrons from pions up to about 4.6 
GeV/c, and pions from kaons up to about 16 GeV/c. 
The yield at B= l is about 10 photoelectrons for 
100% light collection. 

The detection of forward muons suffers from 
the background from decays of pions and kaons, 
because of the 6m flight path. This rejection 
limit is now 6xlo- a(Hadronic), for muons above 
3 GeV/c, so that an optimum of 3Aabs. should 
suffice to keep the hadron rejection at the level 
of 6%. Thus 50cms of Fe in two slabs, with two 
sets of spark chambers is sufficient. 

D. Trigger 

The trigger for 2y events is a double-tag, 
in any combination, of one small-angle Nai counter 
or one large angle shower-counter segment. In 
each range of o, a thin scintillator is included 
in the trigger to demand a charged particle. As 
shown in Section II, the cuts in w require that 
the scattered electron energies lie between 
E' = O.lE and 0.9E. The trigger hardware should 
demand limits slightly outside these, so as to 
allow clean cuts in the analysis. 

' 
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VII. RECOMMENDATIONS 

1. Every PEP experiment should have a two
photon tagging system, such as the parasite 
apparatus we have described. This requires that 
every experiment be open at each end (at least 
lQO) to accomodate the tagging aperture, and that 
any compensating magnets be placed at the ends of 
the 20m experimental straight section. 

2. A two-photon experiment optimized for 
hadron detection at angles down to about 4° should 
be done. We suggest a possible setup using the 
proposed General User Magnet supplemented by 
transverse field magnets at the ends. 

3. As early as possible, tests of the back
ground rates with various tagging arrangements, 
shields, scrapers, ~tc., should be tried to 

.optimize the details of the tagging system before 
the final design. 

APPENDIX I. KINEMATICS AND NOTATION 

Measured quantities 
E = initial e+ or e- energy 
El' E2 =finale+ ore- energy 
e1, e2 =final e+e- polar angle (we will 

usually take e2 to be the larger one) 
<P1, <P2 =final e+ ore- azimuthal angle 

Derived quantities 
w1 = E - El = virtual photon energy (similarly 

2 w2) 
2 2 wl 

q1= 2E E' 1 (1-cos e1) + m .-E-,- =photon 
1 

spacelike fo~r-momentum-squared 
(similarly q2 ) . 

W= V 4w1w2 - q~E' 1 /E (assuming 
2 2 ql «q2, m«E) 

w2-wl 
s= -- = velocity of yy c.m.s. relative 

w2+wl to lab 

Dimensionless normalized quantities 
x1 = w1/E (similarly x2) 

z= W/2E =Yx
1
x2 

Q~= q~/E2 ~ (1-x) e~ (similarly Q~) 

The relations between z,S and x1, x2 are plotted 

in Fig. l, and the relation between Q~ and 
x1, e1 in Fig. 2. 

Photon-photon luminosity 

as 

Let y = any variable or variables (such as 
2 xl, z, 02' ... ). 

The counting rate per unity can be expressed 

d£ 
d;r contains the QED factors for the fluxes 

of the two virtual photons. 

APPENDIX II. W DISTRIBUTION OF yy LUMINOSITY 

fn the Weiszacker-Will iams approximation we 
have2 

We have already integrated over cp1 and cp2 (see 
appendix IV). The small-angle dependence of 
N(E, x, e) is approximately 

e 
(A "f) 

fY +(..!!'1 _!L) 2 

E 1-X 

Note that since e(l-x) ~ eyx, one should avoid 
using approximate formulas where e is large and 
x is small; the implied ey is unphysically large. 
In the limit of small x the e distribution is 
very strongly peaked at e = 0, although not 
actually divergent, as the approximate expression 
implies. As x + 1 the forward peaking becomes 
gentler. 

If only the distribution of ~YY in W and/or 
S is desired and not the distribution in Q~ or 
Q~, we need the integral of N(E, x~ e) over e: 21 

lN(E,x,~)Je "- ~ [Ct + (t-xf)(~~~·- i} 
r 

+ ~2_ ( Qr) 2(t;x) + i) (AS) 

+(J_-x)~Vl 2.(1-x) J 
. . 2 V'l(,_+-(1-><)(;loZ. • 

Fig. 3 shows plots of this integral for E=l5 GeV 
(the corresponding plot in the 1974 PEP study6 is 
in .error by about 10%). 

To integrate the photon spectrum N(E, X> e) 
given in (A3) over e between emin and emax' the 

most accurate procedure is to take the difference 
between two evaluations of the integra-l {A5) taken 
for e0= emax and e0= emin" Thus, 
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N (X ' (; "'"'} e --~) =- ~ [ (I+ ( 1- X )
2

) ln ~ =~: 
~ (2-)(_).,_;_Vl x2+(1"'x)Gl~~] (A6) 

4 x2 +-(t-x)G.,;~ • 

This is plotted as a function of x for several 
choices of 8min' 8max in Fig. 4. Note that 
N{x, 8min' 8ma'x) is independent of z; N(x=O)= O; 
and 

N(x G . e ):::; ~[' +(1-x)j Q,l 6 .... d.J( 

) ~'"""I ..... o.x IT G~."' 

~or X >> e"""'"' . (A 7) 

We now have 

J._J::_~If N(x1 ,6'1 ,..,~ ,&,,.."") N (xz,62..,..;~ ,&2..,...,.,) --- ::::. ·---''--'------'--'-'----'::.:.:..:.. -------'-

An accurate integration over x1 can only be done 
numerically, but a rather good approximation, 
exact in the limit xmin » 8max' can be obtained 
by using (A7): 

_L c\..f~~ ~ IG~ 1111 tJ,.,"~< ln Gz..,"" 
rLeE dz f( e · &. · Z. 

J
.z ;:·)~( l/""'';4 ) a 

. (1-x"---'- 1-- ·t--. o,!( 
' 2.. x, 2.x,' ' 

x,_ 

~ ((;,o~."-1 \9,.., .... fl t)2"'""' I ~cr.,_-><)· 
- L ~) -- }0Yl - - X .. 

n: e,IM·,,._ e2,;,.,~ z. 4. 

( L - x: 2\ ( 'l z J 
· "'"

4 
'L-1-~J+I+l;ln><.,. 

(A~J) 
The limit of integration xa can be seen in the 
sketch. We in.tegrate along a curve of constant 
z within the upper left triangle bounded by 
dashed lines {there is a factor of 2 to account 
for the other triangle). 

Xvv,;v-, 

(3...,"" 

if z > 
< 

6 
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If one also imposes a cut on B (see sketch), the 
1 imit becomes 

(A to) 

Equation (A9) is plotted in Fig. 5, with the 
dependence on 8min and 8max divided out. 

A simpler but cruder approximation to 
\ ddeyy/dz, accurate within about 20%, is obtained 

by taking (cf. A7) 

N ( r· . . · /'. ) ~ S'or- n ()~"" 
X, o~.~, C" ..v.e,~ 4 ~ ·--

. Tt e~;~ 

This gives 

d.£' i~ 
£f<i. ~ rv 

(A It) 

(A 12) 

APPENDIX III. yB AND 02
2 DISTRIBUTIONS OF ~ yy 

The yB factor of the motion of the photon
photon center of mass is a convenient measure of 
the distortion of the hadron angular distribution. 
For any choice of xmin' xmax' and z one can read 
off the maximum yB from Fig. l. We rewrite (A8) 
in terms of z and yB, using the approximation 
(All): 

I cl...i<~'r 
Ler;, clz c:l(t6) 

I 

z. \)t+('o:1Y 
(At3) 

That is, at all z the liminosity is distributed 
in yB almost uniformly (see Fig. 6) up to the 
maximum value. + 

If one of the tagged e or e- is defected at 
a moderately large angle (say 82), the corres-
ponding photon will be off the ma~s shell, with a 
spacelike four-momentum-squared Q2 • The yy lumin
osity for such collisions is obtaTned from (A2) 
and A(3). We reexpress N{E, x2, 82) in terms of 
E, x2, and Q~ and integrate N(E, ·x1, 81) over 81 
as in (A6). The resulting function of x1, x2 , Q~ 
is integrated over x1, x2 at fixed z (with some 
simplifying approximations) to get 

f J ;f_IH 5'o<. 2 

:fee d.:z cl0.22. --v 2 n, 

(AI~) 

Note that in contrast to the situation in ep 
scattering, the effective virtua~ photon flux 
drops of rather gradually, as 02 . 



APPENDIX IV. POLARIZATION EFFECTS 

A systematic theoretical treatment of the 
two-photon process with transversely polarized 
e+ and e- beams has apparently not yet been done. 
Some generalizations can be made however. 

1) The rate of tagging counts will be uniform 
in azimuth ~l and ~2 even when the e+ and e- beams 

. 1 1 . d 22 are transverse y po ar1ze . 
2) If the e+ and e- beams are ~olarized, 

there will be a polarization of the virtual photon 
with t in the plane gf2~a~aing. The degree of 
polarization will be ' ' . 

(Alb) 

· p
1

, p
2 

= initial e+ ore- four-momenta 
The dependence of e1 on x1 is shown in Fig. 7. 
At low x1 this polarization is almost 100%, and 
must therefore be independent of the transverse 
polarization of the initial e~ or e-. 

3) In the limit x1 + l the photon polariza-
tion ~1~ is 100% in the plane of the e+ or e
spin2 , 4. For intermediate x1 values the situa-
tion is presumably some mixture of the two limit
ing cases. 

On general grounds t~e yy cross section can 
be decomposed as follows: 

2 2 2 
ayy(W, q2' ¢) = aT(W, q2 ) + e2aL(W, q2 ) 

where 

+ e1e2 aA(W, q~) cos 2¢, (Al7) 

q~ « q~ 
¢= 
€1 

angle between photon polarization planes 
e2 transverse polarization of the 

photons . + 
= e1, e2, 1f e and e are initially 

1 
unpolarized (Al6) 

aT = 2 (all + a .L ) 

- l ·"( ) a A - 2 ail - a l.. 

a
11 

= ayy for two photons with parallel 
transverse-polarization 

·al. = a for two photons with perpendic-
YY . 

ular transverse polarization 

aL =a for the cdllision of a longitu-YY . 
dinal (scalar) photon and an almost 
re~l unpol2r~zed transverse photon: 
aL- 0 at q

2 
- 0. 

APPENDIX V. DEEP INELASTIC 

If the final e+ or e- is detected at a large 
angle e2, the pro~es~ can be described as the 

~ 174-

deep inelastic scattering of an electron from an 
almost real photon target. The cross section, 
which has the form given in (Al7), can also be 
written in terms of photon structure functions 
analogous to the wl and w2 defined for the pro
ton: 

where q~ « q~ 
l (W2 . 2) \) = ~l • ~2 = 2 "I" q2 . 

The structure functions are related to the aT' 

aA' and aL defined in (Al7) as follows: 

,...,-- - n~ 
uA- 7 

(A l9) 

The parton model predicts S 2 

Wll:::: 2..0l "'e~ [1- 2x(l -x)] 211 w ~ , L " . vr,~ ' 

Tx vw:·- wlo:::: 2ci..LE?z4 . 'tx(l-K), 

w31) = 2tt-.2_ e;_4 c- x:2)? 
where x= q~/2v (0< x< l) 

~e~ = sum of fourth powers of parton charges. 
In order to estimate rates we assume (without 

justification) that Wi= ~x vW~ (i.e., aL = 0), and 

vW~ "'(ayp/app) vW~ "'(l/300) (.3). 
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Abstract 

We review the properties of possible new 
particles, and conclude that there are some general 
features that a New Particle Detector can exploit. 
We investigate backgrounds ln the most likely signa
tures and propose a New Particle Detector Facility. 
Several more specialized detectors are also de
scribed. 
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I. INTRODUCTION 

It is desirable in searching for new particles 
to have some general signatures which would reveal 
the existence of more than one type of new particle. 
It is apparent from the excellent tabulation of 
"conventional new particles" in the 1974 PEP Summer 
Study (included here 1n Section II) that the pres
ence of leptons is the most general signature for 
a search. We analyze background contributions to 

these signatures and methods for decreasing the 
backgrounds relative to the signature signals. A 
New Particle Detector Facility is proposed which 
compromises the new particle signatures as little 
as possible relative to a more general multi
particle detector. Finally, a few specialized 
detectors are described. 

II. SUMMARY OF NEW PARTICLE INFORMATIOO 

(1) Heavy leptons - excited, sequential, gauge 
theory, and quasi-stable heavy leptons 

(2) Charged Intermediate Vector Bosons 

(3) Charmed Hadrons 

( 4) Resonances 

(5) Quarks 

(6) Gluons 

( 7) Monopoles 

(8) Higgs Scalers 

(9) Neutral Intermediate Bosons 

(10) Lee-Wick Particles 

(ll) Tachyons 

The following abbreviations are used in the tables! 

t = either e or ~ 
h =hadron 
MM missing mass 
M new particle mass 
m* invariant mass 
COP 
ACP 
COL 
t3 

R 
FF 

coplanar 
a coplanar 
colin ear 
velocity of new particle in center-of
mass system 
a( e+e- -> hadrons )/a( e+e- --+ ~+~-) 
form factor 

III. SIGNATURES AND EXPERIMENTAL PARAMETERS 

1. Quarks 

We consider the detection of stable quarks of 
fractional charge and unstable quarks. Stable 
integer charge quarks are considered elsewhere. 
Quarks are assumed to be produced in pairs so that 
they carry the beam energy, Eo• 

Fractionally Charged Stable Quarks 

Detection requires charge and/or mass measure
ment. Since dE/dx - z2j[32 anomalous ionization ~an 
be measured if the quark velocity is high enough. 
Landau fluctuations in a given ionization measure
ment introduce fluctuations in dE/dx of ~ 2c:f/o, so 
that one should independently sample ionization at 
least 3 times with each sampling required to be 



Production 
Rate 38 2 

Decay Modes/ Experimental flo em 
Particle Mech~nism per 104 1-1+1-1- Branching Ratios Signatures Present Limits PEP Limit 

(1) HEAVY 
LEPTONS [ 1] 

(A) Excited + - .e*+ .e~ 10+4 X ( 3t3-f33) .e* .e y 1) acp pair £+£- m.£* ;S 2 GeV [~] m,e*:S 25 Ge e e ~ ~ 

leptons r t- .e*+ i"' 
2 

+ 1 or 2 hard 
yls A.2 < 10-3 

- -!(- :X l+l*- 2) bump in m; p, ,.£ ••• , 
- y 

* t' e v.£,v.£ ••• 

- 3 + -
v*v* 250 X(~) If v; massive, 1) acp U pairs < 1.2-2.2 GeV < 14 Ge e e ~ m m .£ p, "' 

~ v• [ 3] * .e-u+v.£) 2) £ + h's 

+)-·~-·<- v .£ ~ 

~ .e + h 1 s 3) > 2 charged e e. 
r(h 1 s)jr(.e) "' R 

.£Is 

4) missing p
1 

and E 

(B) Sequen- + - .£'+£,- lo4 X (H) £ I .,. ~ V I ( .£V ) 1) acp U pair m.£ < 1.2-2.2 GeV m£ ;S 14 Ge e e ~ 

tial 2 p, £ 

Leptons :x:- -+v' + h's 
2)£+h's ,[ 9 J 

£ . 
3) missing p

1
, 

[10] 

(~ J, r( h 1 s) jr(£) "' R E 

(~~), ... 
~ 

[ 1] General searches: M. L. Perl, SLAC-PUB-1062 ( 1972); Decays and Production: 
2821 (1971); K. J. Kim andY. s. Tsai, Phys. Lett. 40B, 665 (1972). 

Y. S. Tsai, Phys. Rev. D4, 

[2] s. v. Golovkin et al., paper No. 848, XVI Intl. Con£. on HEP, Chicago (1972). 

[3] A. M. Litke, Thesis, Harvard University, p. III-8 (1970). 

~4] c. Bacci et al., Phys. Lett. 44B, 530 (1973); Super-Adone Proposal; DESY Seminar. 
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Particle· 

HEAVY LEPTONS 
( contd.) 

(C) Gauge 
Theory 
Leptons 

[5] 

(~~) 

(~:) 
L = E or M 

(D) Quasi
stable 
leptons 

Production 
Mechanism 

+ - + -ee->LL 

L+x~L-
+ -e e 

e +e- ---> L0 L0 

0 -o L 

1~,-
e 

+ - 0 
e e ---> L vt 

v ~10 

e+ e- . 

+ - + -ee->LL 

L+xL-

+ -e e 

Rate - 38 2 
lJ em 

4 
10 

- 4 + -. 10 1-l 1-l 

> 450 [6] 

> 200 [6] 

X ( 313 - 133 
2 ) 

Decay Modes/ 
Branching Ratios 

L+ _, vt(tvt) 

_, L0 (tvt) 

(~+ > ~o) 

-...vt+h 1 s 

-...L0 +his 

L0 -...t-(tvt) 
_,t-+h 1 S 

->Vt+h 1s 

r(h 1 s)/r(t) "' :R 

Decay not seen 
in typical size 
detector 

-8 
T ~ 10 sec 

Experimental 
Signatures 

Same as Sequen
tial Leptons -
see (B) 

Massive (PL < 
pBEAM), weakly 
interacting, 
collinear pairs 

Present 
Limits 

~ ~ 7-8 GeV [7] 

llJ,r+ '%., 8 GeV [9] 

PEP 
Limits 

~+ < 14 GeV 

~0 ~ 1.2 - 2.2 GeVI ~0 ~ 20 GeV 
[9] 

~o < 4 GeV 

~ < 1 - 5 GeV (2] mL ~ 15 GeV 

[5] Bjorken and Llewellyn Smith, Phys. Rev. D7, 887 (1973), Georgi and Glashow,.Phys. Rev. Lett. 28, 1494. 
[6] For Georgi-Glashow model with sin eG = 1-and MLo as indicated above, see Ahmed Ali, Stevens Institute of Technology preprint, 1974. 
[7] B.C. Barish. et al. . 
[8] Based on (g-2}1-lexperiments, see Primack aad Quinn, Phys. Rev. D6, 3171 (1972). 
[9] Washington Meeting APS SPEAR Report (April 1974), Drito et ai.,Phys. Lett. 4813, 165 (1974), Bernardini et al., Bonn Conference 

(Aug~st 1973!· · 
2 

. -- ___._ --
[10] Poss1bly a s1gnal for 1.8 GeV/c- sequent1al leptons has been observed at SPEAR, M. Perl, ~ al. 
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Particle 
Production 

Mechanism 

Rate 38 2 10 em 
. 4 + -

10 1.1. 1.1. 

