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Editors' Preface

The reports in this volume constitute the results of the Summer Study held
at Berkeley from July 11 to August 27, 1966. The major topic of the Summer
Study was the experimental use of the proposed 200-BeV accelerator.

Some 30 visitors from all parts of the country and from Europe, apart from
many physicists from within LRL, attended the Study. Indeed, certain physicists
who did not attend submitted reports that they felt belonged in this volume, and
their results are incorporated here.

Participants in the Study were hampered by the concurrence of the major
national airline strike, This proved unfortunate in that several people were
unable to attend but was, however, not entirely without benefit in that several
attendees were unable to leave Berkeley as soon as they had planned and were
therefore held as a captive work force,

The production of this volume, the third in the sequence devoted to studies
in the Experimental Use of the 200-BeV Accelerator, would not have been possi-
ble without the excellent assistance of Ruth Gross, Charles Pezzotti, Billie Nash,
and Nancy Schorn of the LRL Technical Information Division and Maggie O'Keefe
of the LRL Mechanical Engineering Department,

Robert P, Ely, Jr.

Denis Keefe
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STATUS REPORT ON THE 200 BEV ACCELERATOR

E. J. Lofgren

The status of the 200-BeV accelerator project is briefly reviewed in sev-
eral aspects: design study, site, University Research Association, and

Congress.

DESIGN STUDY

The large;scale design study of the 200-BeV accelerator began more than
three years ago, after a complicated prior history which goes back more than
ten years.

In the middle of 1964, the studies converged on a particular design which
became the object of an extensive Design Study Report (UCRL-16000) issued a
year ago. The AEC then hired an engineering firm, DUSAF (Daniel, Urbahn,
Seelye, and Fuller) to do the following:

a. An engineering and cost review of the proposed design.

b. A site cost comparison.

DUSAF started work in July 1965, and most of our effort in the last half of
1965 was directed towards transferring information to them and working with
them. We also produced in that period a 200-BeV Preliminary Project Report,
which essentially brought our previous report up to date.

Early this year we began a review of the major design decisions of the
project. For the first time we could look at the design as a whole. We also
had a coherent document to present to persons outside the project as a basis
for asking their views. We could raise the question: ''Did the decisions we
had made 1-1/2 to 2 years ago in the heat of getting out the Design Study Report
still look good?"

Our intention in this review is to consider functional adequacy and extent
of technical development required, and then to explore the cost minimum.

Examples of decisions which have been under review are:

1. Injection System

Should the energy be higher or lower than 8 BeV? Should we go to a
slow cycle booster? Should we consider the newer ideas of interlaced rings?
This review is still in progress and has involved extensive discussion with

CERN and BNL. To date we do not believe that we should change our design;
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however, there are so many interesting possibilities that we continue to investi-

gate.
2. Main Ring Magnet

Should we change to an H instead of a C magnet? The advantages
of the former are mainly those of mechanical structure. The chief advantage
of the C is greater accessibility; since this advantage has to do with the
ability to cope with unplanned future modification to the accelerator, it is dif-
ficult to give up. The strength of the magnetic field, 15 kilogauss, is also under
review. To date we have not made any major changes.

3. Experimental Facilities

The adequacy of the proposed 200-BeV accelerator and the associated
equipment as an experimental instrument is, of course, the most important
question of all. It is also the area where we are in most need of help, and is
the central theme of this Summer Study.

In addition to the review of major decisions, work is also going on to ad-
vance the engineering designs in all areas of the project. In successive talks |
in this series you will find out more about these programs.

We are also carrying out development of hardware in several areas:

Model main ring magnet

Computer control of accelerator

rf Power system

Survey system

Tunnel mock-up.

SITE

The AEC issued a general solicitation for site proposals in April 1965,
They received 126 proposals offering over 200 sites in 45 states. At the same
time they announced that they had requested the National Academy of Sciences
to form a Site Evaluation Committee to advise them in the choice of a site.
The AEC made a preliminary selection in which they reduced the number of
proposals to 85 from 43 states, and turned the job over to the NAS Committee.
The Committée, after numerous meetings and consultations with advisers,
in March 1966 issued a report in which they named six sites as best satisfying
the requirements for the accelerator laboratory.

These six were:

Sierra - near Sacramento, California
Lowry Range - near Denver, Colorado
Stoughton - near Madison, Wisconsin

Weston - near Chicago, Illinois
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Ann Arbor - Michigan
Brookhaven - near Patchogue, New York

Three Commaissioners and the top AEC staff visited all six sites in the
period April through June, Volumes of information were submitted to the AEC
by the proponents of each site, and this has been digested by the staff and sent
to the Commission.

The only statements thathave been made about procedure or schedule are
that the decision will be a Commission decision and that the decision will be
made before the end of the year. There havebeen numerous rumors and specu-
lations—early decision, late decision, political decision, non-political decision,
and so on, These rumors are largely self-cancelling,

As for the Sierra Site-—it is officially sponsored by the State of California.
The Study Group backs it very strongly (it was our Site Example B in the
Design Study, and chosen for excellent physical properties)., Any University of
California activities in support of the California site are sponsored separately
from the AEC contract.

We believe that the Sierra Site is superlative in its combination of founda-
tion conditions, size, topography, climate, and availability of power and water,
In addition, we like it because many of us are committed to the project and we

are already here.

UNIVERSITY RESEARCH ASSOCIATION

The National Academy of Sciences in December 1964 invited about 30
university Presidents to consider the problem of management of the accelerator.

In June 1965 they formed the University Research Association, Inc. It
has 34 University members whose chief executive officers make up a Council
of Presidents. The Chairman is Gaylord Hornwell.

Most of the responsibility is delegated to a Board of Trustees, The first
Board was elected’in November 1965, There are 15 members from the uni-
versities and 5 at large. H. D. Smyth is the Chairman of the Board of Trustees.
There is also a Scientific Committee of the Trustees, of which Norman Ramsey
is the Chairman.

No official recognition of the URA by the AEC has been expressed; however,
it is generally accepted that URA will be the management organization. As yet
URA has no permanent officers and no staff. They are looking for a president

at this time.
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CONGRESS

The final word, of course, rests with Congress who must authorize and
provide money for the project. Congress will shortly go out of session and a
new Congress will convene in January 1967. We can expect that soon after
that, possibly in February or March, there will be hearings on the 200-BeV
Accelerator Project before the Joint Committee on Atomic Energy. One can be

hopeful that authorization will follow without too much delay.



EXPERIMENTAL FACILITIES

Denis Keefe

INTRODUCTION

The main accent of this Summer Study is intended to be on the experimental
use and exploitation of the 200-BeV accelerator. We can specify the following
four generic categories wherein further study would be valuable:

1. Target facilities and experimental areas

2. Worthwhile physics experiments

3. Equipment: chambers, techniques, counters, beams

4. Physics uses and capabilities of the accelerator that affect the
accelerator design itself,

It is recognized that people's tastes will vary because they are more interested
in tackling an individual problem in detail or in treating the grander systems
problem from a broad viewpoint.

Before proceeding to a discussion of the experimental facilities described
in the Design Study Report, I should point out that the description in that re-
port refers to a facility that is feasible, would function as planned, and hangs
together logically. When the final design of the 200-BeV accelerator is made,
it cannot be too different in the broad sense, but may, however, differ con-
siderably in detail. For example, the C-magnets might end up as H-magnets,
or the injection system may look quite different, for the accelerator itself. In
the experimental areas, analogous major changes might be the replacement of
conventional secondary beam-transport magnets by superconducting magnets,
or the disappearance from the design of the internal target area.

We urgently need the injection of any good ideas bearing on either the con-
struction or the possible future development of the experimental facilities. In
addition, any other ideas, good or otherwise, that might have a serious or ex-
tensive impact on the design must be considered very seriously.

In the following brief description of the possible design for experimental
use, I will try to turn up and sign-post several topics that are valid topics for

study during the summer.

EXPERIMENTAL FACILITIES

The basic premises we can assume for the design of the target areas are

as follows:
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1. Existence of long straight sections: Twelve Collins straight sections
of 100 ft free drift space have been incorporated in the current design.

2. Availability of slow and fast extracted beams with > 90% efficiency into
the same channel.

3. Particle production for known particles strongly collimated in the
forward direction: For a secondary momentum p (BeV/c), most of the
particles will be contained within a cone of half-angle of 6 = 0.5/p radians.

For p = 100 BeV/c, 6 will be 5 milliradians, less than one-third of a degree.
This strong collimation close to O-deg production angle has led to the idea that,
closely following a target, a bending magnet should be used to ''fan out'" the
narrow cones of particles of different momenta into different secondary beam
channels.

Without proceeding further towards any description of a concrete realiza-
tion of a design satisfying these premises, we can immediately throw open the
following questions:

What might be required to go in some of the long straight sections {other
than those consumed by the functional requirements of injection and accelera-
tion)? Some examples are sketched in Chapter XVIII of the Design Study Report
(UCRL-16000); are there others?

Is the internal target area really necessary? See Chapter XIII for a fairly
detailed discussion of the pros and cons. Could the estimated cost of 11 million
dollars be better expended in expanding the capabilities of the external areas?
Is there such a thing as a cheap, limited-scope internal-area design that would
satisfy most of the unique features of internal target areas?

Regarding targetting arrangements, are there better schemes than that
described in the report? There are certainly many alternatives and only a

very few have been examined.

EXPERIMENTAL TOPICS
All reports referred to in this section are found in volumes 1 and 2 of
UCRL-16830,

(i) Previous Work

Over two years ago, Rarita made a study of what Regge-pole theory would
predict for experiments in the 200-BeV region. New data have since become
available and he is currently updating this work. He should be consulted on
theoretical problems connected with the high-energy regime. Toohig has ex-
amined in a recent report the feasibility of form-factor experiments by using
a very-high-energy pion (kaon, antiproton ?) beam colliding with the orbital

electrons of a target atom. Chinowsky and Stevenson, in their reports, have



-7-

examined interesting experiments involving neutrinos.
All of these reports have aged a little and certainly merit re-examination
and criticism.
(ii) Equipment

(a) Beams: Previous work on secondary beams includes reports by Longo

on counter beams at 150 BeV/c, and a novel A° hyperon beam at 100 BeV/c.

Liach has considered in detail the construction of an rf separated beam
operating at 10 kMHz, In my opinion, one should assume the successful opera-
tion of superconducting deflecting cavities at the time of operation.

Toohig has been studying, and will continue to study, a possible muon
facility that would be a by-product of constructing a linear strong-focusing
channel primarily designed to give a '"'monochromatic' neutrino beam. This
channel would automatically capture and trap muons.

In a report by Read are considered a variety of possible neutral beams.
Chinowsky has considered the kinematics of production of quarks and other
massive objects by bombardment of complex nuclei with 200-BeV protons.

Only superficial consideration has been given to the quite high fluxes of
photons and electrons at energies exceeding those available at SLAC. The in-
tensities, however, will be many orders of magnitude lower.

(b) Counters: Several types of counter exist that might be useful in the
high-energy region, and quite recently certain technical advances have been
made that would increase their usefulness, Murray (LRL) has been develop-
ing an rf (3-kMHz) modulated phototube, and recently high efficiencies have been
achieved in secondary emission counters. Counters using coherent transition
radiation (Ter-Michaelyan) may be valuable in mass-identification in, for
example, short hyperon beams.

(c) Beam transport: Meuser is examining the economics and feasibility

of making essentially all of the secondary beam-transport magnets super-
conducting. There is a choice between using fields not very different from
those today and simply making a gain in power costs, or else exploiting the
very-high-field capability.

(d) Detectors: There are many questions concerning the way in which
spark-chamber arrays, bubble chambers, and on-line-data reduction may be
used at the 200-BeV machine.

(e) Questions: What about charged hyperon beams in the 100 BeV/c
region? Are there experiments in electron-photon physics that are important
at high energy and modest intensity? What would be the impact of high-field
transport magnets on experimental beam design? Some beams can be made

shorter, but some will not change much (e. g., rf separated beams).
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(iiil) Items more closely connected with the accelerator

There are possibly alternative ways to accelerate antiprotons. The pro-
posed scheme has still to be studied in more detailed layouts. Since it will not
be cheap in effort and money, its importance for physics should be critically
examined. Someone may wish to inquire whether one can, or might want to,
accelerate deuterons.

Some preliminary consideration of 200-BeV intersecting storage rings
would be useful. They would probably be superconducting because of their dc
character. If some interesting threshold were to be found (e. g., in cosmic
rays or at the CERN ISR) that lay beyond the reach of 200-BeV protons striking
a stationary target, it might make sense to add a small tangential high-intensity
ring of a few BeV at one of the long straight sections. Note that for a 1-BeV
ring, the energy in the center-of-mass system would be twice that available
when a 200-BeV proton struck a proton at rest. Would the interaction rates
and the unusual kinematical features make this a sensible proposal?

Finally, more study of individual experiments requiring high intensity
would be valuable. Intensities like '10‘13 pps sound high at this time, but in the
context of the later 1970's they will not be unusual. Are there physics reasons

that we might anticipate that would cause pressure for still higher intensities?
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A. PARTICLE PRODUCTION
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PARTICLE-PRODUCTION MEASUREMENTS AT 0-DEG
BY OBSERVING THE 180-DEG LABORATORY YIELDS
IN p-p COLLISIONS AT 200 BEV

D. D. Jovanovic

This note describes a simple method of measuring pion and kaon yields at
or near 0 deg by observing the low-momentum particles emitted at 180 deg in
the laboratory. This method was recently applied at 12, 0-BeV incident proton
energy at the ZGS and yielded very good information on pion production near
the kinematic limit.

For the p-p system there is a complete backward-forward symmetry in the
c.m. (except, of course, when protons are longitudinally polarized), and
measurement of interactions products, viz =, K, e, at 0 deg or at 180 deg is
equivalent. We want to stress that for some cases secondaries at 180 deg all
have momenta below =~ 500 MeV /c, and simple time-of-flight technique allows
for easy particle separation (n, K, e). At these momenta, momentum analysis
requires trivial bending magnets with minimum or no perturbation on the exter-
nal proton beam. Furthermore, exploring 0 deg or very near zero production
angles (0.5 - 2.0 mrad) means that backward angles are large: 10 - 50 deg,
facilitating large-solid-angle geometry and making surveying and alignment
trivial.