Decay Modes/ 
Branching Ratios 

Experimental 
Signatures 

Present 
Limits 

PEP 
Limits 

(2) CHARGED 
VECr<:lR 
BOSOOS 

+ - + -( a) e e ~ W W 1 1000 for 

~ = 13.8 GeV 

assuming: 

+ + w- ~t- v 
+ + 

e- v;ll- v "' 1 

(a) Final states 
t+t-v\i 

+ 
t-v+h's 

Present: 

~ ~ 13 GeV 

VN-NAL [2] 

< 14 GeV 

[1] 
[2] 

[3] 
[ 4] 
[5 J 
[ 6] 

[7] 

(b) + - + -e e ~ e-vw+ 

[7] 
(c) e+e- ~v+v-

(vector partons) 

( i) charge form 
factor = 1, 
(ii) no magnetic 
moment, 
(iii) no quadru
pole moment. 

5 for· [ 4, 5 ] 
~ = 13.8 GeV 

50 for 
~ = 6 GeV 

crvv s 
crllll "' { 

w-:': -4 hadrons 
wt ~ qJy if Mvi > ~ 
[qJ = Higgs-scalar 
meson] 

r( h I s ) jr( t) "' R 

Probably totally 
into hadrons 

See for example N. Cabibbo and R. Gatto, Phys. Rev. 124, 1577 (1961). 

Look for acp 
lle, ee, and llll 
pairs in ratio 
2:1:1; missing 
p 

1 
and E 

(b) + - -e e vv 
+ -

e-ll+vv 
+ 

e-v + h 1 s 

with acp 
ee, ell pairs; 
missing p 

1 
and E 

( c) Const arit 
hadronic cross 
section with S 

~ > 18-24 GeV 

+ 
PP ~ ll-x ISR [3] 

< 30 GeV 

< 15 GeV 

B. Aubert et al. "Test of Scaling in High E:r:ergy Neutrino Interactions" 6tt, Int. Symp. on Electron and Photon Interactions, Bonn 
Aug. 1973, 2nd Aix-en-Provence Int. Conf. on El. Particles, September 1973. 
G. Manning, Private Communication. 
F.A. Berends and G.B. West, Phys. Rev. Dl, 122 (1970), Phys. Rev. D2, 1354 (1970). 
Mikalian and J. Smith Phys. Rev. D4, 785( 1971). -
We have rewritten equation (19) or-Berends and West (reference 4)to demonstrate explicitly that, neglecting the electron mass terms,. 
cr is only a function of Mw/E. . 
J. Clemans, G. Kornen, Nucl. Phys. B78, 396 ( 1974) • 
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(3) CHARM 
Ll,2,3] 

Production 
Mechanism 

+ - -l) e e ~ CC 

+ - -2) e e ·~ CC 9 X 

electromag
netic 

) 
+ -

3 e e ~ex 

weak 

Q_+ 

~c 
Q, X 

Rate 38 2 
( 10 em 

per \.l04 f.l+f.l-

"-' l- 100) 

= AA 

_,Js for M = 
lOGeV c 

"-' 1000 [ 4] 
above thresh
old ~ inclu
sive baryon 
production 

"' 20 for 

M
20 

= 100 Gev 

Decay Modes/ 
Branching Ratios 

c ~ s + h' s ( s = s+ro-"!JL ~-. .. ~ ..... > 
r "' cos 8 c.._~~ bhc 

C ~ h' s ( non- . 
strange) 

r "-' sin ec 

C ~ s + ( .ev) 

r(,ev)/r(h's) "-' 
10%- 50% 

-12 
T "' 10 sec 

[l] G. A. Snow, Nucl. Physics~' 445-454 (1973). 
[2] M. K, Gaillard, NAL Conf. 74/43-THY (April 1974). 
[3] s. L. Glashow, IV Intl. Conf. on Meson Spectroscopy. 

[4] J. Marx, private communication. 

Experimental 
Signatures 

l) Apparent viola
tion of strange
ness if. 
c ~ h's (non

strange) 
c ~ h's + 

strange hadron 

r "-' sin ec cos ec 

2) Anomalous change 
in production of 
strange particles 
as E

0 
passes 

through Charm 
threshold 

2 r "' cos ec 

3) Signature 2) with 
an associated 
charged lepton 

Present Limits 

2 GeV < M < 10 GeV 

I 

f-' 
00 
0 

I 
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(4) RESONANCES 

.. 
Production Rate I 1038 2 Decay Modes/ Experimental' I • / 4 em 
Mechanism per t. 10 ~+~- Branching Ratios Signatures I PEP Limits 1 I I I 

I 

I 
(a) Formation In principle, v' For vector mesons, Peaks in a vs E0 

+ - X formation could v' -+ hadrons, -100%; If t. 1 f' 1 e e -+ t f I or par l cu ar l na 
~+ accoun or a , + - < % 

h 1 f t . f v -+ £ £ , - few o. !states. a.rge rae lOn o 
a(e+e- -+ hadrons) 

e -pc=r- [lJ 

E.g., high-mass 
rrector meson 
FJ.aughters (v') of 

o,w, and <P [l] 

I 
(b) Two-photon !5 x 105 

exchange !with 
+ _ + _ !2<~<6 GeV 

e e -+e e X ! 
e+ 1[2,3] 

e.+"', 
(=+1 
J~c= 

e- __t o++ 7H 
) .... ) 

e. 
2.- +,' ... 

(c) Production Depends on 
specific 

K 
resonance 

e I 
I 

I 
I 

I 
I 

Depends on specific 
resonance 

Depends on specific 
resonance 

For fixed E
0

, 

peaks in MX for 

specific states X, 
or, inclusively, for 
any X. 

( v') Invariant 
mass peaks in 
multi-h, y-h, £-h, 
y-£, £-£, etc., 
combinations. 
E.g., see e* in 
M(ey) for e+e--+e*e 
(e*-+ey) 

(ii) Missing mass 
peaks. 

[l] F. M. Renard, Montpelier (France) Univ. Report No. PM/74/3 (Feb. 1974) 
[2] David W. G. S. Leith, SLAC-PUB-1440 (June 1974) 
[3] J. Rosner, SLAC-PUB-1391 (1974) 
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30 GeV 

30 GeV 
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Preduction 
Rate 

38 2 
Experimental t 10 em 

Particle Mechanism per 104 IJ.+IJ.- Decay Mode Signatures Present Limits 

( 5) QUARKS[l] 
+ - - 22a ( 313-133) (a) Anomalous a < 10~35 cm2 for e e ~ qq Low mass: 

IJ.IJ. 2 may be quasi- dE/dx (for Mq < l2_GeV (for 

1 X FF stable fractionally pW ~ qqX at 

c Hi9h ~ss: 
charged Pine = 300 GeV/c, 

y may decay 
quarks) Z = e/3 or ~e/3) [2] 

into hadron (b) Massive -34 i::: 

e. e- jets COL particle a < 3 X 10 em , 

pair at low Z = e/3, Mq < 22 GeV; 

- . velocity a < 6 x lo-34 cm2, 

(c) COL hadr'?n Z = 2e/3, Mq < 13 GeV 

jets ( for pp ~ qqX at 
s ::::::: 2500 Gev2) [ 3] 

a < 10-39 cm2 
' Z = e/3, Mq < 4.7 GeV; 

a < 2 x lo-37 cm2 
' Z = 2e/3, ~i < 4.7 GeV 

( for p + A. ~ qqX 
at Pine = 70 GeV/c) [4] 

-----· ---·-· --·-- L__._____ ------ - ----

[ l] For quark search review see L. w. Jones, Phys. Today 26, 30 (1973), No. 5. 

[ 2] L. B. Leipuner et a1., Phys. Rev. Letters 31, 1226 (1973). 

[ 3] M. Bott-Bodenhausen et a1., Phys. Letters 4oB, 693 (1972). 

[ 4 J Yu. M. Antipov et a1., Phys. Letters 30B, 576 (1969). 

PEP Limit 

15 GeV 

I 
I-' 
co 
N 

I 
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Rate 
38 2 

. 
Production tlO em Decay Modes/ Experimental 

Particle Mechanism per 104 1-l+l-l- Branching Ratios Signatures Present Limits PEP Limits 

GLUONS [1] 

(A) Neutral Possibly Not known G~ h's s dependent [4] none 30 GeV 
PC --

~· 
[ 1]' (like p,w, cp ~ 

structure in 
J = 1 

aT ( e + e- ~ h' s), 
Color singlet h~ h's) 
su3 singlet e. a( e + e~ ~ rr+ rr-), 

if G is not a a(e+e- ~I<K), 
( B) Vector [ 2 J su

3 
singlet, 

Color SU 
or if symmetry etc. 

Multiple~ breaking [ 3] 

' 

-- --------~ --
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because of the stable (rather 
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Experimental 
Signatures 
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charge--
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in magnetic 
field. 

(B) Heavy ion-
ization 

(c) Cerehkov 
radiation 
with elec-
tric vector 
field direc-
tion rotation 
of 90° from 
charged 
particles [8] 

(D) No reliable 
estimates on I 
M. , but large 
masses ( ~ 6 GeV 
to 137 X 
Mw) have been 
suggested [2,3] 

(E) Large number of 
Y 1 s from D+D-
annihilation 

[4 J 

Present Limits 

a(pN ~ p'N'DD) 
-43 2 < 1.4 X 10 em 

for M < 5 GeV 
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several (probably 3) standar~ deviations from 
minimum ionizing. Thus we require 

AdE/dx,;;; NjdE/dx(Z=l, 13=1) - dEjdx(quark)j 

or 

where 13 is the quark velt 'ty, Z its charge, and 
N the number of standard deviations required in 
the effect. Using !::.dE/dx = 0.20 dE/dx and N = 3 
we obtain 

If Z = 2/3 we have M ~ 0.72Eo. Of course, 
above this value of M/Eo(l3 < 0.67) the velocity 
can be determined to an error of .02 with 100 ps 
of timing resolution over 50 em flight path. 
Thus by combining TOF and dE/dx the full kinematic 
range in quark masses can be covered. 

A second method for identifying fractional 
charge is to use magnetic analysis t~ search for 
particles with an apparent momentum greater than 
Eo/c (due to their fractional charge reducing the 
bend angle in the magnetic field). If the quarks 
produced in pairs have the energy of the beam, 
this method is sensitive for masses such that 

The requirement .that both members of the pair 
have "supermomentum" would eliminate most back
ground due to errors in momentum measurement (due 
to inefficiency+ accidental in a chamber). 

The identification of colinear pairs with 
low velocity is useful as a signature for any 
massive stable particle (including quarks of any 
charge). The relevant velocity measurements can 
be performed by TOF or using Cerenkov counters. 
The uncertainty in the mass using TOF is 

AM =;:_If (1 
dM 

rl) 3/2 
"']! At 
E 

where d is the flight path, E the energy and At 
the time resolution. The mass is determined for 
colinear pairs by M = E ~ • Values of At -
100 ps can, in principle, be obtained by 
using segmented solid Cerenkov radiators coupled 
to photosensitive multichannel electron multiplier 
plates. Such plates are positioned -1 mm behind 
a photo cathode in order to achieve this excellent 
time resolution. In Fig. III-1 we depict AM 
versus M for At = 100 ps and d = 50 em for 
E = 5 GeV, 10 GeV and 15 GeV. Since we consider 
colinear pairs, this energy is the beam energy. · 
If we require AM ~ 2 M so that we can tell a 
massive object of mass greater than 2 GeV from a 

7 
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proton, we find that at 15 GeV the method works 
for M > 4.8 GeV, at 10 GeV and at 5 GeV for M > 2 
GeV. Thus to search for relatively low mass 
objec~s by TOF one reduces the machine energy. 

Cerenkov identification of l()w velocity co
!inear pairs can be accomplished by setting the 
Cerenkov threshold well below that for protons of 
energy Eo• This method is limited by the ineffi
ciency of the C counters and by the necessity to 
eliminate almost colinear events with enough miss
ing energy so that a pair of conventional particles 
is slow. Considering these difficulties and the 
cost of large solid angle coverage with Cerenkov 
counters, the TOF method is preferable. 

In the case of inclusive quark production 
both searches for anomalous ionization and for 
apparent momenta greater than Eo/c would be effect
ive. Time-of-flight would also be effective in 
searching for high mass particles if combined with 
calorimetry to determine their energy. 

Unstable Quarks 

Unstable quarks would be difficult, if not 
impossible, to identify. One would look for co
linear hadron jets each of which carries the full 
beam energy. The distribution of Ji within each 
jet would have to. be quite limited ( < ~) ~ 350 
MeV/c or so). To identify such a complete jet 
requires 4n detection of charged and neutral 
hadrons. Such a detector borders on being pro
hibitively complicated and expensive, and even if 
such a complete jet structure were seen it would 
be difficult to prove that they were due to un
stable quarks rather than some dynamics. 

In all quark searches it is important to 
realize that one should observe a threshold in the 
signal with S. Such a threshold would confirm the 
quark mass and give an indication that the signal 
is not the result of a class of background which 
itself doesn't have a threshold. 

Conclusion 

Fractionally charged stable quarks can be 
detected by anomalous dE/dx (possibly combined 

8 

:::E 
<l 4 

2 

2 .4· 6 8 10 

M (GeV) 

12 

Fig. III-1 Error in Calculated Mass vs. Mass for 
Collinear Pairs (t:.t = 100 ps, d = 50 em) 
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with velocity measurement), anomalous momentum 
(greater than the beam energy) or by the obser
vatiDn of slow massive colinear pairs using TOF 
or Cerenkov counters. Unstable quarks would be 
quite difficult to identify in a model-independent 
manner. 

2. .Magnetic Monopoles 

The theoretical basis for the predicted 
existance of magnetic ·monopoles· is discussed in 
PEP-174. In the unlikely situation that mono
poles can be produced as ~ree particles, they can 
be detected from the Emf which results when they 
pass through a superconducting coil (a la Alvarez 
and Eberhard). A second handle on their detection 
is to search for extremely heavy ionization 
( 2 40 GeV/gm). Unfortunately, a free monopole will 
be so heavily ionizing that it will never penetrate 
very far into a detector. The following table 
gives.the range in matter for monopoles produced at 
the full PEP energy. 

Table IIL-'l 

Monopole Mass Monopole Range In 
( GeV~ Aluminum ·Scintillation Steel 

2 1.2 rom 2.3 rom 0.4 rom 
5 0.9 rom 2.5 rom b.3 rom 

10 0.5 rom 1.3 rom 0.15 rom 
15 0 0 0 

In addition to this massive energy loss, mono
poles suffer accel.eration to· energies of 4 GeV / 
Kg-m of magnetic. field. Thus monopoles emitted at 
low kinetic energies will be_ accelerated along the 
beams if solenoid magnets are used. The appro
priate detector for 'free monopoles is then an 
Alvarez coil Wrapped around the beam pipe several 
meters downstream from a solenoid magnet. The 
magnet acceleration gives the coil a large ef
fective solid angle. 

~he best limit on the monopole production 
croaf section· in accelerator experiments is 1.4 X 
10- in 70 GeV proton collisions. At 70 GeV the 
cross section for the production of virtual photons 
can be calculated as a function of the photon mass 
(see ·Appendix). Photons of mass greater than 4 GeV 
are needed to produce 2 GeV monopoles. This cross 
section is -4 x lo-35 cm2. For 5 GeV monopoles 
the corre spending cross section is -2 X 10-38 cm2. 
When this is compared to the limit of l0-41 cm2 we 
can say that the probability of a massive virtual 
photon making monopole pairs is less than 1/4 X 
10-6 for 2 GeV .monopoles and less tha:n 2 X 10-3 
for 5 GeV monopoles. If a typical PEP experiment 
~epresents an integrated luminosity of 1038 cm-2 
sec-1 and if aT = 20 nb at PEP, then an experi
ment consists of the production of 2 X 106 massive 
virtual photons. Thus we conclude from the proton 
experiment that at most, -1 event will be seen if 
the monopole mass is 2 GeV while tbe upper limit 
for 5 GeV monopoles is 4000 events. 

In any case, it is rather unlikely that free 
monopoles will be produced because of the strong 
att'ractive force between monopole pairs. This 
results in the emission of.many photons from the 
radiative damping of the monopole pair. This 
damping can be thought of phenomenologically as the 
reason for the low coupl-ing of virtual photons to 

monopoles discussed above (if the monopole mass is 
below 5 GeV}. Thus, one should search for mono
poles indirectly by detection events where the 
full center-of-mass energy appears in a large 
number of uncorrelated photons. 

Such a detector requires 4rr detection of r's 
with adequate energy resolution and spacial reso
lution to reconstruct rro,~, ••• so that each 
hadronic event can be eliminated from the sample 
of monopole candidates. The question of rr0 and ~ 
reconstruction is discussed in PEP-153 where form
ulas are given ~or the rrO mass resolution in terms 
of the position and energy resolution of a r de
tector. The resulting identification efficiency 
for Nai and Pb-glass is given in PEP-154, Figs. 
9 and 10. If a monopole multigamma signal were 
seen it would be important to study its &-depend
ance in order to map the threshold behavior. The 
energy-dependance of a multigaroma signal would 
help to enhance its credibility and would allow 
an estimate of the monopole mass. 

We conclude that the best monopole detector 
in the unlikely possibility that free monopoles 
are produced is a superconducting coil around.the 
beam pipes at a distance from an intersection 
region containing a solenoid magnet. A useful 
lower limit on free monopole production at PEP 
from proton experiments is 2 GeV. Indirect evi
dence of monopole production could come from events 
observed in a 4rr photon detector where all of the 
center-of-mass energy appears as uncorrelated 
photons. 

3. Tachyons 

We describe briefly the properties of parti
cles with velocity >c, called "Tachyons"l, f'rom 
the Greek work TO!X~), meaning swift. If we assume 
that the normal relativistic expressions for E and 
p hold for tachyons, then we must require that the 
mass m be an imaginary quantity in order that E and 
p, which are measurable quantities, be real. This 
is logically consistent, since the particles can
not be brought to rest, thus m is not a measurable 
quantity. We only require that ifT> 1, it always 
remain so. Thus 

m \.~ c~ real) 

2 
and E ~c /PI ~v 

(f32-1)1/2 (132-1)1/2 

where 
f3 ::!.. =ill as usual. 

- c E 

We see Lhat E2 2 2 2 4 
- p c -~ c 

so that the four-momenta are always space-like. 
Further, when f3 = co, E = 0:, p = ~c, so that as 
tachyons lose energy, they speed up to infinite 
velocity. Both energy and inomentum vary smoothly 
with f3, and at f3 = 1, E =co., jpj =~c. Since the 
four-momentum is space-like, the sign of the energy 
component can be changed by an ordinary Lorentz · 
transformation. States with positive energy turn 
into states of negative energy. However, the same 
transformation changes the sign of a time-interval 
so that a tachyon traveling in one direction may 
appear in another system X, moving, such that 
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~T~x> 1, to be an antitachyon traveling in the 
opposite direction.2 

Tachyons are assumed to be spinless, however, 
Feinbergl finds that scalar tachyons fields are 

·quantized using anticommunication relations, and 
are therefore fermions and not bosons. 
v Finally, ~ince ~ > 1, tachyons can emit 
Cerenkov radiation in vacuum, The energy loss 
per unit length is 

dE 
d.x 

z2
e

2 
2 E

2 
- ---- ~ -- where n = 1 in vacuum and 

2h
2 

p
2 

' Ze = tachyon charge. 

The rate of energy loss in vacuum is enormous, 
and within a distance less than lo-2 em, even high 
energy tachyons (i.e., 15 GeV) are "accelerated" 
to < 1 eV! Thus as tachyons emerge from the pro
duction point, the energy is close to zero, but 
~ -oo. Cerenkov light emitted at this stage is 
produced at -90° to the direction of motion. 

Tachyons cannot be produced singly by normal 
particlesl but can be produced in pairs, In 
particular, they can be produced through one
photon annihilation at PEP, as long as the total 
four-momentum-squared of this pair is positive. 
There is no threshold, since the pair can be pro
duced at any energy, even Epair = 0, However, 
since jPTJ > ET, if tachyons are produced with 
beam energy Eo each, their momentum will be 
jpTj > Eo• In fact, since their energy is reduced 
to zero rapidly, the momentum of an emerging 
tachyon will be the minimum value jpj = ~c. 

If tachyons interact normally with an electro
magnetic field (as they must, if they are produced 
by photons), then they can be made to reach a 
steady state energy E1 by an ~lectric field such 
that the energy lost through Cerenkov radiation is 
balanced by that gained in this field E. 

The Cerenkov radiation emitted in a field of 3kV/cm 
is sufficientto be observable in an ordinary photo
multiplier (spectral response 2.5 eV- 3.5 eV). 
This effect has been used to search for tachyons 
produced by y-rays from radioactive decays,3 
The same method may be used at PEP, However, the 
intense flux of very soft X-rays near the beam 
pipes precludes placing a small detector immediately 
surrounding the interaction point. A large detector 
some meters away from the beam pipe would be 
impracticable because of poor light collection 
(Be = 90°) • 

It may be possible to time the flight of a 
tachyon through limited-aperture Cerenkov detect
ors. However, Feinberg1 states that a tachyon 
wave-function cannot be localized, and doubts that 

'the concept of a measurable "velocity" can be 
applied. 

It is not obvious whether tachyons can ionize 
atoms when ~ - oo , since the time spent in the 
vicinity of any atom approaches zero. Thus zero 
energy tachyons ( ~ ~ oo ) may not show tracks in 
scintillators or track chambers. 

It may be that only neutral tachyons exist.2 
In that case the only evidence would be through 
tachyon exchange processes, for example in Bhabha 
scattering, where a narrow sharp resonance would 
be observed at fixed q2 = ~2 < 0 , independent of 
beam energy. 
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4. Heavy Leptons 

Heavy Lepton Signatures and Detection 
Requirements 

The characteristic signature of relatively 
short-lived heavy leptons is the presence of one 
or more e± or ~± in the final state. (Long-lived 
heavy leptons are treated elsewhere.) While 
hadronic decays may dominate for some heavy leptons, 
final states in which all of those produced decay 
to hadrons plus neutrinos are detectable only via 
thresholds. Other particles with substantial 
purely-leptonic decays (such as w± if by some 
chance they can be produced at PEP) may also be 
considered here. 

The following subsections detail the require
ments on acceptance, resolution, and particle 
identification, using specific assumptions for the 
production and decay of various particles. Ironi
cally, the most serious background to the decay of 
any one heavy lepton (aside from excited heavy 
leptons, for which mass plots may be formed) could 
well be the decay of another new particle. Scans 
versus machine energy - to search for thresholds -
may be the only feasible way to handle such a 
problem if it exists. 

a) Excited Heavy Leptons. These may be pro
duced in pairs, L*t*, resulting in a final state 
e-y e+y or ~-l ~+y. For a particle coupling to 
the photon, there will be ~ 104 of these for an 
integrated luminosity £ of 1038 cm-2 sec-1, with 
a rapid turnon (slightly faster than~) above 
threshold. If the decay width is sufficient, pro
duction of pairs like L~+ (resulting in one fewer 
final state y) may also occur. 

If these occur at the rate indicated, they 
should be obvious as threshold effects in their 
final states, and from {y+mass peaks. (If one y 
goes undetected in ant t yy final state, there 
is still enough information to reconstruct the 
event.) We require good~' e, andy identification, 
with y' s over as close to 41! as 'possible. The 
presence or absence of hadrons and extra y's should 
also be known over 411, but determinations of hadron· 
momentum, type and charge are not necessary. Energy 
resolutions of ~ 10 - 15% are probably adequate; 
angular resolutions of 3 - 4° will then give com
parable or smaller contributions to mass resolutions 
above 5 GeV. (If these L*'s exist at much lower 
masses, they should almost certainly be seen at 
SPEAR and DORIS.) 

Requirements on hadron misidentification as 
~·s or e's are less stringent than for other types 
of heavy leptons. Even if all 2-prong hadronic 
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events (<lo% of total, according to Monte Carlo 
predictionsl) were candidates for misidentifi
cation, one could have misidentification probabil
ities of .lJo/oiJ.IJ. ( ~.1 for pointlike production) 
and still have < 1% backgrounds without even using 
the mass-peak or y-counting information. Ordinary 
QED backgrounds can be made negligible by requiring 
acoplanar leptons and staying away from 0°. 

b) Charged Heavy Leptons (and W±) in Purely 
Leptonic Decay Modes. We consider pair-produced 
charged heavy leptons which both decay by L-+vL~v). 
If both e's and IJ. 1 S are detected (this gives us 
four times as many events ?S if only one type were 
detected), point -like product ic;m implies <! 500 
events (for integrated L = 10~) in which the only 
detected particles are acoplanar IJ.+IJ.-, IJ.±e+, or 
e+e-. Backgrounds arise from misidentifying two 
hadrons as leptons, and (for like leptons) from 
electromagnetic processes with undetected y's. 
A 4n acceptance for y's will suppress the latter 
background. Photon position and energy resolution 
are not important, but a good e-n discriminating 
detector will provide these anyway. 

The presence of hadrons in an event needs to 
be detected over close to 4n. We will assume that 
the y and hadron detection are sufficient that ~2o% 
of 2-prong events can simulate the real signature 
if two hadrons are misidentified. (This estimate 
should allow for any escaping neutral hadrons.) 
Counting hadrons <!3 GeV and using R ~ 10, then for 
misidentification probability A, the background 
cross-section is :5: .2 A2 cr , as compared to a 

IJ.I-L 
signal_ of .05 oi-LIJ. for pointlike production. Thus 
A < .15 should allow clean identification of such 
processes. However, in order to study the nature 
of the process (and allowing an extra factor of 10 
in case of suppressed production), one should aim 
for A ~ .01. These limits should really be momentum
dependent; this will be dis~ussed in the section on 
backgrounds. However, the numbers given are prob
ably very conservative (Perl2 picked out a signal 
with A~ .2 and far from 4n coverage on y's). 

With 500 events, we can begin to measure 
some of the properties of t~new particles, such 
as type, mass, whether there is more than one, etc. 
Three handles on such properties are a-dependence, 
lepton momentum spectra, and lepton-lepton angular 
correlations. These methods are complementary, and 
all should be used. 

Consider the lepton momentum spectrum. Figure 
III-2 shows a rest frame decay distribution for 
L-vL(t.v), assuming massless neutrinos. The two 
curves represent the standard (~t-like) V-A LvL 
coupling and a V+A coupling suggested as a possi
bility in certain gauge theory models.3 The V+A 
case corresponds to a Michel parameter P = o,4 as 
opposed to the usual P = 3/4. A 2-body tv decay 
of a w± or some other weakly-decaying boson of 
mass M would show as a o function at M/2 on this 
plot. · 

In an arbitrary frame, normalized decay 
distributions for the 3~body decays are 

dN 

dN = ~ d3p p . p(P - p)2 
nM E 

V-A 

V+A 

---V-A 
2.0 ----- V+A 

1.8 

1.6 

1.4 

1.2 

>( .., 
1.0 ...... 

z .., 
0.8 

0.6 

0.4 

0.2 

0.2 0.4 0.6 0.8 1.0 

X=(~) (Pmax= ~) 
max c.m. 

Fig. III-2 Lepton Distribution from Heavy Lepton 
Decay (M Rest Frame) 

where P and pare the Landt 4-momenta, and E is 
the t•s energy. For 15 GeV beams and three differ
ent values of M, the lab momentum spectra (assuming 
pair production) are shown in Fig. III-3/5.· The 
2-body decay of a pair-produced object gives rise 
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to a flat spectrum between M-dependent kinematic 
limits:--The distributions plotted were obtained by 
assuming 4n angular acceptance, and are thus 
inde endent of the L+L- production distribution. 
The latter depends on the specific nature of the 

new particles - it is jJ.-like for "ordinary" L's -
and also on transverse beam polarizations.) These 
spectra should be taken only as indications of the 
types of things a detector should be expected.to 
sort out, and not as detailed predictions. For 
example, with~ 11 GeV, the V-A and V+A cases 
lead to ""80 - 100 and- 40 - 50 events above 8 GeV, 
With these statistics, momentum resolution b.pjp2"" 
.0075 can probably distinguish them adequately. 
However, it is clearly advantageous to have as 
good momentum resolution on e's and IJ. 1 S as possi
ble, especially at high momenta. For e's, a shower 
detector can provide an excellent 3% rms at 10 GeV 
(but a magnet must still give the sign). 

Angular correlations between the decay leptons 
can probably provide even more information than 
momentum spectra, if biases are avoided. (Depend
ence on beam polarizations can also be used here, 
but not in distributions of single-L decays, since 
the average polarization of each L is zero, 

To summarize the requirements: 

( i) e and IJ. detection over as large a b. 0 
as possible, for rate and to avoid 
biases. 
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12 

Lepton Distribution from Heavy Lepton 
Decay (Lab Frame) - ~L = 13 GeVjc2, 
Ebeam = 15 GeV 

r and hadron detection over virtually 
4n. 

e and IJ. momentum resolution (b.pjp2) rms 
:S: • 75% (and preferably b.pjp -< .05 at 
10 GeV, at least for electrons); charges. 

r position and energy resolution not 
important. 

Hadron type and kinematic measurements 
necessary only crudely (or from other 
expts.?)in order to help understand 
backgrounds. 

Hadron misidentification probabilities 
as 1J. 1

S or e's of ~.01 especially at 
high momenta. 

Machine energy scans (if a signal 
exists at high S). 

c) Charged Heavy Leptons with Hadron Decays. 
For pair production of pointlike heavy leptons, we 
can detect 2:2000 events (per 104 IJ.IJ.) if we require 
only one purely leptonic decay {plus one decay to 
v + hadrons). If leptonic branching ratios are 
much smaller than assumed this might be the only 
feasible detection method. (Certain types of gauge
theory heavy leptons may decay to states containing 
a 1J. or e (rather than a v ) + hadrons. These would 
be somewhat easier to detect inasmuch as final 
states would often contain two t•s.) 
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The requirements are similar to those in 
Section (b), with the following additions: 

( i) Information on the identities and pro-

(ii) 

pertie.s of hadrons may be useful; if we 
see the single-lepton signal, we will 
want to know what else is in the final 
state. 

All hadronic events. are now potential 
backgrounds. If we restrict our 
attention to momenta > 2Cf{o of the beam 
energy, one expectsl ~1 charged hadron/ 
event, so that we need a hadron mis
identification probability 

1 .2o 
'.<-~""002 " - 10 Ro • 

IJ.IJ. 
for 10:1 signal noise. These back
grounds must really be considered vs. 
momentum. For convenience in back
ground comparisons, Fig. III-6 shows 
the conventional (V-A) decay spectra of 
Figs. III-3/5 for all energies :<: E vs. 
E, normalized to .2ollll times an appro
priate threshold factor. (For heavy 
leptons decaying to e or IJ. + hadrons, 
a f... "" .004 would allow us to study 
final state properties of a final 
state produced at the .02ollll level.) 

(iii) The signature of missing energy and 
momentum has been suggested, but the 
level of calorimetry needed to utilize 
this may not be feasible. 

Fig. III-6 

3 

. . . . 

E0 =15GeV 

M = 2 GeV 
M = 1l GeV 

M = 13 GeV 

. . . . . . . . . . 

6 9 ~2 15 
E(GeV) 

Cumulative Muons or Electrons at 
p ;;:, E from ~ --> -f.. u 0 

d and Heav Neutrinos) 
Using the 197 Summer Study's weak production 
estimates for single L0 v) and pair production modes 
and decay branching ratios similar to those assumed 
for charged leptons, one can expect .2:50 and ,2:20 
purely leptonic events in these two modes, if these 
L0 's are of a type which couple toe's or 1J.

1 S. The 
signatures are then 2 (acoplanar) or 4 charged 
ordinary -f..•s, respectively, with no other visible 
particles. The requirements including those on 
hadron misidentification needed to study charged 
heavy leptons (see subsection b) should be adequate 
to detect these decays. Because of the low rates, 
backgrounds from decays of other new particles are 
potentially a major difficulty. 

For L0L0 production, one can increase the 
sample considerably by measuring events in which 
either or both L0 's decay to IJ. ore+ hadrons (if 
we can adequately handle the likely low-energy 
particles), and events in which one 1° decays 
leptonically and the other to v + hadrons. All of 
these lead to final states with 2 -f..•s. 

Certain other gauge-theory neutral leptons3 
will either decay to charged heavy leptons, or, if 
they're too light, may decay undetectably or ~ot 
at all. 
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5· Stable Charged Particles 

We defined heavy stable changed particles as 
having the following characteristics: 

1 ' 10-8 · d t 'd 1 'T > sec, ~.e., ecay ou s~ e 
apparatus 

2) M >5 GeV. If they are lighter, assume 
they would have been discovered ~lse
where 

3) Charge of ± e, fractional charge will be 
discussed under the quarks section. 

Without the additional signature of the fractional 
charge, the cross-section limits at ~roton accel
erator and storag~ rings in o ~ lo-3j cm2.1 Hence 
though FNAL and the ISR have energies comparable 
to PEP, the proper combination of low production 
cross sectionE and hadronic backgrounds might mean 
that it is still possible that new heavy stable 
particles would be discovered at PEP. 

The most sensitive region for searching for 
heavy stable particles is where their velocity is 
less than 0.5. in this region one ~an use a 
combination of TOF, range and simple lucite Cerenkov. 
counters for identification. Particles with TOF 
differences greater than 1 nsec should be almost 
completely free -of random background due to ~5 em 
bunch length at PEP. 

The mass resolution that one can obtain with 
separate momentum and TOF measurements assuming 
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negligible error in the momentum is 

pc lit 
liM = d Jl-f32 

where d is the flight path and c the v~locity of 
light. If with micro-channel detectors one can 
achieve time resolution of 0.1 nsec, then over a 
flight path of 0.5 m for a 10 GeV particle with 

·P = 5 GeV/c, 6M = .34 GeVjc2. 
More discrimination can be made by range 

measurements. For particles with f3 = 0.5, the 
range is ~(MH/Mp)25gm/cm2, where MrJ is the mass 

·Of the new heavy particle relative to the proton 
mass, Mp. If the new particle has no strong inter
actions or has an interaction length more than 
three times as long as the proton then there should 
be distinct range which can be seen in a segmented 
hadron calorimeter. Such a range measurement would 
also be a good cross check on the mass determin
ation made by TOF. v 

_ A simple lucite Cerenkov counter with a 
threshold f3 = 0.7 would serve to reduce backgrounds 
from ordinary hadrons. 

If the new particles have a lifetime in the 
range of 10-8 to 10-6 seconds, the observation of 
of a delayed coincidence due to a decay would be 
another extremely powerful means of identification 
of a new state. 

It is most probable that these new heavy 
particles have quantum numbers such that they must 
be produced in pairs. Then in order to find these 
particles if their production cross-section yields 
a few events in ap experiment with an integrated 
luminosity of 103~ cm2, one must have a rejection 
probability of ~3 X 103 on each particle which 
seems reasonable with the above techniques. To 
achieve 101 rejection on single particles in a 
nearly 4n geometry is not nearly so certain because 
the possibility of an unlikely combination of mis
measurement of the momentum and TOF. However, the 
presence of 5 to 10 events in a single 1 GeV mass 
bin would probably be identifiable above back
ground. 
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6. Stable Neutral Particles 

Long-lived neutral particles are very diffi
cult to identify. If they only interact weakly 
(heavy leptons), their presence can only be dedu
ced by the presence of missing transverse momentum. 
If calorimeters could be placed within ~10 mr of 
the beam as for the 2-y tagging detector, then 
missing transverse momentum of ;;, 1 to 2 GeV could 
be seen. The absence of electrons or muons 

. accompanying the event would indicate that the 
missing transverse momentum was unlikely to be 
the result of ordinary neutrinos. In all prob
ability such particles are more likely to be seen 
in neutrino experiments. 

If the long-lived neutral particle had an 
anomalously low hadronic cros~-section then its 

presence could be discovered by looking at the 
conversion depth distribution in a hadron calori
meter. An excess converting at larger than 5 
neutron interaction lengths in time with the beam 
crossing would be an indication of such a new 
neutral particle. More refined calorimetry com
bined with TOF would in principle yield a mass 
determination. 

7• Charmed Particles 

Inclusive pair productions is the most likely 
source of charmed particles at PEP. Present esti
mates of charmed particle masses are 2 GeV ;S Mc:S 
10 GeV with the lower limit in some trouble due to 
the nonobservance of charmed particles at SPEAR. 
Assuming the conventional decays into strange 
particles, the clearest signature involves strange 
particles associated with a single charged lepton 
(one charmed particle decaying semi-leptonically, 
the other decaying into hadrons). However, it is 
possible to construct models in which the strange 
particle de·cay is supressed. If this is indeed the 
case one is forced to look for peaks in invariant 
mass spectra associated with the other peaks or 
single leptons. 

Taking cross-sections and multiplicities from 
PEP-140 we expect ~7. X 1?5 hadronic ev:nts. (R ~ 6) 
for an integrated lum~nos~ty of 103~ em 2 w~th a 
mean charged multiplicity of ~7 .5 charged parti
cles/event. This gives ~7.4 X 106 neutral 2-
body mass combinations. Monte Carlo calculations 
give a combinatorial background of .7% (phase 
space model) and .5% (jet model) of the total 
combinations in a 50 MeV bin at M = 3 GeV. Thus 
we expect ~ 5 x 104 background events/50 MeV at a 
mass of 3 GeV. This large background makes it 
unlikely that bumps in raw mass plots will be 
observed. 