The relation between 180-deg particle momentum and the corresponding
0-deg particle momentum in p-p collisions is:

0 deg 180 deg

(Pygy,) = (Pygy)

180 4 -2 .
& 2y B,

7 (L4 B)] + (Bygy)

where ;ahd Bare the constants for the motion of c.m. For 200 BeV, 7 =
10,372 and (1 - B) = 4.658 x 10-3, Figure 1 is a plot of this relation for pions
and kaons produced in 200-BeV p-p collisions. It is clear that forward pion
momenta accessible to this method are limited to P > 40 BeV/c and for kaons
pg =120 BeV/c. Target thickness for the 180-deg lab momenta represents a
range cutoff which is non-negligible below 100 MeV/c! Figure 2 is the similar
plot showing the relation between forward and backward production angles for
several pion momenta. Obviously the examination of very small forward angles
can be done with great precision and minimum equipment alignment problems.

The detrimental aspect in surveying the backward hemisphere is the enorm-
ous Jacobian between the forward and backward production:

2 0 deg
49 ‘
dep)

180 deg 0 deg
s _® = 400
dadp = (P)18o deg ~ .
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produced in 200-BeV p-p collisions,
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However, external-proton-beam intensity easily compensates for such a draw-
back.

Figure 3 shows one of the many possible experimental configurations. The
external beam is incident from the left on the thin (10 cm) hydrogen target. A
small septum magnet 30-in. long with a l-cm septum analyzes the backward-
emitted particles. Counter A and the counter array B are the detectors with
~ 2 m separation, allowing a good time-of-flight separation. Presumably the
whole system has a vacuum-pipe enclosure or He-bag to minimize the multiple
scattering, which is serious at these low momenta.

Typical rates for such a setup would be =~ 103 particles in&0 = 10“4 and
Ap/p =~1/2% for a mb/sr BeV/c production cross section with 1012 incident
proton intensity.

Finally, as an illustration of this method we present, in Fig. 4, the xt pro-
duction spectrum at 0 deg deduced from the spectrum measured in 12 BeV p-p
collisions at 180 deg in the laboratory. [Lundy, Lamb, Novey, and Yovanovic,
Phys. Rev. Letters 17, 100 (1966)].
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200 —BeV external
proton beam

Vacuum enclosure
or He —bag

30" Long
septum magnet

Counter array

MUB-14173

Fig. 3. A possible experimental configuration for measuring
particle production at 180 deg in the laboratory system.
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EVALUATION OF PION FLUXES PRODUCED
BY 200 BEV PROTONS

G. Cocconi
. In Lawrence Radiation Laboratory Report UCID 10148, *a. Trilling has
examined the possibility of improving the CKP (Cocconi, Koester, and Perkins)

formula for guessing the pion fluxes produced by 200-BeV protons.

In the CKP formula, repeated here for convenience,

v 1
> 5 B p 3% c (1)
d o - AD e 0 e
dp dw 1/2
o
(po = primary proton momentum, p = secondary pion momentum, 6 = angle

of emission << 1, all in the lab system), there are three independent parameters:
A, relating to the multiplicity of n production; B, determining the scale of the
exponential decrease of the longitudinal component of the momentum spectra; and
C, giving the scale of the transverse momentum distribution (P_L = p6).

In the Trilling formula the same differential cross section is given by the
sum of the two terms:

1/2 2 42
6
i o _PO Y
do__Apze 1°0 e
dw dp ~ {1
P »
2 C
2 B. p 2
p 2 70
+(A2'p—oe e ) . (2)

Vol, I, Lawrence Radiation Laboratory Report UCRL-16830, April 1966, p. 25.
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There is an analogy between Eq. (1) and each term in Eq. (2), and the three
pairs of parameters A| A,, B B,, C; C, play roles similar to those played by
A, B, and C.

With Eq. (2) it is possible to fit the existing experimental data better than
with Eq. (1). However, Eq. (2) should be preferred to Eq. (l) for guessing the
fluxes produced by protons of energy much larger than those presently available,
only if Eq. (2) describes better than Eq. (1) the dependence on p( and on p of the
phenomena that are responsible for secondary production in high-energy colli-
sions.,

To see whether this is the case, let us start by considering the extreme
energies, which are the ones we are most interested in for the new accelerators.
At these energies, i.e., at n-meson energies larger than, say, one-half the
proton primary energy, l%e first term of Eq. (2) contributes negligibly, because
of the dependence on pg of the first exponential. The choice between Eqs. (1)
and (2) must thus be based on the comparison between Eq. (1) and the second
term of Eq. (2). The transverse momentum dependence (the second exponential)
is the same in the two equations; the difference resides in the different distribu-
tions used for the longitudinal component (the first exponential). In Eq. (1) an
exponential is proposed that has a scale increasing with proton energy as p03/4;
in Eq. (2), a Gaussian is proposed, with standard deviation proportional to p,.

The justification for choice (1) was the following: the exponential law for
the longitudinal component was chosen because it was the simplest law that
matched reasonably well the known spectra; then the 3/4-power law came as a
consequence of the fact that the multiplicity increases as pg 4 and that the
energy must be conserved.

In the case of Eq. (2), the Gaussian shape was proposed because it seemed
to fit better the spectra near the high-energy tail. The choice of a scale propor-
tional to Py was dictated by the belief that isobar formation continues to be impor-
tant at high energies and that the decay of baryon isobars formed on incoming
protons gives rise to high-energy pions at a scale that expands proportionally to
the increasing proton energy. In fact, during the past years, evidence has been
accumulated that the cross section for the formation of baryon isobars of isospin
I = 1/2 (those produced by the exchange of a Pomeranchon in the Regge-pole
terminology) in the reaction

ptp-=N"+p

is, for each isobar, constant, independent of the proton energy.* Surely these
isobars will generate with constant cross section pions of momenta covering, in
the laboratory, the region that goes from about zero to a maximum momentum
expressed, in first approximation, by the relation

Prmax ~ Py [1 - M/M*)?],

* See, e.g., E. W. Anderson et al., Phys. Rev. Letters 16, 855 (1966).
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where M* is the mass of the isobar and M is the proton mass when the isobar
decays directly into a proton and a pion (two-body decay) or the mass equivalent

to that of all particles, except the pion, in a many-body decay.

The maximum values of the momentum contributed by the decay of the known

I = 1/2 isobars are given below, as well as the probabilities of their two-body
decay.
Production
Two-body cross section,

M* Prmax’Po decay 10-30 BeV
Mev) T ()

1400 0.55 1007 ~ 0.7

1520 0.62 75 0.2

1690 0.69 85 0.6

2190 0.81 ~ 20 0.1

The figures in the second column show that the lighter isobars cannot con-
tribute to the formation of the most energetic pions. The heaviest isobar fares
better, but then its two-body decay probability is smaller than that of the other
isobars. It is reasonable to expect that this trend will be followed by heavier
and still-undetected isobars with I = 1/2, and that the larger M™* is, the larger
will be the probability of multi-body decay and of cascade decays. In these
cases, M will be larger than the proton mass and pmax/po will be correspond-
ingly reduced,

In fact, in order to acquire an energy not far off the maximum possible
energy, a pion must be produced in the forward direction, while the two nucleons
must go together in the opposite direction, in the center-of-mass system. Such
a process involves for the incoming nucleon a four-momentum transfer

-t < ZPOM’

increasing as p, increases. It seems very unlikely that the cross section for
processes of this kind will turn out to be energy-independent.

For these reasons we believe that the linear scale used in Eq. (2) for the
longitudinal momentum distribution emphasizes too much the most energetic tail
of the pion spectrum, and that, in order to be consistent with the present physi-
cal intuition, the scale should expand as Pg > with @ < 1, Is & = 3/4 the right
guess? We do not know, but at the present moment this looks to us to be the
best choice.

Coming now to the low-energy secondaries, those contributed especially by
the first part of the equation proposed by Trilling, one must make two remarks,
The first is that there is no indication in the pion spectra measured thus far of a
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distinction between processes where low-energy secondaries are predominant
‘and processes where high-energy secondaries predominate. Hence, it seems un-
realistic to expect that at 200 BeV the secondaries will have spectra with two
bumps, as predicted by Eq. (2); continuous spectra with a single maximum seem
more appropriate. The second remark is that, in the first part of Eq. (2), the
transverse momentum distribution is assumed to be Gaussian with standard devi-
ation proportional to (po1 2/p), i.e., dependent on the momenta of both the pri-
mary proton and the secondary pion, while there is no experimental evidence for
this kind of dependence. Actually, the constancy of the transverse momentum
distribution is the only fact on which we are ready to bet, and is also supported
by cosmic ray evidence. In leaving it out, we leave out our only 'intuition."

At the expense of being called conservative, we thus reach the conclusion
that for a wild extrapolation the CKP formula looks more reliable than the
Trilling formula. Though the existing data on secondary spectra up to 30 BeV
are not perfectly fitted by Eq. (1), it seems that when confronted with the problem
of extrapolating to 200-300 BeV, the physical arguments on which this equation
was built are more sound than those that led to Eq. (2).

Equation (1) can possibly be improved and made to better agree with both the
existing data and our physical intuition, by introducing the modification in the
transverse momentum distribution suggested by R. Hagedorn of CERN.

In the last few years™* it has been observed that, at machine energies, the
average transverse momentum of the secondaries depends on the mass of the
secondary. For pions it is ~350 MeV/c, for kaons ~ 450, and for £ ~ 650 MeV/c.
Hagedorn has incorporated this fact into Eq. (1) by modifying the second exponen-
tial as follows:

gb) = 1/2 e e B (3)

where m is the mass of the secondary particle. ** For p® >m, one has

m-~ +p 82 - pf, and Eq. (3) becomes practically identical with Eq. (l). When
pb <m, then

p2 o2

2m’

Vm2+p262 - m (1 -

)

*See, e.g., Bartke et al., Nuovo Cimento 29, 8 (1963).

**Here A is no more constant, but depends slightly on m and p.



-21-

and the transverse momentum distribution at small angles becomes Gaussian,
with standard deviation proportional to the square of the mass of the secondary
particle, thus satisfying the more sophisticated requirements. The average
transverse momentum increases as m increases, in agreement with the existing
evidence, thus making Eq. (3) more adaptable to the calculation of fluxes of other
secondaries, besides the pions.

The fitting of Eq. (3) to the data available up to now has not yet been carried
out. It can be anticipated that, as far as the fluxes produced by 200-300 BeV
protons are concerned, the final result will not be very different from that ob-
tained a few years ago utilizing Eq. (1).
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ESTIMATE OF THE FLUXES OF STRONGLY INTERACTING
PARTICLES PRODUCED BY AN ELECTRON BEAM

G. Cocconi

When confronted with the problem of predicting the fluxes of strongly inter-
acting particles, typically m-mesons, produced by an electron hitting a target,
two approaches are possible.

One is that followed by Y. S. Tsai in the SLAC Handbook1 and consists in
using the theoretical estimates of the photoproduction cross sections for the
particles created in the various channels, and summing them, taking into account
the spectrum of the photons produced in the target by the electron through brems-
strahlung.

Another approach, the one here described, is more phenomenological and
rests on the assumption that, asymptotically, the general properties of strong
interactions are independent of the nature of the particles producing them. There-~
fore, at the energies of the present accelerators one can already make use, for
the evaluation of the fluxes produced by a photon, of the fluxes that other parti-
cles, e.g., the protons, are known to produce at equivalent momenta. ¥

Our recipe is consequently the following:

(a) The total strong interaction cross section, Oper of a photon of momentum
k on a nucleon at rest is constant for k well above threshold momentum, as
suggested by the CEA and the DESY results, and equal to

= 55 ub.
okSub

Photons thus have a strong interaction mean free path

N, = 1. 3.0 x 104 g/crnz.

k Ngk

(b) The n-mesons, as well as the other strongly interacting secondaries, are
produced by a photon of momentum k interacting in a target, with the same mul-
tiplicity, momentum spectrurn, and angular distribution as those produced by a

*Equivalence here refers mostly to the multiplicity of the secondary particles.
For lack of better evidence, in (b) below, the momenta of photons and protons
will be assumed equivalent when they are equal.
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proton of momentum PO = k interacting in the same target. " In first approxi-
mation, the spectra are given by the CKP formula, ~ i.e.,

_ P
L
den P2 B PO3/ - %E -1
= e (sr» BeV + interaction) =~ | (1)

= A e
dP dw P 1;2

0

where P is the laboratory momentum, in BeV, of the secondary pion emitted at
an angle 6, and A, B, C, are three constants whose values for pions of one sign

have been found to be

"5/2 1/4 sksk
A = 10 BeV , B = 0.22 BeV , C = 0.22 BeV.

(c) The bremsstrahlung spectrum produced by an electron of momentum Eq
hitting a target is given by the asymptotic expression

dN(k) = tdk/k; (k < Egp t< 1, e = 0), (2)
where t = x/xois the target thickness in units of radiation length x,. o

From assumptions (a), (b), and (c) it follows that the differential spectrum
of the t-mesons produced by an electron of momentum EO hitting a target of
thickness t is

*This is the most questionable assumption because, while in p-p interactions
the inelasticity is = 0.5, in the photon-neutron case the inelasticity is probably
closer to 1.

**More complex expressions that fit better the existing experimental data have
been proposed by Trilling3 and by Ranft.* Their use could be appropriate in a
computer program, but not here since our aim is to obtain for the spectra a

simple analytical expression.

#**¥*The use of the more complete expression given by Tsai is again avoided so as
to simplify the final result.
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where the factor (1/2)x represents the average thickness of the target crossed by

the photons.* After some simplifications, one obtains
3/& /4
5 / 7E 7E P6
AN _ 2 xt 1/h o - T
@ 3 g ABE, 7" Pe (1 -e ) e . (3)

Equation (3) is used here to evaluate the n-meson fluxes (one sign only) pro-
duced by an electron of mornentum E = 20 BeV crossing a light target one
radiation length thick (t = x 8 g/cm The results are plotted in Fig. 1.