If we look at invariant masses associated 
with single charged leptons it is possible to 
supress the background by ~103 over a large solid. 
angle (lo-4n/e rejections seem to be possible). 
Estimates of f( c -+tu + hadrons )/f( c -+ hadrons) 
range from ~lafo to ~5afo. For a semi-leptonic 
branching ratio of 25% we expect ~2afo of the events 
containing charmed particles to have single e± 
signatures. If we assume inclusive charm production 
~ ;inclusive baryon production ( ~1000 events/ 
103~ cm-2) we can get a signal-to-noise ratio of .. 
~1/1 at a mass of 3 GeV with a mass resolution of 

liM = ± 50 MeV. . 
Thus we need good mass resolution liM ~ .OlM 

and good hadron/lepton rejection ~lo-4 if charmed 
particles are to be found at PEP with 1/1 signal 
noise ratios in 2-body mass distributions. 
Similar conclusions hold for decays to higher 
multiplicity final states. 

8. Scalars 

The Higgs scalar mesonl is suggested in gauge 
theories. It may be found in e+e- collisions, in 
pairs via one-photon electromagnetic interactions, 
or singly via 2-y or weak·interactions. In either 
case, the rates are expected to be low, of the 
order of .Olcr~~ • The decay will be electro
magnetic, so the width ought to be small. Experi• 
mentally the signatures would be: (1) a sharp 
peak in the total cross-section as a function of 
center-of-mass energy, but on top of a substantial 
background (expect for the longitudinally-polarized 
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beams case, where the ordinary-electromagnetic 
processes are supressed); and (2) a peak in the 
missing-mass spectrum for the 2y events e+e--. 
e+e- + X. 
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9· Neutral Vector States 

We classify neutral JPC = -1-- states with the 
following notation:l 

a) 

b) 

c) 
d) 

high mass vector me sons ( p111, 'fill,) 
which have small coupling to e+e-(~+~-); 
heavy photons ( Bo), having a large 
coupling to e+e-; · 
neutral currents, zo 2; and 
vector gluons.3 

The states (exclusive of SU(3) singlet gluons) 
couple directly to e+e-j~+~-jqq-, and can potenti
ally appear as an enhancement in Gee tot or Gee -. ~~ 
at the resonance mass, S = M2, Local variatious 
in the charged/neutral ratio, baryonic or strange· 
particle yields, average momentum <P>, and jet 
structure in the hadronic decays provide signatures 
for those states with significant hadron widths. 

The heavy photons, coupling strongly to e+e-, 
~+~-, produce deviations from QED in e+e- ---) e+e-and 
e+e- -4 ~+~- reactions. Neutral current effects are 
probably best studied looking for y - Z0 inter
ferenc~ with or without· longitudinally polarized 
beams. Possible particle signatures and cross
sections are summarized in Table III-2. 

with 
Many of the above states may also be produced 
other particles, for example 

q 

e- ~~~ 
a) gluons )~; ~-~-----

e+ -- ···-----
/ gluons and 
\ hadrons 

q 

and b) heavy photons, vector mesons (in 2y 
geometry): 

e * _e 
~ ..;:;:-v..-) Bo, pill, '!'Ill 

1 
//~ 

E!' e 
where e* is an excited electron. In these 
the resolution of the detector may well be 
limiting factor in observing these states. 
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TABLE III-2 

POSSIBLE SIGNATURES OF NEUTRAL VECTOR STATES 

CHARACTERISTIC pi I I ,ljr" II Bo zo VECTal 
PRCPERTY GLUCNS 

LEPI'CNIC DECAYS r r small r r large r r -small if SU( 3) ee' ~ ee' ~~ ee' ~~ 
significant singlet 

HADRONIC DECAYS TOT i I rhad "" R 'X GNC 
(LOCAL CHANGES IN a , ~ ' I. 

R, CHARGED/NEUTRAL RATIO, rHADROO'S large j small ree °CC 
r - large 

I HADROOS 
< p > , etc. I 

JET STRUCTURE OF Prob. different Prob. different 
HADRONIC DECAYS from off from off 

resonance resonance 

EFFECTS QED TESTS no yes no no 

LONGITUDINAL POLARIZATICD 
EFFECTS no no yes no 

ESTIMATED (a - l - l -a: ? ee -4~ ) \depends on a ee -4~ total width) 
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10. 2z Production 

In the search for pseudoscalar and scalar 
c = ± 1 objects which can be generated by the 2-
photon production process one important signature 
is a state consisting only of a tagged e+e-and a 
neutral boson decaying into z's, rr0 's, -or 'fl's: 

e e 

The mass range accessible at PEP for observing a 
significant effect in 2z final states with the 
proposed 2z tagging systems (see z-z group report) 
is 

.62 GeV < M < 5.0 GeV at Ee = 15 GeV 

In setting this limit a significant effect was 
defined to be at least 25 events signal in a 
f e+e- = 10+38 cm-2 run and a signal-to-noise ratio 

·greater-than or equal-to 1. These resonances are 
likely to be of the order of 10 KeV in,width. In 
the calculation of the observable cross sections 
it is estimated that the measuring apparatus dis
cussed at the Summer Study would be capable of 
better than 1 GeV resolution in invariant mass of 
the photon pair over this mass range. 

The backgrounds for such resonance production 
would arise from the 300 mb E-photon cross
section (as opposed to the much smaller single 
photon cross-section) from two sources: 

1. Events in which the 2-photon process 
gave rise to a number of rrO's, two of 
which were identified. 

2. Events in which one photon from each of 
two rr 0 's is lost, giving rise to a false 

~ ·2-photon signature. 

It has been assumed that the mass spectra 
arising from such false signatures would be uni
form and that the dominant process would be 2 
because of the expected momentum spectrum of the 
rr 0 's and the angular resolution for resoiving 
separated showers in the liquid-argon type detector. 

With these assumptions the ratio of signai-to
background behaves as shown in the following table: 

Table III-3 

Mass ~ GeVLc2) Signal 

·7 775 
1.0 905 
2.0 267 
4.0 52 
5o0 25 
6.0 13 

where for pseudoscalar or 
4 2 

o dw = ~2 (2J+l)r 
ll M ll 

and the approximation 

Background Ratio 

33 23.5 
78 11.6 
92 2.9 
72 ·72 
53 .47 
40 .33 

scalar resonances 

(r "' 10 keV, J=O) 
n 

signal 4o:
2

E (t.n emax ) 
2

• ! t.n (E-El). 
rr2 J(E-El)(E-E2) 9min 2 . E-E2 

1038 2 em f o dw n 

has been used to calculate the signal 

11. Search for New Particle States at a Single 
Beam Energy (Compton Productio~ 

The radiation of a hard photon by an electron 
or positron before annhilation into hadrons provide 
a method for searching for JPC = 1-- resonances 
over a large mass range at a single beam energy. 

The process considered is shown kinematically 
below: w 

eb Mx 

e --~~/. -~--·>-1{ /-~-- e 
e' ~ 

The corresponding Feynman diagram is: Mx 
e- w e---. .. _,- JY_ 

--J:<._ ___,./" 7 --

+ j"=~·/ Mx + J. 
e. ~ e+ ·._ w 

This process is clearly reduced by a factor a 
relative to the normal single-photon annihilation.l 
However, the annihilation cross-section to be con
sidered is at the reduced value of S' = M2 and 
hence considerably larg~r than at S = 900 Gev2. 

The spectrum of hard photons rgcoiling against 
the mass Mx should show corresponding structure. 
The kinematics are shown below: 

so 4E2 E' =XE 
0 0 

S' M2 4 E E' 
X 0 

4xE2 
0 

= xs 
0 

Thus X M
2
js• 

X 0 

The photon energy spectrum is 

E =W E - E' 
l 0 

= (1-X)E = (1 _ m~ )E 
0 - 0 

so 

The limits are: 

E 0 when M 2E 
l X 0 

and E E when M 0 i.e., a photon. 
l 0 X 

) 

l 
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Unfortunately, the range 0 < ~ < 9·5 GeV is 
all compressed into the region 15 GeV < E~ < 13.5 
GeV, forE = 15 GeV. However, even though the 
resolution°is mass for any realistic photon energy
resolution is likely to be terrible, the advantages 
of a crude mass-search a.t a single beam energy are 
considerable. 

The cross-section is expected to be of the 
form2 

do= E do= G(X)o(S') 
dX o uw 

where G(X) is the probability of finding an 
electron or positron of fractional energy X, and 
o(S') is the normal hadronic cross~section at 
S = S' =XS0 

G(X) 2 ~ [tnfEo) !] (1 +X 2~ 
n \Me 2 (1 -X. 

Thus 

E do _ a [tnf~ o \ 1] ( 1 + X 
2 ~ ( s, ) 

o dw - n ~/ (1 -X 
0
ee+hadrons 

The tn(s0 /Me2 ) term comes from the integration over 
very small angles of emission of the photon. 
Assuming for the moment that these photons can be 
detected down to e')' ,.._, o, we can evaluate the loga
rithim at S0 = 900 Gev2. 

~ [tn 900 
n Me2 

and expressing 

( ') = R(S')o = R(S') SBnb 
'0 hadronJ." n s ~ ~~ S'(GeV2 ) 

we get 

2 
do = 0.051 (1 +X ) R(M2) 
dw E 1 -X x 

0 

If we take the example of the ~(3100), where 
R ,G 100, 

do 100 -1 
dw = 0.3 • 1 • §:b nb GeV 

""3 nb/GeV at the peak. 

This, of course, assumes a good mass resolution as 
in the original ~ experiment. With a resolution of 

2 about 500 MeV/c 
reduced to about 
the background. 

the effective value of R is 
2 and thus the ~ would be lost in 
The mass resolution is given by 

liM 2E w 
X 0 b.W 

~=7 w 
X 

and improves rapidly with Mx so that prominent high 
mass resonances around 10 GeV/c2 will stand out. 
The only background giving high energy tagging 
photons is e+e- --+no X, since Bhabha scattering is 
eliminated by requiring a neutral "tag" and a 
hadron signature in an apparatus like the 2')' sys
tem.3 If we consider the n° inclusive spectrum 
scaled from SPEAR, wa expect 60 events/1038 cffi-2 
at p o >13.5 GeV/c. This corresponds to an aver
age gross-section in the range 13.5 GeV - 15.0 GeV 
of ~o.4 x 10-jb cm2/GeV, and is presumably iso-
tropic. _ 

The problem remains of tagging at 0°. If the 
smallest angle possible is 10 mr, as the 2')' case, 
the gain due.to tn (S0/M~) is lost. However, 
enough sensitivity is probably retained in looking 
for prominent resonances such as the~~~·, etc •. 
Integrals over photon angular acceptances need to 
be evaluated before the sensitivity can be estab
lished. 
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IV. HADRONIC BACKGROOND TO LEPTON SIGNALS 

l. Introduction 

The rejection needed for lepton experiments 
at PEP depends on exactly which type of new parti
cle one is hunting. For pair production in which 
both leptons are observed, signals ,G .01 a~~ might 
be expected. For single lepton experiments the 
level might be ,G.l a~~· In both cases one is 
dealing with lepton momentum spectra that fall 
rapidly with momentum. Furthermore to determine 
the mass of such leptons one wants to run near 
threshold where the signal is supressed by an 
additional factor. Also signals from the leptonic 
decays of new hadrons could be at a lower product.
ion cross-section with momentum spectra that peak 
at lower momenta due to the multi~hadron final 
state in a semileptonic decay. Reduction of back
grounds to ,.._, lo-2 o~~ seems to be a reasonable 
goal for the single lepton experiments. This 
implies that a background rejection against pions 
and kaons ,.._,lo3 is required. Figure IV-3 shows 
this background level at s = 900 and the integrated 
lepton yield from the decay of either of a pair of 
m = 11 GeV heavy leptons. For the two-lepton+ 
unobserved V's signature a considerably lower re
jection ,.._,102/n should be sufficient. 

2. Misidentification of Hadrons as Electrons 

Rejection against charged pions can be achieved 
using the following techniques: 

a) p = E (Momentum of particle = Energy of 
particle deposited into a total absorption 
electromagnetic shower counter.) 

b) Shower growth - pion showers (hadronic 
cascades) in shower counters have differ
ent radial and longitudinal distributions 
tpan electron showers. 

c) Cerenkov - p~ons below threshold (,.._,5 GeV) 
do not give Cerenkov light in atmospheric 
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pressure N2 counters (n - 1) = 3 X lo-4. 
d) Transition radiation - pions give much 

less transition X-ray yield than elect
trans. 

The last technique has been developed to the 
point where a rejection of 10 can be achieved in a 
50 em long module.l These modules are independent 
and can be stocked but the length required is 
excessive for use in or around a solenoid, 

Cerenkov counters are very cheap and easy to 
operate. A 50 em thick atmospheric pressure 
counter could give a sufficient yield. The princi
pal problems are: 

a) The low pion threshold (n - 1) = 3 x lo-4 
means that if Prr > 5. 6 GeV they will be a 
background. Below this momentum, rr/e 
rejections of ~2 X 103 have been achieved 
in experiments.2 

b) Showers.and 6 rays (made in a solenoid 
coil) allow below-threshold rr's and K's 
to be counted as e's. A highly-segmented 
counter can significantly reduce the. 
shower problem. 

These are sufficiently annoying for us to not con
sider them any further. 

A combination of p = E and shower growth 
criteria appears to be the best way to achieve the 
necessary background rejection. Neither technique 
is sufficient in itself. A simple p = E require
ment can only give a rejection of 102 against 
charged pions. Shower growth criteria can have a 
rejection of 103 against rr's having p =E. This 
rejection power diminishes for pions of p > E. 
There is an additional background coming from a 
charged particle entering the shower counter in 
the same region as an energetic gamma ray. Requir
ing p = E and dividing the counter into small solid 
angle segments can eliminate this background. 
Several different combinations of counters can be 
used to give this rejection. For example, see 
Fig. IV-1. 

a) A system consisting of 3 radiation lengths 
of lead glass in one block followed by 15 radiation 
lengths in a second block achieved a rejection of 
~103 on p = E plus shower growth criteria.3 This 
was done without a passive converter (solenoid 
coil) in front. (The division of material into 
the two block was not ideal, more tests could 
improve the rejection power). 

b) A system consisting of a simulated solen
oid coil (~0.7 radiation length) a 1/4" scinti
llator, a 1-radiation length lead sheet, a second 
1/4" scintillator, and then a lead-glass block has 
been tested to give a pion rejection ~103 for 2 
and 4 GeV j c pions using p = E and shOI·rer growth 
criteria. This test indicates that system (a) is 
probably viable when a solenoid coil is present. 
The ~E/E is not severely degraded by the presence 
of the coil and additional counters. At 2 GeV/c 
the lead-glass resolution after a simulated coil 
was measured to be a = 5.3%. 

c) A system consisting of segmented lead
liquid argon shower counter is potentially the 
most promising. It seems reasonable that appro
priate shower growth criteria would give rejections 
better or equal to those in the systems studied 
above. However, there doesn't seem to be any 
available data yet. Furthermore, the cost of lead
liquid argon shower counters has been estimated to 
be 1/3 - 1/2 and the overall thickness 1/2 - 3/4 
of lead-glass systems. 
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Three Types of Electron Identification 

Therefore for the function of electron identi
fication the best system appears to be (if propon
ents are right) a lead-liquid argon calorimeter. 
To completely contain the shower a length of 15 -
18 radiation lengths would be required ( ~ 35 em). 
It should be segmented into a least two but pre
ferably more longitudinal segments. The criteria 
for segmentation in the transverse direction are 
normally dictated by the spatial resolution required 
for y rays. (This is discussed elsewhere.) For 
the purposes of electron identification one wants 
a low probability of having another charged track 
or photon in the same region. Assuming a charged 
multiplicity of 7 and a rr 0 multiplicity of 4 gives 
~15 particles/event. A requirement of < 5% over
lap in an isotropic model suggests that the solid 
angle be subdivided into ~ 300 pieces. 

rro Dalitz decays and the conversion of y's 
from rr0 's are an additional contribution to the 
electron background. A typical apparatus will be 
interested in electrons of momentwn p >Pe and 
sensitive to electrons of P>PL• The background 
comes from these cases where y ~e1 + e2 and 
P,1> Pe and Pe2 < p1 • Pe will typically be 
several GeV/c. P1 would pessimistically be ~ 2 X 
maximum transverse momentum of a trapped particle 
{ ~ .3 GeV /c). (Trapped particles are those whose 
radius of curvature is less than 1/2 the solenoid 
radius.) For Pe2 > PL we observe two oppositely 
charged electrons with 0° opening angle. If they 
come from a conversion they will verticize away 
from the interaction region. 

To estimate this background we can do a cal
culation at 90° to the axis of the solenoid. The 



probability of a n° of energy p giving a back
ground pair after assuming a cogversion or Dalitz 
decay is: 

Frob.~ 

P;,•Pe 

Po 

f 

~ .!..._ min(P P -P ) -P {n L e 0 + 
[ 

~in(P +P ,P ) 

for P < P P L' o e e P e o o e . 

PL ~n min(PL:;e,Po) l 

This function is shown in the Fig. IIJ-2. The 
fact that p1 has a low value results in a strong 
suppression of this background. The value of pL = 
.5 is equivalent to pL = .3 at an angle of 37°. 
As one goes to decays that are further forward the 
background becomes worse for a fixed minimum de
tectable transverse momentum. This suggests the 
use of additional electron detectors in the sole
noid to cover small angles. It also says that the 
background is liable.to be lowest near 90°. 

If we assume that n° production is given by 

(x < .5) 

-:J w-' a. 
v 

N a. 
~Q) 
1\ 
a.-

0.5 
>-
f-- 0.3 ::J 
!D 

10-2 ~ (Momenta £D 
0 in GeV!c) a:: 
CL 

Pe = 1.0 Pe= 5.0 

-198-

2 4 6 8 
Po (GeV!cl 

10 12 14 

Fig. IIJ-2 Probability of Neutral Pion Giving 
Background Electron (Conversion and 
Dalitz Decay) 

and 

do · 3 2.5 2 
S dx = 2.1 X 10 (l - x) nb - GeV (x < .5) 

If on0 = on% = 0.5o charged (a pessimistic 
assumption), and we compare the ratio of the 
Dalitz background cross-section to o ~ at s = 
900 Gev2, ~ 

then .012 
co 

f l da 
• ----Frob. a dp 
p ~~ o PL,pe 

0 

The amount of background from conversions 
depends on the thickness ~f the vacuum pipe. A 
200~ stainless pipe is .Oll radiation lengths. In 
this case the conversion background from the pipe 
is roughly equal to the Dalitz background. 

The above conversion background can be almost 
entirely eliminated if the following configuration 
is used:2 

1. Place a MPWC or drift chamber immediately 
after the beam pipe. 

2. Follow it with a highly segmented scintil
lation counter which is used to measure 
~/dx. ' 

Then we require the presence of a signal in 
the chamber and that the pulse height ·in the 
scintillator be < 1.5 minimum ionizing. Thus a 
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conversion in the pipe or chamber is rejected for 
pulse height and the conversion in the scintillator 
is rejected because there is no track. Real single 
electrons pass both cuts except for the :Sl% that 
start to shower or give a 6 ray in the pipe or 
chamber. Even if the finely divided counter is too 
much of a luxury for a given experiment the chamber 
should be retained for rejection of conversions 
after the beam pipe. 

Thus the Dalitz and conversion background can 
be kept below the level of the pion background 
assuming a rejection of 103, 

This is shown in Fig. IV-3 where we assume 
that the conversion background is equal to the 
Dalitz decay background and that the kaon back
ground rejection (charged K's simulating e's) is 
no greater than the pion background rejection. 
other backgrounds such as leptonic K decays are 
also well below this level if scaling holds. 

3. Misidentification of Hadrons as Muons 

A hadron can be misidentified as a muon by 
two mechanisms: Hadron decay (primarily the two
body decay modes of charged n's and K's), and 
hadron simulation of a muon signature. We will 
consider only energies ?! 3 GeV, and assume that 
muon-hadron discrimination is to be done in a 
layered absorber + detector arrangement. For 
example, a muon signature might be a minimum
ionizing signal in each of a number of scintillator 
planes. Muons of ;::; 2 GeV should remain minimum
ionizing through a typical absorber of 1 meter of 
iron. Crudely, the signature misidentification 
(punch-through) probability is e-n, where n is the 
number of inelastic interaction lengths for a 
typical hadron (i.e., a pion). We should choose. n 
so that this contribution to false ~·s is a bit 
smaller than that from decays. Another possible 
detector would use mean scattering angles in the 
iron (measured by chambers); n still would mean 
the number of 1/e rejection lengths. In any case, 
one requires adequate sampling to catch hadron 
interactions; and adequate angular segmentation, 
to avoid excessive ~ detection inefficiency caused 
by occurrence of a hadron and a ~ in the same 
segment. (Detailed design will be discussed else
where.) 

Decay misidentifications will almost entirely 
be due to n* -7 ~±\i and K* -7 ~±\I • Ignoring lab 
frame momentum-energy differences (even at 3 GeV, 
PK::.:: EK to < 1.5%), for a hadron energy ~' the 
lab muon spectrum is uniform from .574 ~ to ~ 
for n decays and from ,044 ~ to ~ for K decays. 
Wewill consider the two extreme cases of decays 
before and after momentum analysis. It seems un
likely that most decays occurring midway in the 
momentum analyzing device would be spotted as 
decays, so that case is intermediate. 

If the decay occurs before or early in moment
um analysis, then the background at E~ GeV is due 
to hadron decays to E~ from ~ ?! E~. If the decay 
occurs effectively after momentum analysis, then 
the background is due to hadrons of ~ = E~. Be
cause the latter background would be larger than 
the other, even a 15 - 2o% remeasurement of the 
muon's momentum (using magnetized iron) could be 
helpful, especially for K decays. 

In order to estimate decay bac~grounds we will 
use the naive thermodynamic expectation that high
energy n and K spectra are the same; and assume 

that both are obtained by scaling the inclusive 
charged hadron distributions from SPEAR energies. 
A parametrization good to ::::lo% for X = E/E up to 
::::: .8 ( E . = beam energy) is then ° 

0 

for n's and K's separately (but summing both 
charges)*. Most models do not predict as high a 
fraction of K's, so the thermodynamic assumption 
probably represents a worst case. 

If momentum measurements are made only before 
decays, K's contribute 4.7 times as many ~·s as do 
n's at given apparent E~ (including factors for 
decay rates at the same E = E , and the K -> ~ u 
branching ratio), Actual£y, t~e K contribution at 
low energies is somewhat reduced because muons of 
;S 1 GeV or so will range out. At E = 15 GeV, one 
obtains (per meter of decay path): 

0 

da -7.4x 
(~) .-- .• 103 --2!. __ 4 e .ll --- nb 

dx 1 meter Eox dx x 
(x ;:; .8) 

The fraction of misidentified hadrons (n's + K's) 
is thus .0034/x at E = 15 GeV. This is a rather 
large 1. 7% at 3 GeV (but more like 1.2% if we 
exclude ranged-out ~'s), .7% at 7·5 GeV, and .4% at 
12 GeV, 

On the other hand, if the ~ momenta are mea
sured, the K contribution at a given E~ > 0.6 GeV 
is 2.1 times then contribution (since K's spread 
their ~·s over a wider energy range than do n's); 
at lower E~, the ratio becomes somewhat larger, 
because the highest-energy n's can no longer con
tribute. Under the same assumptions for then and' 
K spectra, the muon momentum distributions for a 1 
meter decay path are as shown in Fig. IV-4. The 
total background is for this case only .6% of the 
hadronic yield at 3 GeV, .16% at 7.5 GeV, and .06% 
at 12 GeV. 

In order to better illustrate the results, 
Fig. IV-5 shows the cumulative background spectra 
for E~ > E for both cases, normalized to a~~' the. 
QED ~-pair cross -section ( ::::: • 096 nb at 15 GeV). 
The low-E gains due to muon ranges in the first 
case are not included, Also shown is an expected 
spectrum for the ~\i\i decay of either of a pair of 
11 GeV point-like heavy leptons:--[.A branching 
ratio of 10% is assumed, so.that, including a 
threshold factor, these muons are produced with a 
total cross-section of .13 a~~·) The signal-to
background ratio looks adequate above 3 GeV. How
ever, a higher-mass heavy lepton will lead to fewer 
high-momentum ~·s, and another type of new particle 
might have an appreciably smaller total signal. 

Realistically, the actual background curve for 
a solenoid with external ~ identification will lie 
somewhat below the upper curve in Fig. IV-5, per
haps 1/3 of the way toward the solid curve. (It 
will lie lower still if our conservative K pro
duction assumption proves to be too high,) Never
theless, it seems desirable to do better for the 
detection of certain types of new particles via a 

* The more correct .parameterization given in the 
previous section has been used at x ~ .8, the only 
region in which it matters. 
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single-muon (+ hadrons) signature. One way to do 
better is to roughly remeasure the ~ momentum using 
magnetized iron. Another way is to shorten the 
decay path by beginning ~-hadron discrimination as 
close to the interaction region as possible. (See 
the section on detectors for suggested methods. 
This has the disadvantage that the resolution 
needed for studying less difficult signatures may 
not be achievable.) 

In order that the punch-through background be 
no greater than the decay back~round up to about 
11 - 12 GeV, this requires e- :S .002, or n ""6. 
If this is the number of pion inelastic interaction 
lengths, ~ 1.35 meters of iron is needed. Punch
through of lo-3 has been indicated in Fig. IV-5· 
(If one believes that for any of the reasons given 
above, the decay background will in fact be lower, 
then one should probably design n = 7.) 

Finally it should be noted that for beam 
energies E0 < 15 GeV the decay backgrounds relative 
to a~~ will be larger by a factor 15/E0 at any 
fixed X. (However, the lower momenta will make an 
approach to the analog of the solid curve in Fig. 
IV-5 somewhat easier.) This may be significant if 
it is necessary to search for the threshold of a 
low-mass state. 

4. Conclusions 

One clearly wants to design a new particles 
experiment to detect both ~·s and e 1 s. We cannot 
be sure that every particle which decays to one 
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will decay to the other; and we also substantially 
increase the number of events this way. 

We cannot conclude that for processes leading 
to two charged leptons, it should not be difficult 
to obtain the necessary rejection against misidenti
fied hadrons for either e 1 s or ~ 1 s (above "" 2 -
2-1/2 GeV). For the detection of single leptons 
(especially those resulting from decays of new 
hadrons), the higher rejection obtainable from 
electrons may prove important, and can be crucial 
if the region below 3 GeV is critical. It should 
be emphasized that the muon background curves are 
based on pessimistic K to n ratios, and that the 
electron curves may be technologically pessimistic. 
(The latter provides a cushion against hadronic 
yields much higher than anticipated.) 
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V. THE NEW PARTICLE DETECTOR FACILITY 

1. New Particles Philosophy 

The prediction of properties of undiscovered 
particles is a risky business. However, there are 
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features of most of the commonly discussed new 
particles on which a search for new particles can 
concentrate. The most common in the decay of new 
particles is the presence of leptons. Neutrinos 
can be detected only by kinematical effects caused 
by their absence in the measurement of the final 
state - acoplanarity of lepton pairs:, large momentum
momentum loss transverse to the beam in multi-
hadron events. Charged lepton detection is of 
course straight-forward but complicated at PEP 
because of feed-down from the normal hadronic 
final states. A less universal signature of new 
particles is an increase in strange particle pro
duction. This signature is most easily exploited 
in neutral strange particles where only momentum 
and angle measurements are required to reconstruct 
the unstable parent. Observation of threshold 
behavior in the total hadronic annimilation cross
section can signal the presence of new particles 
possessing no distinctive decay products. Of 
course stable new particles must be detected by 
effects of their mass and charge (ionization, dE/ 
dx, TOF, deflection in magnetic field). 

It is possible_to construct a detector which 
sacrifices most features to emphasize one parti
cular new particle signature. This type of detect
or might contribute to the discovery of a new 
particle but would probably not reveal much about 
the properties of the new particle. Since any 
search experiment will be time-consuming and even 
specialized detectors will be complicated and 
expensive, it is felt that the best detector would 
be reasonably general-purpose but with emphasis on 
good lepton detection. It is felt that other 
general-purpose detectors should include as good 
lepton detection as is possible. The detection 
triggers should be as loose as possible allowing an 
ex-post-facto search for anomalous effects rather 
than presupposing those effects. 

2. Detector - General 

The general features of new particle signa
tures and decays described above indicate the 
feasibility of a new particle facility which 
emphasizes lepton identification and momentum 
measurement, photon energy and direction measurement 
(fort+ y mass reconstruction), vee reconstruction 
and identification, dE/dx (for anomalous ioni
zation determination), time-of-flight (to identify 
slow massive particles), a superconducting coil 
surrounding the beam pipe (for monopole detection) 
and 2y tagging (for o- production). In this sect
ion we describe in detail the design and character
istics of such a facility, The design has not been 
fully optimized in that detailed Monte Carlo 
studies are required to optimally configure the 
various calorimeters, drift chambers and magnetic 
field volumn. The detector consists of a high
field solenoid magnet whose radius is kept as small 
as possible consistent with adequate lever arms for 
momentum resolution and especially enought sensi
tive volume to be able to reconstruct most l~mbdas 
(vee's). The small radius is desirable if one is 
to obtain good muon identification over most of 4n 

.by placing a hadron absorberas close as is feasible 
to the intersection point (consistent with other 
requirements). The magnetic field volume is 
essentially surrounded by liquid argon electron 
identifiers (which also serve as position-sensitive 
photon calorimeters), and by active hadron absorbers 
except for part of the endcaps which serve as 

return yokes and as passive hadron absorbers. High 
resolution time-of-flight detectors based on prox
imity-focused multichannel plate phototubes and 
dE/dx counters surrountl the beam pipe and magnetic 
field volume. ·A superconducting coil-of the type 
used by Alvarez for monopole searches is located 
around the beam pipe at a position. ~ 8 m away from 
the intersection point. In addition, the New 
Particle Facility should be equipped with a sophis
ticated 2y tagging system to cover polar angles up 
to 12o to give tagging in search for scalar parti
cles produced by rr collisions and to increase the 
solid angle coverage for lepton identification to 
include small polar angles. Of necessity, certain 
design compromises have had to be made in order to 
achieve the versatility in detector characteristics 
and emphasis on lepton identification which is so 
desirable in searching for unpredictable phenomena. 
We have for example, foresaken the possibility of 
n-K-P separation above the momenta where TOF is 
useful. Such separation would be quite desireable 
if detailed studies of hadronic final states of 
new particles are to be made. Perhaps the further 
evolution of this detector would include compact 
Cerenkov detectors (e.g., aerogels) for such parti
cle identification, In any case, we feel that the 
Solenoid New Particle Facility offers a conceptual 
solution to the problem of new particle searches at 
PEP. 

In reading the following, reference should be 
made to Figs. V-1/3 which give detailed schematics 
of th~ proposed facility. Figure V-5 depicts 
further details of the modular blocks for electron 
and muon identification shown in Figs. V-1/J. 
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The detector consists of an inner core which
is a superconducting solenoid magnet with minimum 
useful length of uniform field of 2 m and a dia
meter of 1.3 m. The beam pipe is centered in the 
magnet and is s: 200 microns of stainless steel or 
its equivalent. This thickness was chosen to re~ 
duce the level of gamma conversion in the pipe to 
that of· -direct Dali tz decays of i 0 ' s. The beam 
pipe diameter is to be a minimal value consistent 
_with the beam stay-clear region so as to maximize 
the number of vee's decaying in the visible region 
of the magnetic core. The beam pipe is surrounded 
by a multiwire PWC and scintillator for y conver
sion suppression, dE/dx and time-of-flight measure
ments. These elements are described in detail 
below. 

The magnet is essentially a copy of that 
designed by M. Morpurgo for the CCRO experiment 
at the CERN ISR. The coil is constructed of 
~1000 turns of aluminum-stabilized niobium
titanium conductor carrying 3300 A and generating 
a field of up to 20 kG and uniform to 1% in the 
fiducial volume. The coil designed for the CCRO 
experiment is ~ 1 radiation length thick but we 
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hope that with increased experience the coil thick
ness for such a magnet can be reduced to 0.5 
radiation length (minimag has a 0.33 Xo coil). 
The system stores ~ 3 M joules of ma5Uetic energy 
and would consume ~ 20 liters/hour of liquid 
helium. 

The magnetic flux return (see Figs. V-2 and 
V-3) is through eight vee-shaped iron end plugs at 
each end of the solenoid which butt up against the 
hadron/muon calorimeters to complete the return 
path. The calorimeters, which are described be
low, contain sufficient iron to serve as return 
yokes. This magnetic field does not hinder their 
function as calorimeters. Further study may indi
cate that fewer than eight vee end plates are 
required so that a larger fraction of the end caps 
can be devoted to active (hadron/muon modules) 
rather than passive hadron absorber. The vee
shaped end plugs are used to facilitate placement 
of photomultipliers and to maximize the amount of 
end cap devoted to active absorber. A crude map
ping of the magnetic field configuration is given 
in Fig. v-4. 

The cost estimate for the CCRP magnet is 
appropriate to our design. In 1974 this estimate, 
including iron, superconducting coil, cryogenics, 
power supply, mechanical supports, liquid helium 
dewers and transfer lines came to 1.62 M Swiss 
francs or ~ $0.5 M. We estimate a cost for the New 
Particle Facility solenoid of $0.8 M to account for 
inflation, further R and D on thin coils, contin
gency, and other unforeseen cost increases. Table 
V-1 summarizes the properties of the magnet and 
the CCRO cost estimate. 
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TABLE V-1 

Design Parameters of Superconducting Solenoid ~:agnet 

Useful Field Diameter 

Useful Field Length 

Volume 

Magnetic 

Magnetic Energy 

Coil Material 

Number of Turns 

Current 

Total Weight 

Liquid He Consumption 

130cm 

200cm 

3 3.0m 

20KG 

~ 3MJ 

Al
stabilized Ni-Ti 

1000 

3000A 

~ Bo 
Tons 

~ 20 
litres/hour 

CCRO Cost Es~imate (1974 in 103 Swiss Francs) 

Iron (72 Tons) kSF 400 

Al-stablilized Ni-Ti conductor 350 

Cryogenics 200 

Power Supply 60 

Supports 200 

Transfer Line (15m long) 50 

Two 1000 litre dewars 120 

Helium Expansion Ballon 25 

Recovery Line for Helium Gas (estimated) 10 

Miscellaneous 200 

TorAL kSF 1615 

4. Inner Detector 

The problem of the optimum geometry for A0 

identification was studied by Hitlin, Marx and 
Yamin (PEP-164) who concluded that a solenoid geo
metry maximizes the yield (assuming an angular 
distribution of A's given by 1 + cos2 e and momentum 
spectrum as given by Bjorken and Kogut for p's 
at PEP). Figure V-6 indicates the solid angle 
accepted by a solenoid of various aspects ratios · 

·and Fig. V-7 depicts the vee detection efficiency 
calculated by Hitlin et al. Their conclusions, 
which were applied to-solenoids of 3 m length and 
1.5 m diameter with a 5 kG field are almost dir
ectly applicable to this detector because of the 
high field and shorter visible track length required 
for reconstruction. It is the vee reconstruction 
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efficiency which determines the shape and vclume of 
the magnetic field required. 

The volume inside the solenoid magnet is 
filled with position-sensitive detectors to form 
a "pattern recognizer". Two configurations were 
considered - - an array of cylindrical drift 
chambers and the time projector detector. In prin
ciple a streamer chamber would serve as such an 
inner detector. For track recognition and momentum 
measurement we will propose the canonical drift 
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TABLE V-2 

MWPC and DC Parameters 

Length 
Chamber Radius Planes Z-Readout Sectors 

MWPC 8,42 1 none 

DC 1 14,80 2 54-90°, delay line 

2 26,180 2 120-90° strips 

3 38,180 2 120-90° strips 

4 50,180 2 120-90° strips 

5 62,180 2 120-90° strips 

chamber system.l There are several different 
schemes for large solid angle solenoid systems 
that are currently entering development or final 
construction. In a few years a more realistic 
choice will be possible. At this time there is 
more speculation than anything else. 

2 

2 

4 

6 

8 

10 

For a new particle detector the momentum 
resolution does not have to be pushed to its 
limits. 1':. pfp ~ .01 should be sufficient. Further
more, we do not have to worry very much about 
multiple scattering errors. A contribution of 
a ~l- 2% should be tolerable. It is. also true 
that the polar angle e does not. have to be measured 
extremely well or the mass resolution would be 
dominated by momentum measurement errors (see 
section on ey or II). Therefore a (liz)~ 1 em will 
be sufficient. The important points are high 
efficiency for reconstructio~ including the recogni
tion of vee's coming from the decays of neutral 
particles and the rejection of the conversion 
background to a single electron signal. 