Compared with the fluxes predicted by Tsai, the fluxes of Fig. 1 are sub-
stantially smaller and compressed within a narrower solid angle around the for-
ward direction. This collimation is the consequence of the assumption that also
for the photo-produced secondaries the transverse momentum distribution is
invariant. The measurement that will be performed at SLAC within the next
yvear will show which set of curves is nearer the truth,

Equation (3) and Fig. 1 refer to n-meson fluxes. According to our model,
the other secondary particles—K-mesons, antiprotons, etc. —should behave in
the same manner., In order to evaluate their fluxes, the constant A in Eq. (3)
should be multiplied by the relative abundance of the particle with respect to
that of n-mesons, provided that the top momenta considered are high enough to
assure that the relative abundance has reached the asymptotic value, For
instance, at Eg 220 BeV, the multiplying factor is = 0.1 for K'-mesons, and
~ 0.01 for antiprotons.

Equations (1) and (3) can also be used to evaluate the ratic R between the
fluxes produced on the same target by a proton of momentum Py and by an elec-
tron of momentum Eg. One obtains

2 1 _ 1
X n exp I3 L N
. 3P aw N g 3 3/
R = 2 = 3 k P ° o ()
~ s
N 2 N Bt PO1/2 E017H Eo3/h P/t p
dP dw 1 - exp _.—.W.E_
B Eg
where A_ = 60 g/crn2 is the collision mean free path of protons in a light

material.

*The self-absorption of the target is neglected.
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Fig. 1. m-meson fluxes (one sign) from a 20-BeV electron on
t = 1 target.
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In Eq. (4) the angle of emission 6 does not appear, a consequence of the
postulated invariance of the transverse momentum distribution of the second-
aries. The ratio R thus expresses also the ratio of the fluxes integrated over
the solid angle.

As an application, in Fig. 2 are plotted the ratios of the proton fluxes to
the electron fluxes produced in a target one radiation length thick for two charac-
teristic cases: one in which protons and electrons have the same momentum,
P = E_ = 20 BeV, and the other in which the proton has 30 BeV and the elec-
tron 20 BeV. According to these curves, in order to produce comparable fluxes
of secondaries with P = 10 - 15 BeV, a 20-BeV electron machine should accel-
erate a number of electrons 10%* Y to 104- 5 times larger than the number of
protons accelerated by a 30-BeV proton accelerator.
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B. TARGETING AND EXPERIMENTAL FACILITIES
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TARGETING COMPATIBILITY OF BEAMS FOR
COUNTER AND BUBBLE-CHAMBER EXPERIMENTS

J. R. Sanford

This brief note will outline certain questions that interest me concerning
the utilization of the 200-BeV accelerator. These questions generally concern
the ability of the accelerator facility to share the proton intensity among many
experiments simultaneously.

Targeting for counter experiments usually consists of providing a steady
stream of particles at constant energy for a half second or more every pulse.
Bubble chambers need a fast burst of particles within less than 0,001 sec. The
goal of targeting compatibility must be to provide beams under such different
conditions in an efficient way on every pulse of the accelerator,.

Recent developments in bubble-chamber technology have made possible the
operation of multiple -pulsing bubble chambers. In a few years these chambers
may be able to expand several times every pulse and may even become a reso-
nant system and be capable of taking pictures every 50 msec or so.

Generally speaking, the usual fast external proton beam (EPB) would not be
suitable as a source of particles for such a chamber. The usual fast EPB ejects
one or a few of the bunches of circulating protons within the machine. In order
to be efficient, and not lose protons during the ejection, the beam would be kept
bunched for each such fast burst in the EPB. Such a bunched beam is not useful
for counter experiments in between fast bursts for a multiple-pulsing bubble
chamber. In fact, since the internal beam has to be positioned before fast ejec-
tion, and in a different position for slow ejection, and since it may take 30 msec
to change from one to the other, compatible external beam operation may be
impossible.

One solution to this problem would consist of modulating the intensity in a
basically slow EPB. The protons in the beam would usually go on to targets for
counter experiments, but when the extra bursts of protons come along, the
external beam would be deflected on to targets for bubble-chamber beams. This
would be repeated as often as needed for the multiple-pulsing bubble chamber,
and the intensity of protons in the burst would be adjusted to produce a satisfac-
tory number of secondary particles for the bubble chamber. The counter experi-
ments would have to gate off their electronics while the beam spill was inter-
rupted, but they would only lose about 0. 1% of the beam time. Naturally, there
will be fewer protons for the counter beams, but the protons would not have been
available anyway. More inefficient methods of targeting would have used the
proton bubble-chamber beams.
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The development of such modulated beams would mean, I hope, that other
EPB's would be fast/slow beams of this type, and that no time would be lost in
going from one mode of operation to another. Then counter experiments and
bubble-chamber experiments could use the same external beams and extract the
maximum utilization of the machine pulse and proton intensity.

Another question concerns the compatibility of simultaneous targeting in an
internal targeting area, and the ejection of a fast/slow EPB. Although only about
10% of the proton intensity is expected to be targeted in the internal targeting
area, it must be done while one or more EPB's are simultaneously operating.
Furthermore, the proton intensity of the EPB's will be modulated by perturbing
the circulating beam while it is near a half-integral resonance. All of this must
be done, and in the presence »f a steady slow spill on the internal target.

Maybe these conditions are too demanding, but it seems that the accelerator
should be designed with such capabilities, if possible.
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A TARGET FOR A 200 BEV EXTRACTED PROTON BEAM

G. Cocconi

A 200-BeV extracted proton beam (EPB) of luminosity

2 - (:1:ro2 X n@oz) = (% x 0.33 mm mrad)® ,
when found on a target, can have transverse dimensions r, = 0.2 mm and angu-
lar aperture 8 = 0.15 mrad. A typical target is a transmission target made of

beryllium, 10 g/cm2 thick, in which about 15% of the beam interacts, while the
85% that emerges on the other side is practically undisturbed. The average mul-
tiple scattering angle generated by the transmission target, <6> = 0.04 mrad,
is in fact negligible in comparison with the natural width of the beam, 6.

The secondaries produced in the target by the interacting protons are con-
centrated in the forward direction, within a cone whose aperture is determined
by the average transverse momentum, p, of the secondaries. There is good
evidence for assuming that, in first approximation,

<p; > ~ 0.4 Bev/c,

independent of the momentum of the secondary particle and of its nature. Con-
sequently, most of the secondaries of momentum p are emitted within a cone of
angular aperture

5 <P/> 0.4 Bev/c

P P P

For the efficient utilization of the secondaries in an experimental area, it is
necessary to isolate a beam (+A9) of particles having a definite momentum
p + 2p, and to eliminate as much as possible the background generated in the
area by all other unwanted secondaries produced in the target. At the energies
we are considering, the most stubborn background consists of p -mesons pro-
duced by the decay of n-meson secondaries, and care should be taken to mini-
mize these mesons. ’

At th_i'_s point, as a reminder, it is worth mentioning that the decay probabil-
ity of a n” -meson of momentum p to a p-meson is L/55p, where L is the length,
in meters, of the n-meson path in the laboratory system, and p is the x-meson
momentum in BeV/c., The p-meson produced travels practically in the same
direction as the w-meson, has the same charge, and has a momentum between
p and 0.5 p, with uniform probability.
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The fact that the number of p-mesons is proportional to L, makes it desir-
able to stop as soon as possible the m-mesons not entering the useful channels,
even at the expense of the flexibility in choosing the secondary beam momentum.

In conclusion, the requirements for the design of a 200-BeV EPB target are
the following:

(a) Vacuum channel containing the primary proton beam emerging from the
target. This beam can be used farther away on other targets.

(b) Secondary beam extraction from the forward direction,

(c) = Angular aperture of the secondary beams accepted in the channels not
much smaller than Gp.

(d) Maximum reduction of the free path of all secondaries not entering the
channels.

(e) Elimination of the secondary p-mesons from the experimental area.

The target system here proposed is illustrated in Figs. 1, 2, and 3, and has
the following properties.

The primary 200-BeV proton beam, 0.4-mm wide, 0.15 mrad divergent, is
focused on a beryllium target, a rod 5-cm long, 2 cm in diameter. In order to
operate the target system, the position and the divergence of the beam should be
kept constant within +r and +6.

The target is placed at the beginning of an 18-m long, homogeneous magnetic
field, B = 2 teslas, produced in the horizontal gaps of three dipole magnets:
Mj, Mj, and M3, each 6-m long [Fig. 1(a)]. These magnets are also illustrated
in Fig. 2, where it can be seen that their gaps have cross sections of 10 times
100, 15 times 150, and 15 times 200 cmz, respectively.

The characteristic feature of this system is that the 18-m long gap is filled
with heavy non-magnetic material (lead, uranium, mercury), except along the
secondary beams. Those beams are thus completely embedded in matter that
absorbs the secondaries not entering the useful channels.

Some construction details are given in Fig. 1(b), where the transverse scale
has been expanded by a factor of 10. The EPB emerging from the target is trans-
ported down the 18 meters in a 2-cm-diameter pipe that eventually continues
beyond M3 up to the next target, some hundred meters downstream (see Fig. 3).
The secondary beams — positive, negative, and neutral-—-leave the vacuum tank
through side windows, and continue in channels carved into the material filling
the rest of the gap. The magnets are split horizontally (see Fig. 2) to allow the
placement of the vacuum tank and of the portion of the return legs of magnets 2
and 3 that have slits for the less-energetic beams.

Since the iron of the magnets is very effective in absorbing the secondaries
and in deviating the u-mesons, the magnets should be designed with a high iron-

—a
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Fig. 1. (a) Plan view of EPB targeting magnets,.
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to-copper ratio. The gaps are kept as narrow as possible to minimize power
consumption. The system is simple enough that even a radical modification of
the beam momenta should not be very difficult to carry out,

The momenta chosen for the charged secondary beams, 150, 100, 60, and
30 BeV/c, are typical. The apertures of the channels adopted in the present
design, as well as the accepted transverse momenta and the momentum bites, are
summarized below.

Secondary Transverse Momentum
beam Aperture, momentum bite,

momentum T A0 P + Ap
(BeV/c) (mrad) (BeV/c) (BeV/c)
+150 3 0. 45 6
+100 3 0.3 3
+60 5 0.3 1.7
130 5 0.15 1.3

Neutral 5 -- --

The most critical channel is that with +150 BeV, because it runs so close to
the EPB. At the end of M3 it diverges from the EPB by 18 mrad and is 16 cm
away: this is enough to make possible the insertion in that position of a system
magnet.

In order to decrease the p-meson background around the most energetic
beams, it will be necessary to pull these beams farther away from the EPB by
means of additional bending magnets. Figure 3 shows that there is space for
this, as well as for the shielding.

Further shielding is likely to be unnecessary for the lower-momentum
channels that go through the magnetized legs of My and of M3. The vertical
slots in the iron (also filled with non-magnetic material where not used by the
beam) provide holes with low field that let the beams go through, while the
magnetized iron "traps' the p-mesons still present, by bending them in the
forward direction.

No evaluation of the shielding necessary to protect the other channels is
attempted here. However, it is believed that the amount of material that must
be put around the long EPB channel for elementary safety reasons will already
be adequate in most of the cases.

In comparing the '"solid target'' here described with other target systems,
the inconvenience of the rigid channels should be weighed against the advantage
of a minimum p-meson background. When the p-meson background must be
eliminated farther away from the target, as is the case when a more flexible
system is considered, then the amount of shielding becomes so large as to
introduce a rigidity in the experimental area setup that can be worse than that
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of the solid target., This situation becomes more evident the larger the energy
of the proton beam.

The construction of a solid target becomes simpler in the case of an end
target, in which the proton beam is totally absorbed, The vacuum tank is then
no longer necessary, the most energetic positive secondary beam is no longer
cramped near the EPB, and the filling in the gap is more efficient in stopping
unwanted secondaries.
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ON TARGETING STATIONS IN AN EXTERNAL PROTON BEAM
AT THE PROPQOSED 200 BEV ACCELERATOR

A. L. Read

In these notes we shall discuss various arrangements of targets, quadrupole
and dipole magnets used for obtaining secondary particles from an extracted pro-
ton beam at the 200 BeV accelerator. Some of the schemes have already been
described elsewherel> 2 and will not be discussed in detail here.

The targeting arrangements to be discussed are the following:

(1) Scheme I: A system which is roughly equivalent to that given in the
Design Study Repor‘cl (DSR), for the internal target area H.

(ii) Scheme II: A system similar to that shovm in the DSR for external
proton beam (EPB) target station I-A.,

(iii) Scheme II-A: A system we described in an earlier note. 2

(iv) Scheme III: A system similar to that shown in the DSR for EPB target
station J-A.,

{v) Scheme IV: A system in which the secondary beam production target is
followed by, first, a quadrupole magnet lens, and then a dipole magnet. Such a
scheme is presently being considered for use at the long-spill EPB at the BNL -
AGS.

DISCUSSION OF SCHEME I

An example of a Scheme I targeting station for an EPB is shown in Fig. 1.
Note that there is no secondary beam at 0-deg production angle. This is the out-
standing special feature of this beam. The principal advantage of this is that the
unscattered EPB and the various secondary beams can be independently controlled
by the individual users of the beams. The major drawback is that the beams are
not as intense as they could be, since the yield of secondary particles falls rapid-
ly as the production angle increases.

Let us take an example and estimate the beam intensities. Take the 50-100
BeV/c counter-beam shown in Fig. 1. Assume (i) the particle production cross
sections are given by the empirical formulas of Trilling, @ (ii) an EPB of 10!
protons per second (pps), (iii) a target thickness of 0.5 interaction lengths, (iv)
quadrupole magnets Q with an aperture of radius 2 in., (v) a momentum-bite of
+ 1% (HWHM). Then the == intensities are estimated to be = 107, 4 x 106,

1.5 x 10°t "/sec at 50 BeV/c and~ 2 x 107, 3 x 106, and 5 x 10%1~/sec at 100
BeV/c, for production angles of 0 deg, 5 mrad, and 10 mrad, respectively. For
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Fig. 1. Scheme I targeting station for EPB.
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many experiments these fluxes of pions at 5 mrad (even 10 mrad, in many cases)
are quite adequate.

Let us take a second example: for 10-20-BeV/c n~, the number of x  pro-
duced at angle ~ 3 deg is predicted by Tr:illing3 to be quite comparable with the
number produced at 0 deg. For 'low' energy secondary beams, then, the O-deg
production angle requirement is not necessarily important.

DISCUSSION OF SCHEMES II AND II-A

An example of a Scheme II targeting station for an EPB is shown in Fig. 2.
Note the following features of such an arrangement:

(1) Secondary beams produced at 0 deg are obtained. For high-energy
(2 50 BeV/c) beams, this insures the maximum possible flux of such beams
attainable at the 200-BeV accelerator.

(ii) When the momentum of the '""prime' beam, for example, the 150-BeV/c
5~ beam in Fig. 2, is changed, then the momenta of all the other changed parti-
cle beams are scaled in direct proportion. This will often by inconvenient. One
method of independently controlling at least one other secondary beam, using a
correcting bending magnet Mg and various production target positions, has been
discussed previously2 (also see Fig. 3).

(iii) When the momentum of the prime beam is changed, the trajectory of the
residual EPB is also necessarily changed., In the type of experimental area
shown in Fig. 2, one could construct an EPB beam-stop of large horizontal
dimension, so that it could intercept the beam, regardless of the magnetic
fields in the targeting magnets M]_4. However, if there is to be a subsequent
EPB targeting station further downstream, then the question of redirecting the
proton beam, for various excitations in Mj_4, is quite complicated. This ques-
tion is discussed further in the next section.

DISCUSSION OF SCHEME III

.In Fig. 4 an example of a Scheme III targeting station for an EPB is shown.
The purpose of the present discussion is to consider the question of transporting
the EPB to a subsequent targeting station, while obtaining a secondary beam of
variable momentum. In order to simplify the discussion, only one secondary
beam is shown in Fig. 4. As in Fig. 3, there could of course be several second-
ary beams produced simultaneously at the target station. The fields in magnets
M;, My, M3, and My are adjusted so that for all secondary beam momenta, the
trajectory of the residual EPB at the downstream end of the target station is
always the same. Note that'in the example shown in Fig. 4, the final proton-
beam direction is the same as the incident-beam direction. Thus, if B,, BZ’
B, and By are the angles of bend of the EPB in the four target magnets, we
have the constraint B; + B, = B, + B3. In addition, since the position of the
residual EPB must be unchanged, a second constraint on the bending angles B
is necessary. For example, we could require that B] = B, (thus Bz = Bs3,
also). The momentum of the secondary beam is determined by the magnetic
field settings in M,, M, (keeping B, = B3) and M.
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Note: Drowing not to scale.
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Fig. 2. Scheme II targeting station for EPB.
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Note: Drawing not to scale.
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Note: Drawing not to scale.
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Fig. 4. Scheme III targeting station for EPB.
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We now ask two questions:

(i) What is the highest-momentum positive beam that can be obtained with
such a system? This is determined by the width of the septum of M, and by the
dimensions, at My, of the residual EPB and the secondary beam. Using the
magnets just as described in the DSR, ! and taking a separation between EPB and
secondary beam lines, at M4, of 15 in.,, then the highest attainable positive
beam (at 0-deg production angle) has momentum 75 BeV/c, for 200-BeV EPB
energy.

(ii) What size of quadrupole magnet lens is required to attain the optimum
solid angle of acceptance for the secondary beam? This lens would presumably
be placed immediately downstream from My, in the secondary particle beam.
Taking a half-angle of acceptance, about 0 deg for the beam, of =~ 0,5/p rad
(p is the secondary beam momentum, in BeV/c), we are required to use a quad-
rupole lens with an aperture of radius about 10 in.: this would be an unrealistic-
ally large aperture! It must be of interest to estimate what sort of beam we can
obtain with the Scheme III type of target station. Let us take the diameter of the
quadrupole lens to be 8 in., then a Ap/p = +1% HWHM 75-BeV/c 1t beam pro-
duced by 1012 EPB protons/sec, produced at 0 deg in a target one-half of an
interaction length long, would have an intensity of ~ 4 x 107 xt/sec (and =~
4 x 106 K't/sec). It is clear that for the majority of applications these intensi-
ties are more than adequate. One method of raising the highest attainable posi-
tive beam momentum, for this target-station configuration, might be to replace
the Fe-Cu magnets by superconducting bending magnets—with a maximum field
of, say, 50 kG. In such a case, the maximum attainable 0-deg positive beam
would have momentum of 140 BeV/c. However, it is perhaps premature to dis-
cuss this possibility seriously at the present time.

DISCUSSION OF SCHEME IV

An example of a possible Scheme IV-type EPB targeting station is shown
in Fig. 5. The essential difference between this scheme and those discussed in
the two preceding sections is that a quadrupole magnet lens is placed downstream
of the secondary beam production target, but upstream of the system of bending
magnets that separate the residual EPB from the high-energy secondary beams.
This sort of scheme might be quite useful for obtaining very high energy (> 150
BeV/c) charged secondary beams, since the first septum magnet, which bends
the residual EPB, but not the secondaries, is placed at or near a focus of both
the EPB and of the secondary beams. The steering magnets Mg; and Mg, could
be used to deflect beams of various momenta in the 125-175 BeV/c range into
the subsequent transport systems for the secondary beams. The slits S;, S,
and the quadrupole magnet lenses L], L2 would have to be moved appropriately,
as the selected secondary momentum was varied. For beams of momentum
<125 BeV/c, this sort of system could still be used. The secondary beam
would not be well '"focused' in the region of MSl and Mg,. Presumably this is
not a serious difficulty since the physical separation of such 'low' momentum
beams from the residual EPB is quite large.
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Note: Drawing not to scale.
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SUMMARY

We have discussed above a few possible examples of EPB targeting stations
for obtaining charged secondary particle beams. Such schemes would seem to
be a realistic arrangement to use for many types of high-energy physics experi-
ments. The possibility of setting up two more beams independently controllable,
at any of these types of target stations, seems to be quite feasible. The question
of the need to consider the possibility of more complicated systems (e.g., with
many O-deg beams from the same production target) depends strongly upon the
scope and rate of performance expected of the high-energy-physics experimen-
tal program, about which only a wide spectrum of varying and probably unrealis-
tic estimates can be made today. Let us suppose, however, that we have five
targeting stations (as in the DSR), an average of 2.5 secondary beams per
station, each beam containing on the average one "Y'"-fork (thereby using two
experiments alternately), and assume that no two experiments can run in series,
using the same secondary particle beam. Then the number of experiments set
up simultaneously in an area that could be served by a particle beam would be
5x 2,8x 2 = 25, Is 25 enough? That is largely an economic question, How-
ever, assuming that we wish to increase beyond the 25, do we increase (i) the
number of target stations, (ii) the number of beams per station, or (iii) the
number of forks per beam? The feasibility of increasing (i) or (iii) is a matter
of economics, real estate, etc. As far as (ii) is concerned, we can certainly
obtain additional ''secondary'’ beams, of either "low'" momentum (''low' = less
than =~ 25 BeV/c) or finite production angle (6 prod ~ a few degrees) in any of the
target-station systems considered in this note and elsewhere. *?
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ROUND-TABLE DISCUSSION ON THE IMPORTANCE OF THE
INTERNAL TARGET AREA AND ITS POSSIBLE CONFIGURATION

This round-table meeting was moderated by Denis Keefe, who delivered a
brief introduction to establish a framework for the discussion. The group of
participants included most of the summer study group in Berkeley at the time and
many members of the local Design Study Group.

INTRODUCTORY REMARKS (Denis Keefe)

Before opening the discussion, I would like to make the following two points.
As regards procedure, I intend to talk for about 30 minutes and to try to estab-
lish an acceptable framework. Second, we are not here to arrive at a decision,
which will be the job of the group carrying out final design, but to help define
the best working hypothesis that the study group ought to adopt. In the process
it may become clear which alternatives are most worthy of intensive study.

The internal target area of the Design Study Report (DSR) could be considered
as supplying some four, or so, experimental outlets (or secondary beams). Its
estimated cost is about 11 million dollars. If we assume that the total experi-
mental program should remain unchanged, it is germane to discuss whether this
sum (or part of it) would not be better invested in adding to the external areas.
For example, the full power of the external beams is realized only when three
or four series targets can be utilized, and this situation is far from reached in
the proposed scheme. Alternatively, among the four proposed external target
areas, three (in the DSR) are identical and the fourth has some special proper-
ties. Perhaps all should have some quite different features, e.g., one be
suitable only for low primary energy (maybe < 70 BeV) to minimize the muon
shielding, another be optimized for neutral beams, another for neutrinos, and so
on. A cut-back on the expensive internal area could allow the release of money
to enhance the variety and flexibility of the external areas. In the process, some
of the disadvantages of eliminating or restricting the internal area could be com-
pensated.

As a starting point we adopt the philosophy that the major part of the experi-
mental program be based externally., Therefore, at most, we are considering a
maximum of one fully-developed internal area and no more, At minimum, we
consider none. In addition, we will specify that the predominant use of the
internal target will be in a Collins straight section using a time-averaged inten-
sity of 10% of the circulating beam, viz , 3 x 10l2 ppp. For limited periods,
higher beams could be allowed if the physics uses so demanded; likewise, on
special occasions targets could be placed in the curved section of the machine so
that the magnetic fields in the synchrotron guide field would help to deflect out
the beams of lower momenta. However, in this case the muons would also be
bent at steeper angles to the proposed shielding wall and could quickly become a
hazard, so that this should not be considered a normal mode of operation.
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For historical reasons we can recall the three usually quoted advantages of
internal targets:

(a) Target Efficiency: See, for example, Chapter XIII of the DSR for a dis~-
cussion of efficiency and productivity; only an extremist can argue that this is
any longer important.

(b) Ease of Spilling on Multiple Internal Targets: We can rule this out be-
cause we are considering only one internal area at most.

(c) Target Optics, viz , the possibility of observing a tiny source size away
from O-deg, or the possibility of several experiments running from the same
target with freedom to vary their momenta independently. These features are
advantageous only at relatively low secondary momenta at which typical produc-
tion angles [~ 0.5/p(BeV/c) radians ] are not too small,

We now proceed to discard this list, partly for the reasons stated, and
partly to set up a new list of the reasons for which an internal area seems re-
quired, as follows:

(i) Use of Very Tenuous Targets: Forget multiple traversals in connection
with normal metal targets as they are not important, but consider the case of an
experiment requiring a target whose tenuosity is determined by the secondary
product or products. As examples that we can cite today, we list the very low
momentum recoil proton in low momentum-transfer p-p scattering whose detec-
tion and measurement demands small energy loss and coulomb scattering, the
production of monopoles that may have anomalously high energy loss, or the
desire for secondary beams of extremely low electron contamination impossible
to attain from thick targets. Who knows what new examples in this same gen-
eral category may be invented in the next decade? In the event that the escape
probability of the desired secondary product should determine the tenuosity of
the target, then the multiple-traversal feature becomes very important. During
a 600-msec flattop, some 40 000 traversals are possible with a corresponding
enhancement of the data-taking rate. ' '

(ii) "Decoupled, ! "Point' Optics: It is often claimed that several experi-
menters may view a very small internal target in a straight section at finite
angles and be free to vary their secondary momenta independently. At high
energies this mode of operation will be de-emphasized because of the forward
collimation of the secondaries. We believe that the advantages can be recovered
by inserting a target in a straight section of the EPB. If you recall the limita-
tion on the internal target operation to only 10% of the beam, it is clear that the
equivalent external straight section target (SST) need not be very thick, =~ 1 cm.
This is therefore a weak point.

(iii) Indefinitely Small Emittance: This is not relevant for bubble-chamber
operation. If a very tiny target is inserted in the internal beam during a long
flattop, eventually all the protons will pass through it. For a 500-msec spill
and a long target ( = 1 mfp), the minimum cross section is about 0.003 by 0.003
inch in principle. (In practice, note the problems of support and of cooling.)
Externally, the theoretical minimum cross section necessary to capture the
whole beam is 0.006 by 0.006 inch. Both these target sizes are comparable,
therefore —also probably unrealistically small—and this point is also a weak one.
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({iv) First Year or So of Operation: Causality demands that the beam be circu-
lating within the accelerator before it becomes available in the external areas.
One argument goes that useful experiments may proceed using an internal area
while the extraction mechanisms are being worked on and tuned up early in the
operating phase, and that even thereafter the internal area represents insurance
against failure of the EPB's. The counter argument is that the extracted beams
can be developed very rapidly (e.g., in 1 month), if so legislated, and the
pressure for the development of the external areas (undeniably the main focus of
experimentation) will be all the greater if no internal area is included.

(v) Future Modifications: The demountable shielding around the internal
area may, at some later stage, provide very convenient access to a part of the
main ring that includes a long straight section. One example might be the addi-
tion of a low-energy intersecting ring for clashing beam experiments. Six to
twelve months shutdown could be avoided. Alternatively, an EPB could be
extracted in this area at some later time when internal targeting had lost its
attractions.

(vi) More Flexibility: Elioff has pointed out that the shielding design, viz,
constant in cross section at the internal area, could allow fairly rapid handling.
This argument, whether true or not, can be met by supplying an SST in the EPB
where the shielding will have similar characteristics,

If it is agreed that no major items have been overlooked, can we agree to
limit our discussion to Points (i), (iv), and (v), because the others are weak or
can be satisfied in the EPB?

DISCUSSION (R. P. Ely)

(Editor's note: Much of the following discussion actually took place during
the delivery of the introduction. Since no tape was made, I have summarized
the remarks in my own words from my notes. Where many comments to the
same point were made, I have grouped them together without attempting to cap-
ture the subtle variations in interpretation, for which I apologize to one and all.)