The first detector that a particle sees after 
passing through the beam pipe is a small MWPC. 
This chamber is not used for momentum measurement 
and could have its wires distributed azimuthally 
every 2 mm. This is followed by a scintillation 
counter that is divided into several azimuthal 
segments which are viewed at each end. The princi
ple function of these two devices is the rejection 
of rr 0 conversion background (see lepton back-
ground section). · 

The region from r = 11 em to r = 65 em is 
occupied by a system of 5 double. gap drift chambers 
modules with induced cathode signal readout for the 
z-direction. (See Table V-2). At each of these 
modules the full position and the local tangent 
angle in the (r,¢) plane will be measured. Three 
such measurements are necessary for a fit of a 
track's momentum. Two are probably sufficient to 
recognize the existence of a track. Thus, recog
nition of the vee's will extend to vertices at 
r = 50 em and mass r'econstruction to r = 38 em. 
In a similar sense track recognition and recon
struction will extend down to ~ 20° ( .94( 4rr)) for 
tracks originating at the interaction point. The 
transverse momentum resolution2 for fully measured 
tracks would be a = .009 p for an assumed drift 
chamber resolution of 200 f.l• Similarly, a(llrtJ) ~ 

Wire # #of Cost 
Spacing of Cathode 

(mm) Wires Readouts 
2 250 $5 K 

15 120 loS Construction 

15 220 240 @ $6K/m2 

- $300 K 
15 320 240 Electronics 

15 420 240 @ $100/readout 

15 520 240 - $260 K 

TorAL 160C 1068 $560 K 

1.3 mr and a(lle) ~ 17 sin2e mr for cr(llz) = 1 em. 
Somewhat better resolutions can be obtained by 
fitting observed tracks to the reconstructed 
event-vertex. 

The basic drift chamber design consists of 
~ 200 em long chambers ( 180 em active) with drift 
wires every 1.5 em along the circumference. The 
drift wires would, of course, be staggered in each 
pair of gaps in the usual manner (see Fig. V-8). 
The individual gaps could be 1 em although the 
practicality of such a geometry in 20 k& fields 
still needs some testing. There would be no azi
muthal field shaping and the time measured should 
correspond to the distance of closest approach of 
the track to a wire. The maximum dr'ift time would 
be ~ 150 ns and, to maintain the full potential 
resolution, would have to be measured-to ~2 ns. 

For the z-readout we could have 90°-stereo 
strips. 3 em-wide strips are sufficient to give 
1 em resolution in each plane. The pairing between 
sense wires and cathodes can be done by demanding 
that the time on the cathode strip agree with the 
time on the sense-wire. For the outer four 
modules it is sufficient to have a simple cathode 
strip. In the innermost module the probability of 
a given sense wire or cathode strip being struck 
twice ie quite high. If there are two hits on a 
wire (or strip) there is a large probability that 
one will be lost due to the effective 50 - 100 ns 
minimum detectable separation between two pulses 
on the same wire. To minimize this effect we can 
make the cathod strip into a delay line of velocity 
~2 ns/cm. This 44 em line is very easy to do with 
a simple zig-zag trace on a printed circuit. For 
this short length the usual dispersion-problems 
are negligible. Thus under normal circumstances 
we measure 3 times for each hit ts, tz1, tz2 • 
From this we have to determine which sense wire 
was hit, at what time, and at what distance along 
it. Any two of these times is sufficient. For 
example, if we have lost ts due to a multiple hit 
on the sense wire there is a high probability of 
still having the two z readouts. In this case, 
t 2-t 1 tells us which serise wire was hit and tz2+ 
tz1 _zt

1 
(where t 1 is the full propagation time for 

tfie line) tells us when it was hit. The number of 
the z-readout gives us the zee position. 
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The modules could be constructed as shown in 
Fig. V-8. Each module is divided into sectors of 
arc length --"' 40 em. The fabrication of several 
identical sectors for each radius and the more 
manageable size of the individual sectors should 
simplify the construction and lower the cost of 
these chambers. The sectors for each 1/2 cylinder 
can be held together at the ends by semi-sircular 
support rings. The ten half-chambers can be hung 
on vertical supports at each end of the solenoid. 

We employ a sandwich construction using either 
foam or Hexcel as a low density matrix which is 
given rigidity by skins glued along the two faces. 
This assembly can be made into a cylindrical shell 
in an appropriately designed press. The skins 
(mylar, Kapton, or fiberglass) will. be the,cathode 
strip printed circuit in two cases (skins 2, 5 in 
Fig. v-8). This circuit is identical for the outer 
four modules. The other four skins will be covered 
with a plain copper or aluminum layer. The outer 
two (1, 6) can then serve as part of a Faraday 
cage for the entire chamber. 

The signals from the cathode strips of each 
sector can be taken out on minature co-ax ( ~ l mm 
OD) at the edge of each sector. For all but the 
smallest radius the outputs of the cathode strips 
at a given zee can be OR 1 ed for each half-cylinder 
before being amplified and digitized. For the 
first module we want to look at both ends of each 
delay line. Those lines have to ~ terminated at 

, their ends and the signals can be taken out after 
an emitter follower. All signals can be taken out 
of the solenoid on co-ax cables to external ampli
fiers. There is no need to have any power dissi-

'pation in the solenoid. This is important because 
temperature gradients can effect the alignment of 
the chambers and, therefore the wire positions. 

Particl~s which have lifetimes in the range 
lo-ll to 10-~ sec can be observed as visible 
"kinks" or "vees" within the detector. These could 
either be the known kaons and hyperons, or new 
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unstable particles which are produced at "PEP. The 
minimum decay distance which can be observed is 
limited by the finite beam size of Ox = 1.2 mm. 
With a vacuum pipe of = .01 radiation length at 
10 em radius, and 0.2 mm resolution in the tracking 
device, the displacement at the beam is smaller 
than the beam size. 

In order to obtain a feeling for the mass and 
momentum resolution possible inside a 70 em radium 
pattern recognizer we consider the case of 1\ decays. 
We assume that the 1\ 1 s decay in a plane perpendi
cular to the beam axis, at their mean decay dis
tance. We use curves·for the momentum and angular 
resolution given in Fig. V-9· In the region of 1\ 
momentum from 0.2 to 5.0 GeV/c, the mass is deter
mined to ~ ± 2 MeV, but above 5 GeV / c the resolut
ion rapidly becomes worse due to the long decay 
distance and reduced momentum resolution. Most of 
the momentum resolution of the 1\ comes from the 1\ 
measurement of the proton momentum, so the 1\ 
momentum, resolution follows the curve of llp = 
0.0075p2, up to the point where the decay distance 
becomes important at 5 GeV/c. We have not included 
the fact that for f, 1 s with long decay paths, we 
have the additional constraints from the 1\ direct
ion. 

For massive particles produced nearly at rest, 
the mass resolution is approximately equal to the 
momentum resolution of the two outgoing particles. 
Hence a 5 GeV particle produced at rest will have a 
mean resolution of ± 40 MeV, and a 10 GeV particle 
will have a resolution of ± 160 MeV. 
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The complicated experimental question of 
understanding the origin of a new particle signal 
is discussed elsewhere in this report. This dis
cussion leads to a possible criteria for momentum 
resolution in the pattern recognizer in that one 
can use the momentum distribution of leptons from 
heavy lepton decay in order to learn about the 
structure of the currents responsible for the decay. 
Since some models now prefer heavy leptons coupled 
to V + A currents we require sufficient momentum 
resolution to resolve V - A and V + A heavy lepton 
decays from the measured momentum distribution of 
the final state charged lepton. As indicated in 
Section III.4 a value of ~pjp? ~ 0.75% is suffici
ent to separate the V + A from the V - A hypothesis 
adequately. This criteria may·not be the most 
sensitive physics choice since angular distribut
tions may contain more information, but it has 
been useful as ·a solvable quantitative problem for 
evaluating whether the resolution of the pattern 
recognizer is of any value other than for mass 
reconstruction (ll., tr, ... ) . Further studies of 
the new particles facility should include Monte 
Carlo simulations of particles decays and attempts 
to analyse these simulated events with resolution 
effects included. Unfortunately this is too time
consuming a chore to be attempted during the Summer 
Study. Perhaps if ~uch ~alculations are done by 
the designers of. Mark II, they can be adapted to 
the new particle Facility in order to answer quest
ions of the extraction of detailed physics, rather 
than just a signal, in light of the resolutions 
we hope to achieve. 

5· Outer Detector 

Possible configurations for TOF counters are 
depicted in Fig. V-5 and their placement in the 
detector is shown in Figs. V-1 and V-2. The TOF 
is based on the availability of proximity-focused 
multichannel phototubes. These tubes contain 
flat m.ultichannel plates .~1 mm from a flat photo 
cathode so.as to give a jitter in response time 
of less than .100 ps (as experimentally determined 
from phototypes). The multichannel plates have 
gains of ~106 and thus produce signal levels simi
lar to those produced by proportional wire chambers. 
The tubes would be read out by an anode .(possibly 
segmented) at the back ·of the plate and PWC-type 
readout electronics. If such tubes become extreme
ly cheap by ~1980 (an unlikely possibility) one 
can. envision flat "tubes" with large areas ( ~ 0.5 
em thick) lvhich can be placed in arrays behind 
plastic scintillator to give. high-re·solution (~T~ 
lo-10 sec) segment~d TOF hodoscopes. If these 
tubes are too expensive to .cover 10 - 15 m2 of 
area, the scintillator can be viewed edge-on so 
that slabs of scintillator placed parallel to the 
cylinder axis as shown in Figs. V-1 and V-2 can be 
read out from both ends by such tubes. By correl
ating the time of signal arrival at each end the 
impact point along the axis can be determined so 
that the TOF from the interaction point can be 
calculated. If single photoelectron thresoold 
levels are used one would be sensitive to Cerenkov 
light from the scintillator from particles with P 
>·1· For scintillator several mm thick this 
should allow time resolutions matched to those 
achievable with multichannel phototubes. Figure 
V-10 depicts the mass resolution achievable if ~T 
= lo-10 sec over a distance of 1 m for particles of 

various momentum and mass. The figure shows the 
range of mass and momentum where stable new parti
cles can be recognized by such TOF resolution 
( M > 2 GeV, ~ M ,; 2 M so that the ne1-r objects can 
be separated from the proton). K-rr separation to 
2 is achieved up to 1.7 GeV/c and K-P separation 
to 2 a is achieved up to 3 GeV /c. For time resol
utions other than ~T= lo-10 sec or distance 
differing from d = 1 m the vertical scale in Fig. 
V -10 can be scaled by ~T /d. 

Scintillators and conventional phototubes 
for dE/dx measurements (to search for anomalously 
ionizing particles) are located as depicted iri 
Figs. V-1 and V-2. If we assume that each TOF 
counter and dE/dx cost $1K /channel of PMT and 
digitizer and scintillator is $1 Kjm2 the cost of 
TOF, dE/dx and trigger co~>ters is $280 K. 

The importance of lepton identification and 
the background levels associated with single lepton 
identification have been discussed earlier in the 
report. The New Particle Facility uses lead plates 
and liquid argon for electron identification and 
r-position measurement and calorimetry. Figures 
V-1 and V-2 depict the placement of these electron 
modules and Fig. V-5 depicts the configuration of 
one such module. 

We have chosen liquid .argon ion chambers with 
lead plates as an electron-photon detector because 
of its compact size and its good rr-e separation 
capabilities. Each cell in the detector will have 
1.5 mm of lead and 2.5 mm of liquid argon, so 22% 
of the shower energy will be deposited in the argon. 
This relatively small percentage of energy into 
the active converted implies less than optimal 
energy resolution, but we have traded resolution 
for compactness, since the detector is only 24 em 
deep, not including the cryostat. The rr-e sepa
ration is enhanced by our ability, with a liquid 
argon detector, to segment the detector longitudi
nally. 

Physically, the detector consists of 60 cells, 
with each cell comprised of a 2.5 mm liquid argon 
gap and collection plates embedded with 1.5 mm of 
lead. The electron collection time for pure argon 
is 450 nsec.3 The total detector depth is 17.1 
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radiation lengths with 94% of the radiation lengths 
in the lead. In the transverse cross-section, each 
module is 60 em by 20 em, so that the capacitance 
of each module is 41 nF. The longitudinal devel
opemtn of the shower will be monitored by electri
cally dividing the module into 5 regions with 
different depths. Each of the first four radiation 
lengths will constitute an individual recion and 
the remaining 13 radiation lengths will be the 
final region. Since the momentum of an electron 
going into the detector will be known, this longi
tudinal segme~tation should reject hadrons better 
than 1 in 10. The transverse position of the 
shower will be determined by segmenting the electro
des in the third radiation length in depth into 
2 em strips. The first two cells will have x
strips and the next two cells y-strips to give 90° 
stereo. With this segmentation, 44 amplifier 
channels will be required for each module. As 
part of the total hadron calorimeter, the electron
photon detector represents 0.67 nuclear ausorption 
lengths. 

About 92% of the photons will convert before 
reaching the transversely-segmented region of the 
detector. The radial size of the photon shower can 
be estimated from the Moliere radius,4 which is 
about 2 em for this ratio of lead to argon. Typi
cally, 70 to 8o% of the shower energy is deposited 
within this radius, which we have chosen as the 
width of our transverse strips. With interpolation, 
location of the gamma with. o ~ 1 em should be possi
ble. 

The energy resolution for gammas is the result 
of three sources of error added in quadrature. 
They are electronic noise from the FET in the 
charge amplifier, sampling fluctuations due to the 
presence of a passive radiator and sampling fluctu
ations from the escape of energy out the back and 
side of the detector. !Willis and Radeka, 3 using 
a similar detector, have shown that the unavoid
able FET noise is related to the square-root. of the 
detector capacitance by the equation 

o . = (2.4 MeV) jC 
no~se 

where C is the detector capacitance in nF. Be
cause of the small shower size, most showers will 
involve only one detector module, which gives 
o . = 15 MeV. The sampling fluctuations due to 
tR~1~~ssive converter are proportional to ~ 
where E is the photon energy. The normalization 

of this error can be done several ways, but, pro
bably the most reliable method is the fact that 
experiments with a similar configuration show a 
resolution of .07/ jE which mostly results from 
these fluctuations. With 17 radiation lengths of 
material in this detector, the energy losses out 
the back will be negligible except for the highest 
energy showers. Similarly, the small transverse 
extent of the shower makes the problem of radia~ 
energy loss relative small. Figure V-ll shows the 
estimated resolution for this detector for gammas. 
Each liquid argon module has 40 strip readouts (no 
ADC, ~$30/channel) and 4 ganged plate readouts 
into an ADC ( ~:plOO/channel). The electronics for 
each module costs ~ $1600 and the system contains 
144 modules giving an estimated electronics cost 
of $230 K. The electron modules cover an area of 
~ 15 m2 which gives a net cost of $225 K when 
Hitlin' s figure of $15 Kjm2 (including electronics) 
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is used. A reasonable cost is then something 
above $250 K - - we guess $300 K. 

Judging from the experience of the CCR group 
with lead glass and segmenting of the first few 
radiation lengths, we exEect a hadron rejection 
level of better than 10-j. In the next year or so 
the experience of the Mark II group and Willis at 

·· CERN will hopefully provide confirmation of this 
expectation and also better data on the optimal 
configuration for liquid argon detectors. Lacking 
this information we have designed the system with 
the goals of achieving the values of o , LIE/E 
and hadron rejection. given above. x 

The strip readout, which dominates the cost 
of the electron modules, was included to measure 
r directions os that excited leptons which decay 
to tr can be investigated through reconstructing 
the tr mass spectrum and so that massive pseudo
scalara with decays into rr, pr, rur, •••• can be 
reconstructed. Using the parameters given here, 
Fig. V-12 depicts the tr mass resolution for various 
values of the mass and energy of an excited lepton. 
Mass resolutions of ~0.5 GeV are achieved for 
masses up to 7 GeV/c2 • For heavier masses in the 
1 to 4 GeV region the mass error is due almost 
entirely to the error in the energy measurement 
since the opening angles are so large for the range 
of PEP energies. 

The hadron rejection to lo-3 predicted for the 
electron modules, the 200 ~ beam pipe thickness · 
and the predicted n° spectrum can be used to pre
dict the single electron background on this facil
ity. The calculation and criteria are described 
in detail earlier in this report; the result is 
summarized in Fig. V-13. The single electron back
ground for electrons of momentum greater than P0, 
normalized to a hypothetical signal of single elec
trons of cross-section o /5 is shown for all 
sources of background (D~~itz decay, r conversion, 
hadrons fooling electron modules). The background 
is less than lo% for P0 > 2.5 GeV/c and is less 
than 2% for P0 >5.5 GeV. 
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Muons are ident-ified by the hadron/muon modules 
whose placement is shown in Figs. V-1, -2, ~3 and 
whose configuration is depicted in Fig. V-5· A 
single module is 1.10 interaction lengths deep, 
made of three iron plates, each 6 em thick with 
scintillator between the plates. The scintillator 
is read out by phototubes at each end (into ADC' s 
and TDC · s} so that pulse height information and 
timing to determine position along the counter is 
extracted. The counters in the azimuthal detector 
are segmented into 16 azimuthal-segments (two per 
octant) and segmented along the solenoid axis into 
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two segments. This segmentation reduces the prob
ability of a muon being vetoed by a hadron into 
the same segment. -The hadron/muon modules in the 
end caps are of similar design with the segmentat
ion indicated in Figs. V-2 and V-3. Five and one
half interaction lengths of depth of such modules 
(in addition to ~. 7 interaction length in the 
liquid argon) cover the full solid angle of the· 
detector except in the end caps where for part of 
the area the magnet end plates replace the first 
three interaction lengths of hadron/muon modules. 
These active hadron absorbers have fine-enough 
sampling to essentially give complete muon identi
fication to the level of hadron punch-through. A 
traversing muon gives uniform pulse height (except 
for Landau fluctuations) while any hadron inter
action produces large energy deposition-and very 
non-uniform pulse heights. Except for punch~ 
through the hadron rejection should be ~lo-5 or 
better. For six interaction lengths (a hadron sees 
6.2 Aint in this facility) tte punch-through 
probability is 2.4 .X lo-3. As indicated in the 
section of this report describing backgrounds to 
muon identification, a hadron absorber need only 
be so thick as to give punch-through probabilities 
matching the backgrounds due to meson decays in 
the central free space. In the detector, meson 
decays dominate for muon momenta less than 6 C&V/c 
and the two backgrounds are approximately equal 
above 6 GeV/c muon moment.um. Figure .V-13 depicts 
the backgrounds to single muons as was done for 
electrons. The electron signal is seen to be low
er in background than the muon signal by a factor 
of 10 at 2 GeV/c and 3 at 5 GeV/c muon momentum. 
We note that much of the iron in the hadron/ 
muon modules is ·magnetized in its role as return 
yoke for the solenoid magnet. The presence of 
drift chambers as the most outside element of the 
detector will thus provide a crude ( ~2Cf/o) meas
urement of muon momenta outside of the pattern 
recognized so that the meson decay background 
appears at the muon momentum rather than the 
larger parent meson momentum. This a postiori 
measurement of the muon momentum thus has the 
effect of decreasing the effective single muon 
background at higher muon momenta. The ability of 
the hadron/muon modules to give.crude hadron 
calorimetry helps to suppress beam-gas background 
in total cross-section bump hunting. 