To initiate the discussion, Haglund presented four plans for the internal
target area which had been developed in the previous two weeks in discussions
with Sanford, Keefe, and Ely. These are shown in Figs. 1-5 and vary in scope
from the full-scale area proposed in the Design Study Report (UCRL-16000) to a
simple stub tunnel tangent to the machine similar to the EPB tunnel. The esti-
mated costs are shown in Table I and are to be compared with the approximately
one million dollars that 400 feet of normal tunnel would cost.

Before the general discussion, Jovanovic inquired: (a) Can the EPB be flat-
topped as successfully as the internal beam? (b) Can the internal and external
beams be targeted independently in a random manner? Lambertson replied to
point (a) that it was probably possible but at a greater cost in effort and expense,
and to point (b) that the present vision of a flattopped EPB extraction would make
it difficult, but it is perhaps possible by using horizontal excursions for the EPB
extraction and vertical ones for the internal targets. Future experience at the
CERN PS and the AGS will help clarify these points.
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Elioff pointed out that even if the three main points suggested by Keefe failed
to justify the area, they could well be considered as invaluable fringe benefits,
since the internal area would always be of value as a normal targeting area for
standard experiments., He felt it likely that set-up time would be considerably
less because of the absence of the heavy muon shield which must be present in
the EPB,

Several people rejoined that because of radiation problems only 10% of the
beam could be dumped on the internal target, but Elioff felt many experiments
would require less than 10% of the beam.

Gilbert mentioned that the presence of the internal targeting area would
prevent the servicing of that section by the shielded vehicle, and hence extend
maintenance problems in that area; Cocconi thought the high radiation levels
might cause delays which balanced the benefits of a smaller amount of shielding.

Elioff repeated that radiation might be a more severe problem in the EPB
where large targeting magnets would get hot, but Keefe pointed out that (a) these
magnets could be removed bodily with a crane, and (b) if no internal area were
constructed, a straight targeting section, which would be added to one of the EPB
lines, would provide the same type of shielding structure as in the internal area.
This latter point added two million dollars to the EPB plans in the event that no
internal area is constructed. Cocconi felt strongly that experiments should be
done in the EPB when possible, since all setups in the internal area would re-
quire stopping the whole machine.

Main points (i) and (v) were discussed from much the same point of view
since (i) involved provision for a by-and-large unknown group of experiments,
Cocconi felt the items mentioned could be done in the tunnel, but Keefe said this
would preclude any piece of large apparatus such as a spectrometer at right
angles to the beam. Yuan favored one of the modest areas since he didn't feel
it would be necessary to use both sides of the ring simultaneously.

Abashian, Selove, and Tollestrup all argued vigorously for the necessity of
the internal area to cover unknown and unanticipated situations. Since the
machine is being constructed to investigate the unknown, they felt it of prime
importance to include all facilities. Tollestrup mentioned as an example the
possibility of utilizing the extraordinarily tight bunching of the beam at transition
for time~-of-flight measurements,

There was some discussion of the possibility of adding the area later if it
was necessary., Keefe thought some small holes in the earth shielding of the
ring could be made in a month, but that a full-scale area would need a six-month
shutdown which would be very costly in machine utilization. Abashian and Selove
both thought that it would be much easier to make modifications to the external
area at a later date. Lambertson added further that because of the extraordinary
earth loading in the internal area, it would be almost impossible to add the
internal area after the machine was built at most of the possible sites.

A great deal of discussion centered around the need for an internal area in
the initial experimental phases as insurance against delay or difficulties with the
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EPB. Vigorous in their defense of this concept were Elioff, Sanford (in absentia),
Abashian, Selove, Tollestrup, and Yuan. On the other hand, Thresher felt the
mere presence of the internal area would serve to delay the completion of the
EPB and hence some of the major purposes of the machine such as neutrino
work. Joining him in these thoughts were Cocconi and Jovanovic. Cocconi
especially felt that the machine should be designed as a device separate from

the experimental areas and that the concept of an internal targeting area was bad
philosophy.

Obviously, no consensus was reached, but it was felt that a broad basis for
future discussion had been established. A straw vote of the various proposed
schemes revealed the following alignment:

Full-scale area Elioff, Abashian, Selove, Tollestrup
One-~-half area Yuan

Vestigial area Jovanovic

No area Cocconi, Thresher

The meeting adjourned for lunch at 12:00 noon.

Table I. Cost breakdown of proposed internal target areas
(costs in units of $1000).

Plain Under-
superperiod Minimal ground Half Full
(Fig. 1) (Fig. 2) (Fig. 3) (Fig. 4) (Fig. 5)

Structure -enclosure

slab retaining walls;

access, utilities, and

shielding 510 1,670 3,730 2,000 3, 840

Shielding blocks -- 200 520 2,400 3, 640

A and E, contingencies,
and escalation 290 820 2,010 1,970 3,000

Crane --- --- 400 150 240

TOTAL (k3) 800 2,690 6,660 6,520 10, 720
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NOTE ON THE INTERNAL TARGET AREA

Tom Elioff

It appears that an external-beam experimental area is certainly more flexi-
ble than an internal target area. Arguments to this effect have been reiterated
throughout Chapter XIII of the Design Study Report (UCRL-16000) as well as its
counterpart, UCID-10138,

The remaining and perhaps more important question is whether an internal
target area is important to the overall physics program of the accelerator and
hence should be included with proper perspective as an integral part of the accel-
erator. Therefore, let us review a few factors which are true in whole or in
part .

1. Chapter XIII has some of the following statements:

a. '""The unstacking and restacking of the enormous mass of shielding
(time -wise)...would require one EPB area to be always operable.

b. '"The problems of setup are tedious and...will favor lengthy beam
setups.
¢. '"Muon shielding = 100 m by =15 m of iron equivalent."

The prescription for extended beam setups is, of course, in the interest of
technical efficiency. It is not in the interest of physics if the experiments do not
match the area. If one does not allow frequent changes when and if they are
necessary (changes without unnecessarily long and expensive set-up procedures),
one may curtail the flexibility and usefulness of the accelerator. The internal
target area could be the facility for such changes, at least in the initial years of
operation when one has to gain some experience with the new machine.

Although statements like a, b, and ¢ are implied in Chapter XIII for both
internal and external areas, the internal area does not require a beam dump,
extensive muon shielding, or a complicated conglomeration of shielding mater-
ials. In general, the inner shielding wall is of heavy concrete 20 feet thick and
20 feet high. Typical beam passages are 60 to 80 feet long within the shield,
only about 4 times as long as those normally used at the Bevatron, Thus, from
extrapolation of present procedures by Mr. QOlsen at the Bevatron, it would seem
possible to stack or unstack the roof blocks in half a day. The use of two cranes,
each of 100-ton capacity, would further shorten this time. This is feasible if we
establish the experimental area as one half the original design area, i.e., a
building 400 feet long by about 80 feet wide., The shorter crane would make the
100-ton crane feasible for larger roof-block modules.
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The main point here is that it seems possible to establish a new beam in
several days in the internal area, rather than in several weeks in the EPB.
Shutdown and maintenance periods of this order would be expected at least in the
early years of the accelerator. In the later years, a sufficient variation of
beams might be approached to reduce change-overs even in this area (assuming
two or three beams can be set up here).

2. Work on an internal target area need not be initiated immediately after
turn-off. A cool-off period (without targeting) can be arranged just as easily
for an internal beam area as for an external beam area. In either case, one
assumes the beam is utilized in an alternate area during cool-off. In general,
the internal area will be less active than the beam dump areas of the EPB,

3. In this discussion, we assume that the internal target area is a minimum-
intensity area which utilizes ~10% of the beam.

4, The crane handling in the internal area, especially with a combination
of the main ring cranes and overhead crane of the experimental area, should be no
worse than in the external beam area.

5. Chapter XIII implies that because plunging mechanisms must travel
farther for the internal area than for the external area, they are perhaps less
reliable. The single, simple, and already proven flipping mechanism for an
internal target will be enormously more reliable than the total combination of
plunging and pulsing magnets of the extraction system, EPB channel, and back-
stop, their associated power supplies, as well as EPB target actuators.

6. A list of the advantages of the EPB to the experimenters is expounded
in Chapter XIII. These are zero-degree production, emittance, and targeting
efficiency almost as good as those of the internal area, as well as certain geo-
metrical and flux considerations., These are advantages only when absolutely
required. They represent no advantage to the experimenter if his requirements
can be fulfilled at the internal area and his experiment can be set up and executed
more rapidly there.

7. There are a number of ways of utilizing the EPB, and they are experi-
mentally flexible; we have already, however, mentioned the difficulties in chang-
ing beams. The number of experiments that utilize the same target is finite and
suffers from some inflexibility with regard to individual intensity and energy
control. The internal area offers another experimental area at a reasonable
price which will be necessary to meet the experimental demands. Even though
the area is less flexible, the very fact that it can provide for a number of experi-
ments is its chief advantage—particularly the kind of experiments utilizing lower
intensities and lower energies for secondary beams.

8. Mention has been made (Chap. XIII, UCRL-16000) of some possible
experiments that might be performed only at an internal area. However, probably
the most realistic advantage is the use of the internal area during the early stages
of machine tuning. This would be the first area at which experiments could be
performed with intermittent beam during tune up. This area could also be profit-
ably used for machine development.
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9. The internal area would provide one of the most flexible access regions
to the main ring. Removal of a few roof blocks with the overhead crane provides
this access. The main access tunnel could be eliminated for this section of the
machine.

10, The EPB will probably be used heavily by bubble-chamber and neutrino
experiments. The internal area may be more attractive for some ''smaller"
scale lower intensity counter experiments.

11, EPB operating areascan be expanded at a later date. It will be difficult
to include an internal area ''later,' The internal area is logically, historically,
and profitably used in the early years of an accelerator. (Actually internal areas
have never been phased out in any existing accelerators even in their later years.)

12, The internal area is efficient for simultaneous beam sharing. This is
of considerable importance in view of expected high experimental demands.

13. An internal area would probably be converted into an EPB area, if
necessary, at less cost than some other straight section of the machine,

14. In discussing the above points, we have had in mind a flexible internal
area of the '"Half-Hall" type shown in Fig. 4 of the "Round~Table Discussion on
the Importance of the Internal Target Area and Its Possible Configuration' (this
volume). The area is approximately 400 by 80 feet on the outer machine radius
only. An additional five million dollars seems a rather good price for a flexible
experimental area. However, the main point in the preceding discussion is not
concerned with either cost or the comparison between internal and external beam
areas. It is simply that the internal area together with the EPB areas will pro-
vide a faster, more efficient, and more flexible physics program than the external
areas alone.
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THE POSSIBILITY OF USING A SMALL STORAGE RING
IN CONJUNCTION WITH THE MAIN ACCELERATOR
FOR COLLIDING BEAM EXPERIMENTS

J. J. Thresher

INTRODUCTION

The Design Study Report (UCRL-16000, Vol. I) discusses briefly the possi-
bility of constructing a pair of 200-BeV intersecting storage rings to be used in
conjunction with the 200-BeV accelerator. Mention is also made of a more
modest facility consisting of a low-energy ring which would be arranged to
intersect the main ring of the accelerator. This would give a substantial in-
crease in the center-of-mass energy, as the following table shows:

e e e e e e e e e o P e e o et i i T T e o et P et ki e, b

Proton kinetic energy in small 200 100 50 25 10 8 5 2 0
storage ring (BeV)
Ec m. (BeV) 402 285 202 144 94 85 69 48 19.5

In this report we examine the latter possibility in a little more detail, using
8 BeV for the energy of the storage ring., This gives a total center-of-mass
energy of 85 BeV, and has the advantage that the ring can be filled directly from
the booster. However, there is no reason why a ring capable of storing higher
energy protons should not be considered,

At first sight, the simplest way to proceed would seem to be to design the
small ring to intersect the main ring in one of the long straight sections, prefer-
ably the one just downstream of the booster. However, such a scheme has
several undesirable features. First, any detectors that must be placed really
close to the 200-BeV beam would interfere with the beam during injection. Next,
the vacuum system of the accelerator in the interaction region and downstream
of it would almost certainly have to be replaced by one tailored to the needs of
experiments with colliding beams; the same would probably be true of the mag-
nets downstream of the interaction region. Finally, the length of time that the
accelerator would have to be out of operation during construction of the storage
ring would be considerable. A more attractive, but more expensive, scheme
is to build a sidetrack alongside the main accelerator. It would contain a
straight section which would be used for the intersecting region, and its total
length might perhaps amount to the equivalent to two superperiods. The beam
would be switched into the sidetrack immediately after acceleration to full
energy. The idea of using a sidetrack was first suggested by Collins as part of
a scheme for beam extraction. There appears to be no reason why it could not
be used for both purposes simultaneously.
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INTERACTION RATES

In the scheme considered here, we assume that the accelerator runs norm-
ally at 23 pulses per minute with a 0. 6-sec flattop. We examine the interaction
rate during the flat-top period, assuming that the beam is being extracted uni-
formly during this time for use in the external target areas. If 3x1013 protons
per pulse are accelerated to full energy, then, so far as the calculation of rates
is concerned, the accelerator would be equivalent to a 200-BeV storage ring of
the same circumference containing 3. 5x1012 circulating protons., The protons
would fill an area approximately 10 mm wide and 3 mm high, and would have a
momentum spread AP/P < 1 10-4,

The small ring would probably be stacked in synchrotron phase space. In
a ring with the same circumference as the booster, it should be possible to
stack about 2.5x1012 protons per turn, allowing for an efficiency of a little over
50% for transferring the beam from the booster to the ring. The momentum
spread of the beam from the booster is expected to be + 0. 75x10‘3, which would
lead to a spread of approximately + 0. 75x10-% in the storage ring after stacking
and debunching. The storage ring could probably be designed to accept a maxi-
mum momentum spread of + 1. 5x10"2, Thus the upper limit on the number of
particles stored, which should be proportional to the momentum spread, would
be 5x1014,

The interaction rate, I, may be calculated to a good approximation from
the following formula,
2N N_co
1
I = 1tz /sec , (1)

h 6

where N and N, are the number of circulating protons per cm in the main ring
and the storage ring, respectively, € is the angle at which the two beams inter-
sect, h is the height of the beam in the storage ring (which we assume to be the
height of the 200-BeV beam), c is the velocity of light, and ¢ is the interaction
cross section.

The Design Study Report suggests a circumference of 4337 m for the main
ring and one of 619.6 m for the booster. We therefore obtain

N, = 0.81x 107 /cm

and N, = 5.38x 1011(aP,/P,) /em ,

where + APZ/PZ is the momentum spread in the small ring which within the
design limit of £ 1. 5x1072 will be dictated by experimental requirements. If we
now choose 6 = 0,1 radian—a crossing angle of 5.7 deg—and h = 0.3 cm
(i.e., we assume that, in the interaction region, the height of the beam in the
small ring can be made equal to that of the beam in the main ring), then
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I = 1.35x 10%, (AP, /P,) /sec, (2)

where 0 is expressed in millibarns.

The spread in the total center-of- rnas]s energy is given approximately by
AE*/E* = 1/2 ((oP /Pl) + (AP, /Py )& ) Thus an exper iment requiring
AE*/E* = 4+ 10-3 could be carrled out with APZ/PZ = + 2x10-3 since the effect
of AP /P) is negligible. The interaction rate would then be 1.6/min/u barn,
and a total cross section of 40 millibarns would give 1070 interactions/sec. The
situation for other choices of AE*/E%* is summarized in Table I.

COMPARISON OF THE PRESENT SCHEME WITH THE ISR AT CERN

The construction of a pair of intersecting storage rings at CERN is now in
progress. They will provide a total energy in the c.m. system of approximately
52 BeV. The estimated time of completion is 1971. A comparison of the rates
expected in the ISR with those we have just estimated is therefore relevant. We
shall use the parameters given in the CERN Design Study Report for this pur-
pose.

The expression for the interaction rate is
I = 4.12x 107g (&P/P)? /sec, (3)

where ¢ is again in millibarns, and the momentum spread in each of the two
rings is + AP/P. The spread in the total c.m. energy is given approximately
by AEX/E* = (1/\/_2) OAP/P. The rates obtained for various choices of AEX/E*
are given in Table II and should be compared with those in Table I. We should
point out, however, that in predicting the rates for the ISR the CERN group
assumed an intensity of about 1012 protons per pulse in the PS. By the time the
ISR comes into operation, it is likely that an intensity of at least 3 times this
figure will be available. In this case, the number of protons that can be stored
in each ring for a given AP/P should increase substantially over the present
design figure, say by a factor of two or more. Thus on the basis of counting
rate alone, the case for the 200-BeV x 8-BeV scheme looks weak, However,
when viewed in isolation, the rates do not seem to be prohibitively low, and it
is impossible at this stage to assess the value of the substantially higher c.m.
energy that the 200-BeV x 8 BeV scheme would provide. The whole scheme
would, of course, be more attractive if the small ring were capable of running
at a somewhat higher energy, say 25 BeV. This would give a total energy of
144 BeV in the c.m. system--almost three times that of the ISR. It would now
have to be filled from the accelerator itself rather than from the booster, but
this should not be a serious problem. The interaction rates would be similar
to those already calculated.
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COST ESTIMATE

A rough estimate of the cost of the scheme is $55 000 000. It assumes
that the total cost per unit length of the storage ring and of the main ring bypass
is the same as for the main accelerator--$35 000/meter. The circumference
of the storage ring is 620 m, which should be suitable for storing protons up to
about 25 BeV if magnets capable of running at 15 kG are used. The cost of the
bypass is based on a length of 720 m, i.e., about two superperiods.

The breakdown is therefore as follows:

Bypass $25 000 000
Storage ring 20 000 000
Experimental area 10 000 000
Total $55 000 000

The estimated cost for the CERN storage rings is approximately $50 000 000.
CONCLUDING REMARKS

It is fairly obvious that any decision to proceed with a scheme such as that
discussed here should wait until the accelerator itself has been in operation for
some time. (The same is probably true of the suggestion to build a pair of 200~
BeV intersecting storage rings.) By then we should have a much clearer idea
about the way in which physics should be done in this new energy region; there
should also be a considerable amount of information available from CERN on
the problems associated with the use of storage rings, and hopefully some indi-
cation as to the value of going to c.m. energies appreciably higher than 50 BeV.
If possible, therefore, one should simply ensure that at this stage nothing is
done that would make it difficult for such a scheme to go ahead if the need arose.

Table I. Estimated interaction rates
for the 200-BeV x 8-BeV scheme.

AR % Apl Apz Liotal
— < 1la I/min/ub
Ex* Py P, (sec ")
+0.7 x 10-4 + 104 + 1074 54 0.08
£0.7x 103 + 1074 +1.4x 1073 756 1.13
£0.7x 1072 + 1074 +1.4x 102 7,560 11,3
a, In calculating the total interaction rate, Itotal’ we have assumed a total

cross section of 40 mb.
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Table II. Estimated interaction rates
for the ISR at CERN,

e o e e e et A e e S e i et o e o 8 e ot Y gt i} o T A . A " T o e . i, e . . o
e L T L T L T L L T L . L L L s L s e e s T e s L I T e e

AES AP Ltotal

TEx B (sec™1y2 I/min/pb
£0.7x 1074 + 1074 16,5 0.025
+0.7x 1073 +1073 1650 2.5
+0.7x 1072 + 1072 165 000 250

a. In calculating the total interaction rate, Liotalr We have as sumed a total
cross section of 40 mb,
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ANTIPROTON FACILITIES AT THE 200 BEV ACCELERATOR

W. J. Kernan

INTRODUCTION

Any attempts at detailed predictions of how to do particular experiments on
a new accelerator depend heavily on predicted particle fluxes at the accelerator.
For a 200-BeV accelerator, this necessarily means extrapolation of the fluxes
of secondary particles produced in 30-BeV proton interactions, For n and K
mesons, this extrapolation is on a fairly firm footing. At 30 BeV, threshold
effects and associated problems are not important for n's and K's. For p, how-
ever, the p/n ~ ratio is apparently still increasing as a function of energy at 30
BeV. This behavior may continue or it may level off, and at present no method
of extrapolating the data at 30 BeV to fluxes at 200 BeV is well established.
Keefe, Mealy, and Trilling (KM'I‘)1 have parameterized the low energy (< 30
BeV) data and used this to predict fluxes of p at 200 BeV, Their formula gives
a good fit to the data of Dekkers et al., 2 at 18.8 and 23.1 BeV/c. But to extra-
polate from these values to 200 BeV involves a large uncertainty. In particular,
this formula predicts a surprisingly large number of high-energy p secondaries.

An alternative approach is to calculate the expected pion flux and take 1%
of this for the p flux. Since this assumes that the p/x ratio is constant from 30
to 200 BeV, it is probably too conservative an estimate of the expected p fluxes.

This uncertainty in resulting p fluxes greatly influences any attempt at
deciding on a particular scheme for obtaining secondary beams of p from the
200-BeV accelerator.

ANTIPROTON FACILITIES ASSOCIATED WITH THE 8-BEV BOOSTER

It has been suggested3 that p with E(p) < 8 BeV could be produced by protons
of 50 to 100 BeV and stored in the booster (using this as a separator), and then
injected into the main ring, accelerated, and later extracted into a p experi-
mental area near the booster. In this section the question of acceleration will
not be considered.

A. Maximum p Fluxes

An attempt is made here to estimate the maximum flux of p that can be
produced by 50- to 100-BeV protons and stored in the booster ring, KMT's
formula for p flux is
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a’n __l__AEZE* -p¥2/B%  -3.0(pe)? .
dp o - 32 E °© e ' (1)

where p* and E* are the c.m. momentum and energy of an antiproton which has
laboratory momentum p and energy E. The production angle, 6, in the labora-
tory system is in radians.

The dependence on the energy of the incident proton is contained in the param-
eters A and B. Here B is set equal to 0. 18 times the total c.m. energy.
KMT calculated A from the p multiplicity at 18.8 and 23.1 BeV/c and then
simply guessed a value of A at 200 BeV/c. In doing this they have been ''con-
servative' by not assuming a linear relationship between A and proton energy,
but estimating A (200 BeV/c) so that

A (200 BeV/c) < 2 A (23.1 BeV/c)
A(23.1 BeV/c) A (18.8 BeV/c) '’

or, to express it in terms of the average change of A with proton momentum in
the different ranges of proton momentum,

AA AA
— (18. 23.1 20— (23.1 200 .
[Ap (18.8< p< ﬂ> [AP ( <p < )]

However, KMT's value of A at 200 BeV/c remains only a guess. If, however,
one accepts this A at 200 BeV/c as a valid estimate, there is a very limited
range of smooth curves that one can run through these three points 18,8, 23.1,
and 200 BeV/c. In particular, when the requirement of smooth behavior of A
with proton momentum is combined with requiring a smooth behavior of the
antiproton multiplicity N(p) with proton momentum [where N(p) = 2AB],

the band of choice narrows, and typical consistent curves of A and N(p)
are shown in Figs. 1 and 2, respectively, Within these assumptions, the free-
dom to vary the curves is g 20% of their value at a point. However, one should
always keep in mind that these curves are tied to a pure guess of the value

A at 200 BeV/c.

Using the values of A from Fig. 1, taking B to be 0.18 (c.m. energy), Eq.(1)
has been calculated for 6 = O0-deg for incident proton energies of 50, 100,
150, and 200 BeV. The results are shown in Fig. 3. From this curve
d®N
dp d@
8-BeV p and for incident protons in the range 50 to 100 BeV.

2

(SI‘)-I(BeV/o::)"l (interacting proton)"1 has been taken as 3.4 x 10" “ for

If one wishes to match the emittance of the target to the acceptance of the
booster ring, and assumes a target size of 1 x 1 mm, one needs a solid angle
which is given by



A (in notation of Ref. | )
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Fig. 1. A possible smooth curve for the parameter A in the
formula for the antiproton flux [Eq. (1) in text]. The curve
has been fitted to the two measured points shown and to the
KMT estimated at an incident beam momentum of 200 BeV/c.
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Fig. 2. A possible smooth curve for the antiproton multiplicity
N(p) vs incident beam momentum. The curve has been fitted
to the two measured points shown and to the KMT estimate at
200 BeV/c.
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Fig. 3. The antiproton flux estimated from KMT's formula
[Eq. (1) in the text], with values of the parameters A and
B determined from Figs., 1 and 2 and Eq. (2) of the text.
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2
rq = (mep) 1 (2)
For the booster f; = 17.4 m, BZ = 20.9 m, and conservative values of a and
b are 6 and 2.5 c¢cm, respectively. With these values and tg = 10-2 cmz, AR

is equal to 6.1 x 10-2 steradians (sr).

In this estimate, the proton intensity is taken as one seventh of the assumed
machine intensity of 3 x 1013 prp. The remaining factor needed to calculate
the intensity of p for the booster is the value of Ap/p. The maximum value for
this is £ 3 x 10-2 (Ref. 4); however, the acceptance goes to zero for the
extremes gf this, so an average of Ap/p and acceptance change has been taken
as 2 x 10-¢,

All factors necessary to calculate the flux have now been taken 1nto acczount
except the laboratory angular dependence of the flux. The factor e~3+0(p9)

. {1) is not constant over a solid angle of 6.1 x 10-2 sr; in fact, it changes
from 1.0to ~ 2 x 1072 over this solid angle. Averaging e'?’(Pe)2 over this
angular interval yields the value = 0.46,

Putting all these factors into the calculation, one has

N = 3,4x10°2x6,1x10"2x 1/3x 1/7x3x 1013 x 2 x 10-2

x 8
x0.46 ~ 2.1x 108 p per pulse (at 8 BeV).

Estimating this in the other fashion (i.e., 1% of the appropriate x flux) will

not seriously change the numbers 1nvolved (in fact, it gives a slightly larger

answer).

B. Usefulness of an Experimental Facility at the Booster

This is an energy range for p that is readily available at the AGS and CPS
now. If one makes an estimate of the intensities that could be available in a
separated beam at the AGS after the conversion program is completed (i.e.
assuming 1013 protons per pulse and using the full beam), one mlght expect
to be able to get intensities ~ 100 5/pulse at 8 BeV. The 2 x 108 p/pulse in
the booster could not be extracted easily with anything like 100% efficiency, so
the "improvement factor'' could be expected to be =~ 10 to 50 in beam intensity.

The assumption is made that important experiments that can be done at the
AGS will have, in fact, been done there. So, the question simplifies to the
following: will there be, ten years from now, any important experiments
involving p, with E(p) < 8 BeV, that require this last factor of 10 to 50 in the
intensity in order for the experiment to be reasonable? Having posed a question
to which a certain answer cannot be easily made, one can try to evade the
question. Namely a recommendation can be made to try and keep the option of
extracting 8-BeV p into an experimental area alive without any large expenditure



-73 -

of money until after the main accelerator construction is completed. Then the
question of need may have an obvious answer,

p EXPERIMENTS IN SECONDARY BEAM AREAS USING THE EPB*

A. Expected p Fluxes

For the moment we will not consider rf separated beams, but will limit
discussion to negative beams composed of a mixture of n's, K's, and p's.
Long05 has designed such a beam to operate in the range 50 to 150 BeV with
Ap/p = +£10% and A0 = 3x 10'6 sr., He assumes the use of gas Cerenkov
counters to identify the desired componzent; this requirement restricts the beam
107 /pulse. Using KMT's 3— N(B)

dp 40
eters, one could estimate p fluxes as > 106/pulse throughout this range, ** but
this flux has between 10 to 20 times as many n's present over this energy range

2 -
using Trillin ‘56 4™ N(x) as well). So for these assumed
g g dp d o

tolax = and all of Liongo's beam param-

d at
ddeaLn a

E(p) <150 BeV, this beam has a p flux competitive with the acceleration technique.