The outer drift chambers have been chosen to 
contain 5 em cells in order to match the multiple 
scattering of muons in the absorber and to limit 
the sensitive time T - 1 !-!S• At $100/drift wire 
these chambers would cost- -$100 K. 

The hadron/muon modules contain -300 tons of 
iron plates, 400 m2 of scintillator, and 160 
channels of 5" PMT, TDC, and ADC. If we assume 
the iron plates cost $1 K/ton, the scintillator 
#1 Kjm2 (liquid scintillator would be substanti
ally cheaper), and $'750/channel for PMT, base and 
electronics, the hadron/muon modules cost -$820 K. 

The Solenoid New Particle Facility requires 
two types of auxilliary detectors. First, a super
conducting coil of the sort used by Eberhard and 
Alvarez in their monopole searches. Such a coil 
would circle the beam pipe at a distance of -8 m 
from the interaction region and would detect stable 
monopoles which are accelerated in the beam direct
ions by the solenoid magnetic field. Such a 
technique is detailed in the literature and else
where in this report. The second auxiliary detect
or is a 2y tagging facility which would serve 
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TABLE V-3 

95% X 4m 

:5 l0-3 

:$2.4 X 10-3 

>BCJ'/o 

·75% 

7%//E 

1 em 

See Fig. 

See Fig. 

See Fig. 

See Fig, 
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V-9 

V-12 

V-15 

V-10 

V-13 

- 430 Tons 

Cylinder: radius 

250 

1600 

$ Boo K 

2m, Length 

TOF + dE/dX + Trigger 280 

Electron Modules 300 

Hadron/Muon Modules 820 

Outer Drift Chambers 300 

Pattern Recognizer 560 

SUBTorAL $ 3060 K 

ENGINEERING, SUPPORT STRUCTURE CONTINGENCY 1530 K 

several purposes. It is necessary for total cross
section measurements (and bump hunting for JPC = 
1-- states like w's) and for tagging 27 production 
of pseudoscalar states. In addition it provides 
lepton identification at polar angles below 12°. 
The use of 27 processes to search for new parti
cles is described elsewhere in the report. 

If we use the formula of the 77 study group 
for the missing mass resolution derived from 
measurements of the tagged electron and positron 
and assume 1% measurement of the electron and 

_positron energies for a particular event in which 
the scalar or pseudoscalar is made in the absence 
of other particles, we can calculate the resolution 
in the mass of a 77 system of mass w. Figure V-14 
depicts this resolution as a function of w. The 
shaded area spans the space of possible yy decay 
configurations •• rFor values of W below 4 GeV the 

TorAL 4590 K 

' resolution is rather discouraging, independent of 
decay configuration, 

6. Summary 

Although the Solenoid New Particle Facility 
described here is optimized for the observation of 
new phenomena at PEP, it can be used to study 
other, expected, physical processes whose char~ 
acteristics are matched to the detector's capabili
ties. Much of this physics is described in detail 
in other PEP reports. These include ~ and Ks 
inclusive studies~ total hadronic cross-section 
measurements and especially weak interaction experi
ments using lambda longitudinal polarization as 
a polarimeter to search for parity violating effects. 
Such effects and their measurement were described 
by Hitlin, Marx and Yamin (PEP-164) and are of 
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obvious interest in their own right. They an~ also 
relevent for new particle search in that, quasi
stable hadrons and heavy leptons can be expected 
to decay into strange particles through parity 
violating transitions. For this reason, this 
detector was scaled to observe A0 's - not only to 
observe anomalous strangeness production from 
charmed particle decay, but also to use the A0 

polarization to spot thresholds due to weak decays 
of ne1-r particles. The obvious utility of total 
hadronic cross-sections and lepton pair cross
sections to new particle searches has been demon
strated at SPEAR. 

In Table V-3 we summarize the particle 
characteristics of the Solenoid New Particle 
Facility. It is a large solid angle detector with 
a multitude of characteristics of special relevence 
to ne1-r particle searches. As such we feel· it is 
the kind of system best suited for studies of the 
"expected" new phenomena at PEP, and, more import
antly, it is a system which may optimize the 
chances of being at the right place and time to 
observe the entirely unexpected phenomena which 
accompany all new accelerators. 
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VI. SPECIALIZED NEW PARTICLE DETECTORS 

1. General User Magnet 

The ideal charmed particle detector shown in 
Fig. V-1 could in principle be adapted to the 
proposed General User Magnet. The main differ
ences between the two magnets are the larger sizes 
of GUM. 

R 
L 
B 

GUM 

1.2m 
4 m 
15 kg 

New Particle Detector 

against 1 m 
against 2 m 
against 20 kg • 

The momentum resolution of the GUM is slightly 
better than that of our ideal detector (Bq2 = 
s.6 kgm2 against 7.20 kgm2). Its larger size 
implies that the external detection equipment 
(argon counters and y-h identifiers) would be 
20-301o more expensive. Also the larger distance 
transversed by any n before it can be identified 
as such implies that the n/~ rejection will be 
slightly (20%) worse. A possible arrangement 
using GUM as the central detector is shown in 
Fig. VI-1. If a continuous coil design is chosen 
for GUM, the radiation length presented by the 
coil would be the same. The end cap o.f GUM can be 
can be adapted to act as ~/h identifier. Should 
light detectors using micro channels become com
mercially available, it may well be advantageous 
to put the TOF inside the coil, thus making the 
two outer detectors even more comparable in .size. 
(These devices presumably would work equally well 
in a magnetic field.) 

There is a point to be made about the use of 
a general purpose detector as a new.particle dis
coverer. That is, most attempts at identifying 
new hadronic quantum numbers at PEP involve 
studies of statistical distributions: e.g., K/n 
ratios, thresholds in scaling violations at small 
x, mass bumps, etc. It is also possible to dis
cover a new quantum number, like charm, with one 
fortuitous event. One need only find a violation 
of strangeness conservation. Consider an event 
1-1here a charm-anticharm pair are produced (with 
or without other particles). If both members of 
the pair decay hadronically, one to a strangeness 
zero final state and the other to a state with non
zero strangeness, then a detector which can detect 
all secondaries in the event and identify all 
strange particles would tell us that strangeness 
violation (and perhaps the existence of charm) 
has been found. One would see an event which is 
a 4-C fit with non-zero strangeness. Th~ General 
Purpose Detector proposed at the 1975 PEP Summer 
Study (4n charged detection and hadron identifi
cation by Cerenkov techniques) could be such a 
detector. 

2. "Split Chamber" 

It is very well possible that excited states 
of the muon exist. Such states, apart from having 
the decay~*~~+ y, would also show the electro
magnetic decays~*~~+ 2n, ~ + 3n, etc. In order 
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to study such decays, the n/~ rejection in the 
present detectors may not be adequate. If we 
assume that the ~* are produced without a form 
factor, and the branching ratio into hadrons is 
B = 1%, then 

cr(e+e- ---> p.*p.---> p.p.nn)< ~:::;: 10-3 

cr(e+e---->h) -R 

Threshold effects would further depress this ratio 
and since one of the two muons from the reaction 
would typically have low momentum ( < p > :::;: 15 GeV / 
No. n's + 1) the n/p. rejection of the detector may 
not be sufficient. However, it would in such a 
case be possible to remove part of the inside track
ing device and replace it over an azimuthal range 
b.¢- n/2 - n/3 by a n/~ identifier similar to those 
used outside. The material of the now rather small 
internal n/p. identifier would have to be non
magnetic. Its purpose would be to yield for single 
fast muons a n/p. rejection of 1-2 X lo-3. This 
rejection factor, when multiplied by the rejection 
factor n/p.- 2% of the slower muon, would enable 
one to study such processes with only a small back
ground. 

J, Liquid Argon Neutrals Detector 

LAND (Liquid Argon Neutrals Detector) empha
sizes the high energy-and-position-resolution 
detection of neutrals without some of the dis
advantages of other 4n neutral detectors such as 
the Nai (Tt) Crystal Ball. The major advantage 
over the Crystal Ball is_the presence of a magnetic 
field and high resolution drift chambers iwmedi
ately surrounding the interaction regions, which 
permits tracking and momentum resolution on charged. 
particles. This momentum measurement and the 
longitudinal segmentation possible with liquid 
argon also improves the n - e discrimination 

50 em 

Fig. VI-2 OFF-AXIS Solenoid Detector 

capability. The trade-off for the best energy 
resolution is a large percentage of liquid argon 
compared to any passive heavy radiator which makes 
the LAND detector quite large. External muon 
identification is, therefore, not possible. 

The group investigating LANnl did not reach 
an absolute conclusion about the inclusion of 
passive radiators within the liquid argon. These 
radiators degrade the energy resolution by intro
ducing a fluctuation resulting from the variable 
amount of energy deposited in the liquid argon. 
The pure argon detector, on the other hand, permits 
the shower to spread radially over large distances. 
From the Moliere radius of 8.5 em, one can estimate 
that a region 0.5 m in diameter will be required to 
capture 9~~ of the shower energy.2 If a new parti
cle is produced in a complicated state with many 
photons, the pure liquid argon detector may have 
hopeless ambiguities. Pure argon does have the 
advantage of short absorption length compared to 
radiation length. A 15-radiation length detector, 
for example, represents 2.6 absorption lengths. 
Even without external calorimetry, this detector 
would give about 200 to 1 rejection of n pairs as 
p. pairs. 

The energy resolution of a pure liquid argon 
detector is somewhat speculative. In principle, it 
is limited only by the capacitance of the detector, 
the amount of radial spreading of the shower and 
the energy which leaks out the back. Since there 
is no passive radiator, in a pure liquid argon 
detector there is no error due to sampling. Liquid 
argon also does not have the low photon statistics 
problem of lead glass nor the light collection 
and crystal homogeneity problem of Nai( Tt). Of 
course, "gremlins" may appear but an energy resolu
tion of J%/E should be possible. The resolution 
depends on E rather than IE because it is domi
nated by electronic noise. (This resolution 
requires a detector to insure that the gamma has 
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not converted in the solenoid coil.) Adding pas
sive heavy radiators worsens this ·resolution and 
changes the energy dependence of the resolution to 
IE except at the lowest energies. For example, if 

only 2o% of the shower energy is deposited in the 
liquid argon, as is the case ·for the electron
photon module in the general new-particle detector, 
then the

1
energy resolution above 500 MeV is about 

1'/u/ ft . 
Because the general new-particle detector 

involves the use of lead-liquid argon modules and 
a magnetic field surrounding the interaction 
region, it is instructive to compare a pure argon 
LAND with the new particles detector. The two are 
quite similar, but the LAND has better .energy 
resolution for the gammas traded for poorer muon
hadron identification. The transverse position 
resolution for the gammas is also somewhat better 
for the LAND as is the rr-e separation, both be
cause of the greater segmentation of the detector. 
A detailed study would be required, however, to 
quantitatively estimate these differences. 

In summary, for the new particle quest, LAND 
is superior to the general detector only for the 
study of heavy electrons which decay e * --> er. The 
muon-hadron separation and the inability of LAND 
to measure total energy by calorimetry are severe 
disadvantages in new particle searches. Indeed, 
unless the e* has a pathological decay scheme, it 
is likely that the )' will have sufficient energy 
for the general detector to do an acceptable energy 
measurement. We conclude that LAND has only limited 
use for a new particle search. 
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4. Off-Axis Solenoid 

One of the problems of single ~ search at PEP 
is the background from meson decay. The effect of 
the -1m decay path typical of most solenoid de
tectors is to make a single ~ search for p~ S 
3 GeV/c very difficult. The easiest way to reduce 
this problem is to reduce the decay path. 

2.0 

~ 1.6 
c 

b 
1.2 

2: 

' ~ 0.8 

0.4 

0 
0 2 

~ Phase Space 
--------------

3 4 5 6 
Mrrrr (GeV) 

Fig. VI-4 Multiparticle Mass Resolution in 
Streamer Chamber 
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One way to reduce the decay path is to parti
ally fill the interior of the solenoid with a 
dense non-magnetic material. Th:is essentially 
wastes the magnetic.field in that region. An 
equivalent effect can be achieved by moving the 
beam pipe OFF the axis of the solenoid without 
the loss of the magnetic field region. This ·allows 
an improved momentum resolution for particles in 
the opposite hemisphere. It also should be possi-:
ble to use the same detectors as the normal sole
noid configuration if they are designed in advance 
for this option. The problem of compensating for 
the effect of the magnetic field is probably equi
valent to that for the normal solenoid. The radi
al field that occurs in the beam pipe near the end 
caps is small if the iron is not saturated and can 
be further reduced by surrounding the beam.pipe 
with a ~-metal jacket in that region. 

5· Streamer Chamber as a Core Detector for New 
Particle Searches 

The principal report done on the streamer 
chamber during the study is included in the Gene'ral 
Detector Group report. Here we review the proper
ties of such a system and note its characteristics 
as a new particle detector. 

Due to the high information densities possi
ble with current electronic readout techniques, the 
streamer chamber can be used for very precise 
charged particle momentum measurement. With· a 
chamber of length 1.5 m, outer radius .9 m and 
inner radius .25 m in a magnetic field of 15 kG, a 
measurement with t:.P/P < 1% up to p = 10 GeV/c 
appears feasible over .75 X 4rr solid angle {see 
Fig. VI-3). Angular measurements of comparable 
precision can be made," with resulting excellent 
multi body mass resolution (see Fig. VI-4). · ., , 

Particle identification by ionization is 
possible over approximately the same range as 
usually done by time-of-flight. In addition, e/rr, 
e/K and e/p separation can be done for •2< 
p < 10, p > .8 and p > 1.5 GeV, respectively, due 
to the relativistic rise in particle ionization. 
Some rr/K and n/p separation is also possible for 
p / 2 and p > 3 GeV/c, respectively, by the same 
technique. Excellent e/hadrori separation and good 
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y detection and energy measurement over a somewhat 
reduced solid angle can be obtained by insertion 
of PbQ2 plates in the outer region of the streamer 
chamber, which, however, requires either ·more 
radial space or reduced momentum measurement accur
acy, as well as substantially increased data 
handling capacity. (It is already bad.) 

Two access problems require solution. First, 
the chamber charger line must be brought through 
the coil, probably requiring a hold of 20 em dia
meter through the coil. Second, the solid state 
readouts require perhaps 1 m (less with some 
lenses) of transparent spatial separation from 
both ends of the streamer chamber, although appar
ently they need not be outside the magnet pole 
caps. 

A further requirement is that the trigger 
must be relatively low rate, with 5/sec or less 
probably being acceptable. The Marx charging time 
is of the order of 100 msec and readout time should 
be less than that. A two-particle trigger with 
inner MWPC, outer trigger counters and beam cross
ing should be satisfactory. 

An apparatus built around a streamer chamber 
clearly has great advantages for searching for new 
particles whose decay modes must be studied'con
sidering: (a) high momentum particles; (b) Miss
ing neutral p and E; (c) high multiplicity, 
particularly in jets; (d) mass reconstruction of 
multi-body states; (e) dE/dx; (f) electron identi
fication. Many of the classes of particles sought 
have signatures detectable and studyable with such 
information. 

APPENDIX 1 

PEP Cross-Sections Estimates from Hadron Machines 

New particle searches at proton machines have 
established limits on their productio.n cross
sections. These limits have relevance to such 
searches at PEP if a model· can be derived to re
late hadron collisions to e+e- annihilation. 

If we assume that all new particle production 
at hadron machines is due to pair production from 
virtual time-like photons we can use measurements 
of the cross section for 

p + p --7 1+ 1- + anything 

as a measure of the virtual photon flux in hadronic 
collisions. If this flux is then integrated over 
the appropriate kinematic range for new particles 
of a given charge, mass, etc., the cross section of 
vertical photons capable of producing a given 
particle in an experiment can be estimated and 
compared to the experimental limit. In this way 
one can estimate an upper limit to the number of 
new particles which can be produced at PEP for a 
given integrated luminosity by extracting mass 
limits from the hadronic experiments. 

From scaling arguments (dimensional analysis) 
the cross section for p + p --?1+ 1-+ anything 
can be written 

(1) 

where q2 is the invariant mass2 of the lepton pair 
(i.e., the virtual photon) and F(q2,s) is a di-

mensionless form factor; S is total center-of-
mass energy in the P-P collision. If ~caling holds 
then F is a function of the variable q js. 

Figure 1 depicts F(x) as a function of x = 
q2s for all existing data for P-nucleon experi
ments (Lederman and Ting at BNL and w. Lee at 
FNAL). The solid curve is the prediction derived 
from the parton distribution functions extracted 
from deeply-inelastic lepton.scattering. 

The production cross-section for pairs com
pared to u+y- from time-like virtual photons is 

::2 •. ,, "(::2u ~)2 [ 1 _ ~~ rA(~) (2) 
2 where M is the mass of a new particle and q is the 

virtual photon mass 

for fermions 

Thus, the total pair cross section is a function 
of the mass of the new particles 

If we let x 

a . (M,S) palr 

2 q js then 

= (g,)2 4 p 1 d (1 
= ;~ 

4

&) F(x)~ 
(4) 

4~Y:/~I~) xS) \xS 

This integral can be evaluated numerically 
for a given value of M using Fig. A-1 and the value 
of S appropriate for a given hadronic experiment. 
In this way one can translate an experimental 
upper limit for new particle production in hadronic 
collisions into a lower limit on the new particle 
mass which pair is produced. This mass limit can 
then be used with Eq. 2 to predict an upper limit on 
new particle production at PEP (q2 = 900 Gev2), 

A quick method of estimating whether it is 
reasonable to search at PEP for particles of given 
mass in light of hadron beam cross-section limits 
can be useful. In terms of the variable x = q2js 
crpair is given by Eq. J, 

The quantity F(x)/ 2 is plotted in Fig. 2 
so that the pair cross section in a hadronic experi
ment with center-of-mass energy S can be simply 
calculated from folding the kinetic factors with 
Fig. 2 for x = 1 to x = 4M2js. The ratio of the 
experimental limit to this predicted cross section 
gives the effective suppression factor for verti
cal photons to produce pairs of particle mass = M. 
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This suppression factor., whether viewed as a form 
factor, or as due to some dynamic suppression of 
the coupling, can be used trivially to estimate an 
upper limit on the number of events possible at 
PEP. 