There are, however, two problems. The first is the assumed p flux itself.
If one takes the p/r ratio as 1%, observed at 30 BeV, then the p flux falls to
between one fifth and one tenth of its former value and becomes much less com-~
petitive, particularly at the high energies. In fact, if one takes p/x as 1% and
usesj—l%gl from Cocconi et al., 7 one can estimate that instead of 10° p/pulse
P
at 150 BeV, one has more like 105 p/pulse.

The second trouble is the unseparated nature of the beam and the necessity
of having very good discrimination against background from the unwanted parti-
cles. To summarize, such a beam is competitive in flux for E(p) < 150 BeV,
has more background problems, and is not very practical at all for E(p) in the
range greater than 175 BeV. Alson, K, and p experiments would compete in
scheduling for the same facility, and in the acceleration scheme the scheduling
for p experiments would be largely decoupled from scheduling of = and K experi-
ments in this beam facility.

B. rf Separated Beams for p

Lach® has done the preliminary design of an rf separated beam with a
design momentum of 100 BeV for K mesons., His design is not optimized.
Sandweiss's? suggestion of the use of circularly polarized rf separators,

*In these comparisons I have not tried to match /p/p of the beams with Ap/p of
the accelerated scheme. Realistic values of Ap/p have been taken for each
scheme individually. In some experiments the small Ap/p favors the accelera-
tion scheme more than is implied in this note.

#%This involves some variation of incident proton beam flux as a function of p
desired momentum, but never involves a flux greater than about 1013/pulse.
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instead of the conventional ones, makes such a beam more versatile and leaves,
at worst, small energy gaps that cannot be covered for p in one beam setup.

To compare Lach's beam with the 2 x 106 p/pulse from the acceleration

scheme, the quantity

2 -
NE) = $N@) 14 aq £P p (3)
dQ dp P

has been calculated for different p momenta. Here I is the beam intensity used
(1013/pulse), t is the target efficiency (1/3), ¢ is the transmission of the beam
(0.3), 20 = 4x10-6sr, and Ap/p = 2.5 x 10-3.

If we wish to compare this example with an assumed 2 x 1__06 p/pulse, then

. 6 . d2N(p) .
we can equate N(p) = 2 x 10° and solve for the required od as a function of
P
the momentum p. This gives
PNG) 5 02 (") (4)
dQtdp - P ’

For an honest comparison, it should be realized that this rf beam is not opti-
mized. One could improve either ¢ or Ap/p. So the flux might be as much as
5 times that estimated in Ref., 8, making the rf beam look better than shown
here. The results of this comparison are shown in Table I. Here

Fa2nN(o 5
P 4N )J is that found by using KMT's forrnulal and d N(p) is
| d2 dp] wmT . do dp jCKP

found by taking 1% of % value déN(x)/d? dp from Cocconi, Koester, and
Perkins. '

Table I

p Momentum dZNQE_) needeg] for dzN(fi) N(p)Accel dZN(}_g) N(p)Accel
(BeV/c) |[dadp 2x10°p/pul|dn deMT N(p)RFKMT do deKP N(p)RFCKP

50 4 4x1071 ~ 10 .- ---
75 2.7 4.7x10°} ~ 6 4.2x107% ~ 60
100 2 3.4x1071 ~ 6 8.3x1073 ~ 60
125 1.6 1.6x10" 1 ~ 10 1.6x1073 =~ 240
150 1.3 5.6x10"% ~ 25 - ~1000

175 1.1 1.5x10"% 75 - o

2
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Table I emphasizes the necessity of keeping as much freedom of choice as
possible until dZN(f))/dQ dp estimates can be made with considerably more con-
fidence for proton energies of ~200 BeV. If the most optimistic values in the
table are taken and combined with optimization of the rf beam (to yield a factor
of 3 to 5) one could easily conclude that the acceleration of p's is an unneces-
sary complication. The pessimistic p fluxes from the rf beam, if accepted,
would incline one towards very serious work on early implementation of the
acceleration scheme.

The real conclusion to be drawn from here is that an intelligent and confi-
dent answer on the question of implementing the acceleration scheme for p
should not be made until beam surveys including p production at very small
laboratory angles have been completed at the 70-BeV accelerator at Serpukhov.

ACCELERATION OF p IN THE MAIN RING

A. E- Fluxes

Keefe> has estimated the p flux which can be accelerated as ~ 2 x 106
p/pulse. The only point to emphasize here is that this number is not as uncer-
tain as, for example, the numbers in Table I. There are three reasons for
this greater confidence:

1. The scheme uses protons with energy =~ 50 BeV < E(p) <75 BeV, so
the extrapolation from present data is not so severe.

2. It involves only 8-BeV p. This is the lower energy end of the spectrum,
it is more reliable, and all models tend to agree there.

3. There is an additional freedom, namely, one can adjust the primary
proton energy until this 2 x 10° is achieved.

So the intensity estimate in this scheme is probably fairly reliable.

B. Methods of Implementing this Scheme

Any realistic attempt to implement this idea must allow for simultaneous
p and p acceleration and use. Otherwise it is equivalent to using the full
proton beam for p production and is an inefficient way to run the accelerator.

All schemes have the common feature of fast extracting one seventh of
the protons from the main ring at 50 BeV ¢ E(p) € 75 BeV in order to produce
the 8-BeV p's.

The first scheme envisioned in Ref. 3 is logically described below for
one cycle of the entire scheme (pN is normal proton intensity).
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Time Main ring p Intensity p int. Booster
(sec) use (MR) (MR) use Comments
0.0 - 0.33 Filling 7/7 py 0 Injecting
p to MR
0.3 - =0.5 Accelerate 7/7 pN 0 -- p produced
p to 50 BeV extract 1/7 at this
point
0.5 - =0.7 Decelerate 6/7 PN 0 Storing Flat top of
p to injection 8-BeV p  booster
energy
0.7 - =0.9 Stabilize and 6/7 PN 2x10° Injecting
inject p p to MR
0.9 - =1.7 Accelerate 6/7 Py 2x10° --
to £ 200 BeV
1.7 - =2.4 Decelerate 0 0 --
~2.4-~2.6 Idle 0 0 --

An efficiency factor of this (or any) scheme relative to normal proton use
can be defined as

c normal cycle time proton intensity (p) (5)
B cycle time (p) normal proton intensity
6/7 P
For this scheme € = gz 777 PN = ;2 x % = 0.66 .

This efficiency is not bad, and if flat-topping of the main ring is considered,

it gets slightly better. The only difficulty with the scheme is that successive
pulses of the main ring magnet are quite different. This could cause some
magnet programming problems. In addition, this scheme requires deceleration
of the beam through the transition, and it is hard to estimate what the beam
loss due to this will be,

Many other magnet pulse arrangements for extracting the protons for p
production have been considered in this study. The most promising, generally
useful arrangement is to take the protons from the leading edge of the main
ring pulse, produce p's, and store the p's in the booster for injection to the main
ring on the next magnet cycle. This method is described in the outline below.
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Time Main ring p Intensity p int. Booster Comments
(sec) use (MR) (MR) use
-0.2 - 0.0 Idle 0 0 Store p End of
booster
flat top
0.00 - 0.06 Fill 0 0-2x10°  Inject-
ing p
. 6
0.06 - 0.39 Fillp 0-7/7 Py 2x10 Inject-
ing p
0.39 - 0.59  Accelerate 7/7 P 2x10° Flat top Make p at
to 50 BeV extract 1/7 8 BeV
0.59 - 1.19 To 200 BeV 6/7 Py 2;;106 Store p
1,19 - 1.89 Decelerate 0 0 Store p
1.89 - 2.09 Idle 0 0 Store p
For this system € = 2.0 x -é =~ 0.82.
2,1 7

In addition to a higher ¢, this is a system in which the main ring cycle is
always the same. However, the booster must flat-top for at least 1.5 sec.
Discussion with LRL Design Study members has brought out that sufficient
cooling and power for this are available in the proposed system. Thought has
been given by the electrical engineers to the method of switching from 18 Hz
operation of the booster to flat-top, and this does not seem to be an insur-
mountable technical problem.

Other methods have been considered, such as taking the protons for p
production off the decelerating phase of the magnet pulse, but they all turned

out to be less flexible than the above method.

C. Extraction Techniques

Any machine operation involving fast extraction of either the p or p
component of the beam, or both, has a straightforward solution. Since the
circulating protons are in 6/7 of the MR azimuth and the §'s are in 1/7 of the
MR azimuth, there are on each revolution around the machine the necessary
conditions for a pulsed extraction system to remove one component in a fast
spill while leaving the other component undisturbed.
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This, however, is not the most flexible operation of the accelerator. For
that, one would wish to be able to spill slowly both the p and p beams. In order
to accomplish slow spilling of both beams, a method of separating the equili-
brium orbits must be incorporated. Two methods of accomplishing this have
been proposed. 10 The first method depends upon the different directions of p
and P rotation in the accelerator. Both beams are accelerated to the same
energy, then two additional rf cavities are energized. These two cavities are
spaced an odd number of quarter wavelengths apart so that their force adds
for particles going in one direction and cancels for particles going in the other
direction. This introduces an energy difference for the two beams and there-
fore a radial separation of the two orbits. If this AE is =~ 2 x 10-5 of the
energy, then the separation is 21 c¢m and this appears to be sufficient.

The second method depends upon the change in sign of the charge for p
and p. Introduce into the accelerator a radial or vertical electric field.
Depending upon the value of E and the length used, this can be introduced in.
just one section or in a series of sections A/2 apart. Calculations to test the
practicability of this assumed the length of the field to be 30 m and solved for
the field necessary to yield a l-cm maximum difference in the orbits. The
resulting field was = 104 V/cm, a field that is rather low even for existing
techniques. Probably the field should be raised and the length lowered. This
field should be turned on slowly in order not to induce large betatron oscilla-
tions. The idea of this is not to blow the beam up but to pull the closed orbits
for the two beam components apart,

Once the orbits are separated, sequential slow spills of both components
become practicable. A flat-top of 100 msec or less would be adequate for the
antiprotons because of the low flux, The practicability of simultaneous slow
spills depends upon assumed positions of the various extraction elements and
detailed orbit calculations which have not been carried out. It should, however,
be possible.

D. rf or Accelerated p Beams

After these considerdtions it seems appropriate to recommend that a
choice between rf separated p beam facilities and the acceleration scheme not
be made at the present moment. The choice should be postponed until good
beam surveys at Serpukhov are available. This necessarily means that the
option of accelerating antiprotons should not be designed out of the machine.

GENERAL NOTES

Some quick estimates of radiation shielding say that if 1/7 of the proton
beam is used on an external target at ~ 75 BeV to produce p's at 8 BeV in
this scheme, the target position in the EBP should be separated radially from
the center line of the ring by = 10 m if work is to be capable of proceeding at
this station while the main ring is running. If one uses the usual 15-mrad line
for the EPB, this means about 400 ft from the center of the long straight
section from which the p beam is extracted to the target position. The target
cave is then about halfway out through the earth shield about the main ring.
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If one wished to fill the booster with the maximum p intensity, then the
8-BeV p beam is not compatible with the normal operation of EPB target sta-
tions and it must have its own EPB setup. To achieve the solid angle assumed
in that calculation requires the first beam element to be a field lens placed as
close as possible to the target position and at 0°, An examination of the pro-
posed general-purpose EPB areas shows that these are not compatible.

Detailed cost estimates are not given here. Rough cost estimates have
been done assuming the beam lines shown in Fig. 4. Even these are not given
because they depend on assumed beam lines, the complete practicality of which
has not been investigated. However, it seems the scheme could be implemented
for less than 10 and possibly for less than 5 million dollars. (This ignores the
cost of the experimental area.)

The biggest problem in implementing the acceleration technique is pro-
bably the shutdown time necessary for building the necessary tunnels and sur-
veying in the magnets, and the accelerator operating time needed for tuning the
system to successful operation. All of these delays must compete with other
uses of the machine. They are also hard to estimate since they depend to an
extent on the capability to schedule construction projects to coincide with normal
shutdowns of the machine and to be able to stick to such schedules.
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C. EXPERIMENTS AND BEAMS
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THE NEUTRINO-MUON FACILITY AT THE
200 BEV ACCELERATOR

D. D. Jovanovic

There are many detailed treatises on the neutrino beams1 at the 200-BeV
accelerator. The consensus is that a 1-km-long pion- and kaon-transport
channel would be best suited for providing neutrino and muon beams to detectors
placed at the end of the channel. Muons were to be deflected into some spark-
chamber detector while the neutrino detector envisaged is a large (100-m3)
hydrogen bubble chamber. The main advantages of such a n-K transport channel

over the conventional (L. = S) arrangement are:
(i) A variable energy and reasonably monoenergetic neutrino beam (AE/E =~
20%).

(ii) An intense muon beam compatible with the neutrino experiment.

(iii) Less prohibitive shielding requirements for the channel arrangement;
e.g., 50-BeV transported momentum vs 200-BeV main beam.

The purpose of this note is to examine in some detail what, if any, are the
optimum configurations of the n-K transport system compatible with the muon
beam, and to discuss the shielding necessary at the end of the channel. It is
this last point that prompted this evaluation. It appears that the previous works
did not quite appreciate the full difficulty involved in shielding the neutrino
detector from the end of the channel.

The channel as described by Toohig2 would be 1-km long, consisting of
some 20 quadrupoles in a FODO configuration. Sixty-inch-long elements having
either a 4- or an 8-inch bore were considered. It was estimated that 10-20% of
the muons from pion decay (and a very much smaller fraction of muons from
KHZ decay) would be captured by the channel. '

By using Trilling's or Cocconi's production formulae, one can arrive at a
figure of 108 - 109 g and K (of one sign) being transported by the channel. It is
obvious that the '"uncaptured'' muons from pion decay and particularly muons
from K-decay totaling perhaps 107/pulse will present shielding difficulties at
the neutrino detector. Keefe has pointed out, however, that wide-angle muons
from K-decay, i.e., those difficult to capture by the channel, are of consider-
ably smaller momentum than that supported by the channel. These muons may
be ranged out by burying the whole length of the 1000-m channel underground.
On the other hand, one may envisage a large bending magnet or a magnetized
iron shield at the end of the channel, which can deflect unwanted muons away
from the bubble chamber. In the opinion of this author, one cannot avoid a
shield thickness equivalent to the maximum momentum of muons in the channel.