For example, if the predicted 0 pair = 
lo-35 cm2 for a mass of 2 GeV and an S appropriate 
to an experiment which gives a cross-section limit 
of lo-41 cm2 for the production of ·a particular 
particle, then

6
tbe suppression factor in cross

section is 10- • Since a typical PEP experiment 
with ag integrated luminosity of 1oJB cm-2 produces 
2 X 10 virtual photons (if 0r =20mb), the 
hadronic limit predicts only few events at PEP. 
One should, however, be very careful in neglecting 
the kinematic factors in the integral. It is 
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better to include them and to calculate numerically 
the integral. 

It should also be noted that the higher the 
mass the lower 0 pair so that the suppression 
factor for a given experimental limit decreases 
with increasing mass. Another aspect of this pro
cedure is that the hadron-hadron estimation of the 
virtual photon flux actually measures the product 
of flux and the partial width of the virtual 
photons to lepton pairs. It may be as in the case 
of the y and '!' 1 that the branching fraction to 
lepton pairs of a resonance state is small. This 
results in a relative insensitivity to the state 
in a lepton pair experiment in hadron beams while 
storage ring experiments could still observe 
large effects. 
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REPORT OF EXPERIMENTAL AREAS GROUP 

A. Carrol, B. Case, D. Coyne, F. Foster, F. Lobkowicz, F. Martin, 
C. Morehouse, P. Oddone, C. Prescott, L. Keller, and G. Manning 

- 1. INTRODUCTION 

The 1974 PEP Summer Study made recommenda
tions concerning the experimental areas. The ma
jority of these have been incorporated into the up
dated PEP design. The description of the proposed 
experimental areas presented to the Summer Study 
is appended to this report. In the appended drawing~ 
the elevations are shown relative to the tunnel 
midplane. At the time of the Summer Study the pro
posal was to construct the e+e- ring 80 em above 
the tunned midplane. The proton ring, located in 
the tunnel midplane, would be added later and the 
interaction point would then be lowered by 80 em. 

It will be seen that Area 6 is an open con
crete pad of 40 x 40 m, 4.8 m below the proposed 
e+e- interaction point. The equipment is housed in 
a light flexible building that can be modified to 
satisfy experimental demands. Area 4 is deep below 
the surface and access is only through a tunnel of 
3 x 3 m cross section that ends at the machine 
tunnel height, which is - 2 m above the pit floor. 

Areas 2, 8 and 12 have access from the side 
4 m above the pit floor level. Area 10 is very 
limited and is not intended for experimental 
physics. 

All interaction points have 20 m between the 
high S quadrupoles giving± 9.7 m free for experi
mental equipment. Areas 2, 4, 6 and 12 have the 
e+e- interaction point 4.8 m above the pit floor 
and Area 8 has 6.8 m. As proposed the ep inter
action point for ep would be 80 em below the 
e+e- interaction point.l , 

2. RECOM>ffiNDATIONS FROM 1974 PEP SlJM'.ffiR STUDY NOT 
INCORPORATED INTO UPDATED DESIGN 

There are only two significant recommenda
tions made by the 1974 Summer Study that are not 
included in the updated design. The first of these 
was the recommendation that three of the six in
teraction regions should have 10 m between the high 
S quadrupoles rather than 20 m -- the object being 
to get a higher luminosity in these regions. This 
recommendation was not included because of the cost. 
It is intended to consider this modification as a 
possible improvement program. 

The second recommendation not adopted was 
that the e+e- and ep interaction heights should 
be the same. To achieve this it would be necessary 
to either install the electron ring magnets for 
phase I at the planned height of the proton ring 
for phase II or to deflect the e+ and e- beam down 
by 80 em in the long straight sections. The former 
method is simpler. 

The arguments for having the same interaction 
height for phase I and phase II is that experi
mental equipment will in practice grow to occupy 
the full 4.8 m available below the beam and it will 
then be very difficult to lower the equipment by 
the required 80 em when the proton ring is added. 
Many detectors will be reused in phase II either 
to continue with e+e- physics or because they are 
suitable for ep physics. 

The arguments for not having the same inter
action height are the extra cost and inconvenience 
of longer supports for the electron magnets and the 
fact that the whole of the electron ring has to be 
moved when the proton ring is added rather than 
only half if the electron ring is placed 80 em 
above the proton ring height in phase I. 

From the experimental viewpoint the same 
height for e+e- and ep interaction points is still 
strongly recommended.l 

3. Sl.JM.1ARY OF DETECTORS PROPOSED DURING 1975 
SUMviER STIJDY 

Table 1 gives a summary of relevant param
eters of the detectors considered during the 1975 
PEP Summer Study. 

made: 
The following explanatory points need to be 

a) Item 1 (the parastic 2y tagging system) 
is not a full detector, but a possible 
2y tagging system that can be added to 
any other detector that leaves adequate 
room. Those experiments listed as using 
it need the equipment they specify plus 
that given in row 1 of the table. 

b) Item 2 (general user magnet) is not a 
full experiment but is a magnet system 
plus a central drift chamber assembly 
for measuring momentum of charged parti
cles. Space is left for the addition of 
other detectors required for specific 
experiments. Experiments using it need 
the equipment they specify plus that 
listed in row 2 of the table. 

The following comments can be made on the 
information gathered. 

3.1 The 1974 study included twenty experi
mental systems, the 1975 study includes ten. A 
pos.sible extrapolation to 1976 could be five de
tectors which matches the five interaction regions-
this may not be so unreasonable because the ten 
systems from this study include considerable dupli
cation; the number could easily be reduced by a 
factor of two in removing this duplication. 



Table 1. Requirements of the detectors designed by the 1975 PEP Summer Study. the symbol ~ means that the requirements 
of _the device follbwing the ~ symbol need to be added to the basic deteetor • 
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·3.2 A "typical" experiment has 300 photo
tubes, 3000 cells of drift chamber and weights 
400 tons. Adding ~he parastic 2y tagging system 
increases the requirements by about 1000 photo
tubes and 14,000 wires of MWPC. A simplified and 
cheaper parasitic 2y system is surely possible 
and should be designed. 

3.3 Figure 1 is a scatter plot of the total 
length and total width of the twenty detectors 
from the 1974 study shown as dots. The de
tectors from the 197S study are shown as crosses. 
The lengths shmm are 21 given in Table 1, where 
the figures are those outside the brackets. This 
is the length required by the detector alone. The 
figures in brackets are the length required in
cluding addition of 2y tagging. 

Including these requirements it is clear that 
most experiments have expanded to fill the avail
able interaction length and the height available.' 

I ~T 

20 

• 

10 • 
··~mm-· ~ 
~ Ei11 - .. ~ 

& ... • ~ 
~ 

0 
0 10 20 

LENGTH IN METERS 

Fig. 1. Plot of length vs. width of detectors from 
1974 (filled circles) and 197S (crossed 
circles) PEP Summer Studies. 

All e'xperiments fit within a 4 m pit. Were experi
ments able to obtain higher luminosity by de
creasing the interaction length, it is probable 
that some of them would accept either no 2y tagging 
or a lower 2y tagging efficiency. 

3.4 All detectors have been persuaded to 
manage with a crane capacity of 30 tons, but sev
eral would benefit if a higher capacity were avail-
able.. · 

3.S Groups were asked to estimate the size 
of the largest single piece to be taken into the 
experimental area. These values are given in the 
table and show that access is required for large 
objects. Several experiments will not fit into 
region 4 for this reason. 

3.6 Eight of the ten experiments use super
conducting magnets. Hence, in general, the power 
requirements are low, even though large volumes 
of magnetic field are used. 

3.7 There will be considerable requirements 
for refrigeration. For superconducting magnets 
there are up to 24 tons of coif at 4°K. For liquid 
arfon calorimeters there are up to 200 tons at 
78 K. Not all groups have estimated the refrig
eration requirements and further work is needed in 
this area. 

3.8 Most groups require areas for fast tr~g
ger electronics close to the detector (within 10 
m) and an area of 10 m2 seems adequate. Groups will 
also require about 100 m2 of counting room which 
can be more remote--within SO m. General facilities 
will ~require rather more room because more than 
one electronics system may be present at the same 
time. 

3.9 All groups require gasses used for MWPC 
or drift chambers. Several groups require addition
al gasses for Cerenkov counters. These-require
ments are shO\'iil in the table. 

4. RECOI\MENDATIONS 

4.1 The e+e- and ep interaction points 
should be at the same height above the experi
mental area floor.l 

4.2 Counting rooms should be provided al
lowing 10 m2 within 10 m of the detector plus 
100 m2 within SO m. The former will have to be in 
the experimental areas, but the larger areas 
should be in .separate counting houses as the ex
perimental areas are expensive real estate. Gen
eral purpose detectors used by more than one ex
periment will require more counting room area. All 
groups will require access to light workshop space. 

4. 3 The lower energy range of PEP should be 
decreased to - 4 GeV to provide an overlap with 
SPEAR.l · 

4.4 Survey should be made of the cryogenic 
requirements of detectors and how they can be most 
economically met. 

4.S A survey should be made of the computing 
requirements for PEP for both on-line and off-line 
use. There are obvious advantages in standardiza
tion of on-line computers. 

4.6 Provision should be made for access to 
the experimental areas not only for large heavy 

rloads but also for easy access for light loads-
say of less than 2 tons and area less than 2 x 2 m. 

These requirements are adequately met in 
region 6. Region 4 is special and it is recommended 
that the tunnel access should finish at the level 
of the pit floor. 

Regions 2, 8 and 12 are similar in that 
access is from the side and is 4 m above the pit 

~floor. Four methods were considered for access for 
light loads: 
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(a) A cage picked up by the overhead 
bridge crane. 

(b) A cage picked up by a light capacity 
crane supported from the side wall. 

(c) An elevator. 
(d) A ramp. 

Item (d) is not recommended. Item (a) is 
easily provided but will be inconvenient because 
a crane driver will be required for each minor 
load and often the bridge crane will be in use for 
other work. 

Item (c) is preferred to item (b) but is 
probably more expensive. 

Three methods were considered for access for 
large and heavy loads: 

1. A hole in the roof with a lightweight 
cover. 

2. Proposed-doors and a removable platform 
under the bridge cranes. 

3. A removable side wall to the building with 
the bridge crane extending beyond the pit. 

Item 1 is not recommended as it is expensive, 
is not compatible with the 4 m of earth shielding 
required for the ep system, and is not essential. 
Item 3 is more expensive than item 2 and will make 
it very difficult to provide adequate shielding 
for the ep option. Item 2, which is the proposed 
system, is recommended providing sufficiently large 
doors are provided--doors about 6 m wide and 5 m 
tall seem desirable. 

4.7 Most experiments will require a 2y tag
ging system and it is recommended that suitable 
vacuum chambers and synchrotron shields be de
signed so that all interaction regions can have 
this option. 

FOOTNOTES 

l. FolloNing the 1975 Stmmter Study recommendations a 
.tentative decision has been reached to build the 
electron-position ring in the midplane of the tun
nel. Similarly the .lower energy capability of PEP 
will extend to 4 GeV. See Appendix 2 of this report. 

Appendix :l 

DESCRIPTION OF TilE EXPERIMENTAL AREAS AS OF 
JULY 1975.· . 

By convention, Ne number the areas according 
to the hours, with 12 o'clock to the north. Figure 
A-1 shows the contour lines of the site and Fig. 
A-2 an elevation cut along the ring. The topograph
ical variation is an advantage for the varied ex
perimental program that we are considering. Each 
area has strengths and limitations, and together 
they fit both the land and the varied needs of the 
program. The basic parameters of the experimental 
areas are shown in Table A-1. 

The land pattern favors the clockwise (OIJ) 
direction for the future proton beam. Alcoves in 
the CW direction have been included in Areas 12, 2 

and 8. The alcoves are 20 m long, 7 m wide ~d 5 m 
high. Some e+-e- experiments will almost certainly 
need some alcoves, and the implementation of Phase 
II with 200-GeV protons would require them. The 
cost of adding them la-ter would be many times 
larger than that of providing them initially. 
Areas 4 and 6 are extended naturally in the CW 

'proton direction, as described below. 

Some of the special features of each area 
follow: 

Area 12 (Figs. A-3a and A-3b) 

This area is located in moderate terrain 
with the interaction point 5 m below natural 
ground elevation. Access to the experimental hall 
is from a yard located on the outside of the ring. 
The experimental hall is offset laterally from 
the beam line. This allows set-up of very large 
apparatuses in the 17 x 20 m area adjacent to the 
beam. A typical device, and how it may be arranged 
in the area, is shown in Fig. A-4. The most utili
tarian mode ~f bringing materials into the experi
mental hall is through portable loading platforms 
placed under crance coverage, as also shown in 
Fig. A-4. The area has an alcove in the CW di
rection. 

Area 2 (Figs. A-Sa and A-Sb} 

This area is also located in moderate terrain 
with the interaction point 6 m below the natural 
land elevation. The experimental hall and yard are 
similar in dimensions t~ Area 12, except that the 
hall will be placed symmetr-:j.cali,y with 12 m on 
each side of the beam line. This would allow op
eration of two experiments alternating in a 
push-pull configuration. The area would also be 
very useful for two experiment~ not requiring full 
solid angle coverage or a single experiment needing 
large transverse dimensions on both sides of the 
beam line. The area is extended py ~ alcove in the 
CW direction. 

Area 4 (Fi$S. A-6a and A-6b) 

Area 4 is on the side of a steep hill with 
the interaction .point 12 m 'below natural ground
elevation. The hall will be positioned asymmetri
cally along the beam line, favor~ng .experimen~s 
needing length in the CW direction. The experi
mental hail is narrow (12m) and l~ng (40 m). 
Access is via a tunnel from an adjacent cle~r area 
near grade level. Because the CW directi~n is 
favore~ no alcove is included. 

Area 6 (Figs. A-7a and A-7b) 

This area is in the lowest ter~ain, with the 
interaction point nearly at natural ground level. 
Taking advantage of the low terrain and a good 
sandstone base, the proposed ~rea consists of a 
very large pad (40x40m) providing great flexibility. 
Portable cranes, light buildings, portable 
shielding and ad-hoc arrangements will be used to 
rig and service experiments. The area is offset in 
the DW direction, and access is possible from both 
sides of the beam line. The flexibility of this 
area is especially advantageous for future de
velopment. 
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Area 8 (Figs. A-Sa and A-8b) 

The interaction point in Area 8 is 5 m below 
natural ground level. The area is similar to Area 
12, offset laterally relative to the beam and 
having an alcove in the CW direction. The special 
feature of this area is the extra depth below the 
beam (6 m) and the crane height above the beam 
line (8 m). Some large experimental devices will 
have particular need for this feature. 

6 6 
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Area 10 

This area is deep underground, with the in
teraction point 20 m below ground level. The de
velopment of this area will be very modest. The 
tunnel will be widened to about 7 m for a length 
of 20 m. The area will be devoted primarily to 
machine physics experiments. Anyone who has ob
served the prograss of operating effectiveness in 
modern accelerators, particularly the ISR and 
SPEAR, will appreciate the excellent benefit to all 
eXperiments that accrues from the investment of 
machine time in storage ring improvement studies. 
Several experiments designed by the 1974 Summer 
Study would fit in this area, but the apparatus 
would have to be carried in small pieces. 

Fig. A-1. Topography of the PEP Site at SLAC 
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PEP PROFILE 
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Fig. A-2. Topographical profile of the PEP Site. 
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Table A-1. Specifications for Experimental Areas. 

Area 

Specification 12 2 4 6 8 10 

Length (m) 
Clockwise (CW) 10 10 30 25 10 10 

Counter Clockwise (CCW) 10 10 10 15 10 10 

Width (m) 

Inside 7 12 5 20 10 3.5 

Outside 17 12 7 20 20 3.5 

Height (m) 

Up (Crane Clearance) 5 5 4 00 8 3 

Down a 4.8 4.8 4.8 4.8 6.8 2.8 

Crane (tons) 30 30 30 No 30 No 

Nearby Space for Yes Yes Yes Yes Yes No 
Counting House 

Alcove Yes Yes No No Yes No 

Length (CW) (m) 20 20 20 

Width ± (m) 3.5 3.5 3.5 
Height {+ (m) 3 3 3 

- (m) 2 2 2 

Power (MW) 
-- b 

Installed Capacity 3 3 3 3 3 0 

Distributed 1 1 1 1 1 0 

Loading access Outside Outside Outside Both Outside . Beam 
JErd) !Erd) ( tilllJlel) sides (yard) turmel 

aDrops by .8 m when the proton ring is added. 

bAvailable at pad. The total for all areas is 10 MW. 
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Fig. A-3a. Isometric view of Area 12. 
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Fig. A-3b. Architectural view of Area 12. 
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PORT ABLE LOADING PLATFORMS 
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Fig. A-4. Possible experimental set-up for 
Area 12. 
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Fig. A-Sa. Isometric view of Area 2. 
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Fig. A-7a. Isometric view of Area 6. 
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Fig. A-7b. Architectural view of Area 6 · 
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Fig. A-8a. Isometric view of Area 8 . 
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Appendix 2 

OFFICE ~EMORANDUM o STANFORD UNIVERSITY o OFFICE MEMORANDUM o STANFORD UNIVERSITY • OFFICE MEMORANDUM 

DATE: October 8, 1975 

To PEP Distribution 

a:_) 
FRoM , J. R. Rees. UL 
su~Kr: Working Decisions on Operating Energy Range and Beam Elevation 

One of the recommendations of the 1975 PEP Summer Study was that the 
storage ring should operate down to a beam energy of 4 GeV in order to overlap 
the SPEAR operating range. This appears to be a reasonable and inexpensive 
criterion which we should adopt. It is therefore adopted as a working deci
sion oending any outcries from the PEP group. 

Another recommendation was that the beam height of the e+-e- ring should 
be the same as that planned· for the proton ring. In our proposal, we were 
inconsistant in that the magnets in the tunnel were depicted as hanging just 
below the roof, 80 em above the elevation planned for the eventual proton ring, 
while the beam line in the interaction regions was shown at the elevation of 
the proton beam. Whether to accept this recommendation has been the subject 
of many spirited discussions regarding cost, crane-hook clearance, shielding 
problems, the puerile irrepressibility of the average user and the passionately
held intestinal feelings of the storage ring builders. The working decision · 
reached was that the beam height shall be that planned for the eventual proton 
beam. 

These working decisions should be reflected in the Conceptual Design 
Report. 

JRR:c 

~c: G. Manninq, Rutherford Laboratory 
K. Strauch, Harvard University 
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