-84 -

That is, for a 40-BeV/c pion- and kaon-momentum transport, one cannot
avoid a shield thickness of 60-70 ft of steel. No matter how careful a calcula-
tion one makes, the =~ 107 suppression factor necessary to eliminate unwanted
muons is very hard to arrive at in any way but by a brute force technique of
ranging away all muons.

In the first part of this paper, well-known formulae for a FODO channel are
examined in view of the channel optimization, and in the second part some shield-
ing requirements are considered.

DISCUSSION OF THE BEAM

In what follows (see Fig. 1), the channel describes a chain of quadrupoles,
each of magnetic length S, and spatial separation L-S with half aperture q. A
transmission phase-space boundary for an infinitely long channel is an ellipse
which in the middle of the focusing element has the simple form given in Fig. 2.

From thin-lens considerations, 3 we see that the area of the ellipse has the
following momentum dependence:

1/2
2 2p [p-p

Alp) = ™ _° °
2L ) P+ Pg

where A is the area in cm-radians, p the momentum, p, the low-momentum
cutoff, and q and L are the half-bore and the separation of the quads as repre-
sented on Fig. 1. Relation (1) does not contain any dependence on S, the length
of iron, but it turns out it is capable of describing channel configurations for
very thick lenses; e.g., S/L =~ 0.5. In view of the fact that the quadrupole
geometric aperture is not a well-defined number (see Fig. 3) an accuracy of
10-20% from the thin-lens calculation suffices. Within this limitation, Eq. (1)
describes the transmission very well. The main feature of Eq. (1) is that it
depends on the channel geometry only. The momentum-dependent part is a
"universal' momentum curve given on Fig. 4, which depends on the momentum
cutoff parameter (p,) only. The maximum in transmission occurs at p,, . =
1.62 p,. Thus

A = X 0.6 . (2)

From Eq. (2) and the area of the ellipse, one defines the '"average channel
angle'' as

6 = 3
h 0.3q/L , (3)

where 6.}, is actually the maximum angle in the mid-focus element whereas 6,4
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Fig. 1 (top). Quadrupole configuration of the neutrino beam,
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Fig. 3 (bottom). Quadrupole cross section.
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for the defocus section is twice as large as 6.,. Both (1) and (3) are solely
dependent on channel geometry, i.e., q and L. The expression which relates
Pmax (i.e., the momentum at which the maximum in transmission occurs) and
the length of the iron, S, is

3.33 x 106 = GLS/1.21 , (4)

pmax

where p is in BeV/c, G is the gradient in gauss/cm, and L, S are lengths in centi-

meters. A more complete relation which was arrived at empirically by the
study of actual channels with the aid of an analog computer is

; S
'0.69 + 0. 63 (S/L)

3.33 x 10° G L 1. (5)

Pmax

Equation (5) seems to describe very well the properties of the existing CERN
and Chicago channels for which q/L is in the range q/L =~ 0.5 - 0.9.

Table I gives the comparison of the relevant construction parameters for
the CERN and ANL channels, together with the p_ . calculated by Eq. (5).

Table I. Comparison between CERN and ANL muon channels.

CERN ANL
L = 54 cm L = 31lcm
S = 30cm S = 28 cm
q = l0cm q = 1l0cm
G = 1000 gauss/cm G = 655 gauss/cm
24 lenses 32 lenses
P design = 400 MeV/c P design = 160 MeV/c
Calculated values from (3) and (5): Calculated values from (3) and (5):
fch = 55 mrad Och = 97 mrad
Prmax = 460 MeV/c Pmax = 138MeV/c
S/L = 0,55 S/L = 0.9
Gﬂ 2]
Tu . 89mrad _ | "o 265mrad _ , ¢
55 mrad ) 6 97 mrad )

e
ch ch
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Table II. Channel parameters discussed in text,

20 BeV/c channel 100 BeV /c channel

140 quadrupoles 30 quadrupoles
q = linch q = linch
S = 60 inches S = 60 inches
L = 300 inches (25 ft) L. = 1500 inches (125 ft)
G = 10 kG/inch
61t Gﬂ
= - 2,0 —® - 2,0
2] e

ch ch

Since the S/L dependence is a rather weak one and does not enter in the
channel geometry considerations, Eq. (4) will be used rather than (5) in what
follows. Only at the end will S/L be calculated and compared to the thin-lens
calculation,

In the design of a neutrino-muon channel, three conditions are to be met:

(i) Injection condition. The phase-space acceptance of the channel should
match the phase-space emittance of the source over the wide range of momenta

required.

(ii) Pencil-beam condition. The pion (kaon) beam in the channel sh9uld be as
close to a line source as possible. This means that 6. << 6,,, where 0.}, is
given by (3) and GV is the mean lab neutrino angle: Gv = l/’}’ﬁ .

(iii) Muon-capture condition. A good fraction of the p's from the pion decay
are to be captured by the channel.

Condition 3 is not easily stated as an analytic expression, but can be empirically
guessed to be:

- 0.04
e > 8 where 6 = . (6)
ch H H Px

It can be seen from Table I that (6) is not fulfilled at the existing channels, yet
capture efficiency is of the order of 10-30%.

The pencil-beam (2) and muon-capture (3) conditions set the boundary
limits on G
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0.14 (7)

where p; is the pion momentum in BeV/c. The injection condition (1) can be
arrived at by using the Cocconi production-angle ~momentum relation:

Oprod = 0. 5/pﬂ and the quoted external beam spot size of 1 mm. This gives:
0.5 : .
A, . = (0.1 — ) in c¢m radians , (8)
inj P
BeV/c

Setting Ainj 1 (2 condition hard to meet in practice over a wide

A
channe
momentum range), one obtains

2
0.05 _xq  4.¢ . (9)
P 2L
If we also set éch = Qu (good p capture), then
0.34 = 0.04 (10)
L P

Dividing (9) by (10), one obtains a unique solution for q (half~quad aperture)

2
0.05 p .. 0.6 (1 .9 (L
o) §od) T2 &3 3 (q)

q = 2.5/x = 8 mm!!

Such small-bore quadrupoles may be hard to build (5/8-in. bore) and even
harder to align; however a superconductor element may eventually be a worth-
while consideration, Using this solution for q, we may proceed to evaluate the
L. and S parameters of the channel. From (10) it follows that

L (cm) = 6 p (BeV/c) , (11)
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which is to say that at p = 20 BeV/c the spacing between the quads is 120 cm,
and at p = 100 BeV/c the spacing is 600 cm. In turn, this implies 100-1000
such quads in the l-km channel.

The meaning of this solution is to be understood in the following sense:

(i) Transporting pions and kaons as a pencil beam can be achieved by an
almost arbitrary system of quadrupoles. The number and size of quadrupoles
in this case is governed mostly by the maximum momentum required of the
transport system. Such a channel is indeed the one described by Toohig. In
this case, the tuning over all momenta is achieved by varying the quadrupole
strength.

(ii) The condition of good muon trapping efficiency, (3), however, requires
that the channel accept larger and larger angles as the p_ is decreased, Such a
condition is achieved by operating larger and larger numbers of quadrupoles at
the maximum gradient for the low-momenta pions in the transport. If a lowest
momentum required of the channel is set, the number of quadrupoles is totally
determined. At higher momenta, one operates with more and more quads
turned off.

(iii) If indeed one wants to achieve a constant and/or maximum muon-capture
capability over a wide momentum range--a condition necessitated not by the
muon physics requirement, but by the shielding requirements at the bubble-
chamber neutrino detector--the above conditions are rather important.

Using the more realistic quadrupole bore of 2 in., q = 1 in., one may
by the process outlined above arrive at the channel parameters for 20-100
BeV/c momentum transport system given in Table II. By comparing this
channel with present-day low-energy channels, in particular, comparing the
Gﬁ /éch ratios, one may expect the p-capture to be = 20%, being lower when
V)
the channel is operated below 20 BeV/c.

SHIELDING CONSIDERATIONS

The p-capture considerations as seen from the Beam Discussion section
suggest the following:

(i) Capturing all muons from r-decay is impractical and/or expensive,

(i1) K, muons are captured with considerably lower efficiency than x; muons
since g >> eﬂ
M W
(ii1) The hardest muons to capture are those from low-momentum beams in
the channel. However, the shielding at low momenta is also less severe.

From the shielding point of view, what happens to the uncaptured muons is

really most relevant. The 'lost to the channel" muon may in general (a) miss
the next quadrupole aperture, but not miss the iron, and (b) miss the iron com-
pletely. Although a possibility exists that the iron of the channel may continue
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to transport and retain muons, one in general faces the possibility of a large
"halo" of muons in the immediate vicinity of the channel,

For the muons which are captured by the channel, the solution is trivial:
One bends the remaining x's and muons away from the bubble chamber by a suit-
able bending magnet. The cost of such a small-aperture bending magnet (2-in.
gap) is not prohibitive. But the ""halo' muons represent a beam of very much
larger cross section and are very expensive to deal with. Of crucial importance,
indeed, is the diameter of such a halo; very detailed calculation may be neces-
sary to get a good estimate of its size. The cost of iron shielding at the end of
the channel is in direct relation to the size of this halo. Only a very rough guess
is offered here: Assume a 40-BeV/c pion channel. The maximum muon momen-
tum of concern is also 40 BeV/c. For a channel which is buried underground,
only the last 100 m will contribute halo muons; the rest of the muons generated
upstream will be ranged out. A 10-mrad angle is the guessed cone angle which
would contain all '"halo" muons. One then has to shield a 4 m% area with an
iron plug 2 x 2 x 20 meters. This amounts to some 800 tons of steel--a trivial
amount. As one would tune to lower momenta, one may get away with the same
amount of Fe arranged in a wider but thinner configuration.

Again we stress that a very detailed calculation has to be done to ascertain
that multiple scattering leakage and/or skyshine from the channel will not be
serious,

Another way of shielding the bubble chamber may be through the use of
magnetized iron shields. In such a case, a 10-m-thick magnetized shield
would bend 40-BeV/c muons some 6 deg away from the forward direction. Four
hundred tons of magnetized shield may cost as little as $400 k. One should note
that there are reasons why a magnetic shield may be preferred over the conven-
tional one. For the non-magnetized shield, one source of background in the
bubble chamber is the muons produced by the neutrino interactions in the steel.

Using only o, = 1038 ¢m2 as an asymptotic total neutrino cross section, one
finds
no. events in BC_____ _ 1 (length of hydrogen in BC-meters)
no. muons from the shield 25 E, (BeV/c) ’
Thus for a 3-m-long bubble chamber, Ev = 20 BeV/c, and at an event rate of

4/hr one will find every bubble-chamber picture containing a muon. This rate
is not prohibitive, but clearly an event-rate factor of 100 higher may be pro-
hibited by the number of u tracks from the v interactions in steel. A magnetized
shield would greatly suppress this background.
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THE INFLUENCE OF A LINE SOURCE OF NEUTRINOS
ON THE CONFIGURATION OF EXPERIMENTAL APPARATUS

T. E. Toohig

One of the primary considerations in building a 200-BeV, high-intensity
proton accelerator is the availability of large neutrino fluxes out to energies
of the order of 75-100 BeV. The large primary proton flux from the accelera-
tor, coupled with the large secondary particle multiplicities at 200 BeV, make
it feasible to obtain neutrino beams with good energy resolution from the decay
of momentum-selected m- and K-mesons, This same momentum selection, by
determining the sign of the charge of the parent mesons, also determines
whether the beam consists of neutrinos or anti-neutrinos, The advantages,
characteristics, and method of calculating such a beam have been pointed out
by many people in the various studies of the experimental program for physics
at a very-high-energy accelerator, ! The basic idea is to form into a pencil
beam a momentum-selected beam of pions and kaons, The parent mesons
decay primarily by the two-body modes # -y + v, K - u + v, so that the pencil
beam becomes a line source of neutrinos. An obvious and attractive correlary
of such a setup is that the muons from the same decays, recaptured by the
decay channel, may be used to form a muon beam with intensities of the order
of 109 muons per 1013 prifnary protons on the target, le Some doubt has been
expressed, however, whether this muon beam can be realized in practice,

The present paper is concerned only with the neutrino fluxes.

The differential energy distribution of neutrinos from a pencil beam of
pions and kaons 1 kilometer in length into a detector of 3-meter radius is
shown in Fig, 1 as a function of parent particle momentum, The production
distribution of pions and kaons assumed is that due to Cocconi, Koester, and
Perkins (CKP), 3 At each momentum it is assumed that the acceptance angle
for the channel is equal to the Cocconi angle, GCKP = — mr,

The most noteworthy feature of the distributions in Fig., 1 is the good
neutrino energy resolution to be obtained, (It should be borne in mind in what
follows that for a given beam momentum the neutrino spikes due to both the
pions and the kaons of the same momentum are simultaneously present at the
detector.)

The small neutrino fluxes available at present accelerators make it neces-

sary to use an undifferentiated neutrino-antineutrino beam produced by dumping
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the primary proton beam onto a target to produce w- and K-rﬁe sons, After
some decay space, the remaining mesons and all other particles produced in
the target are absorbed by a thick iron shield so that only the neutrinos pro-
duced in the decay space survive to enter the detector. The optimal condition
for such a setup in the absence of focusing devices (horn of plenty, plasma
lens) is that the length of shielding be equal to the decay space, L =S (see

Ref., 4). The minimum target-to-detector distance is then L + S, on the order
of 150 meters for 10-BeV neutrinos arising from KHZ decays. One-half the
neutrinos fr%rr;;ro -body decays are contained in a cone of half-angle

¢, = y = —35— = 0.49 mr for 10 BeV/c K's, If this is folded into the pro-

ductioH'aE,{ngle and the minimum target-to-detector distance, it is seen that the

optimal configuration for experimental apparatus is obtained by maximizing
the size of the detector, including the cross-sectional area, For a bubble
chamber, in particular; this indicates that a sphere or upright cylinder of
large cross section is the optimal configuration from a physics viewpoint, as
well as from an engineering viewpoint,

Whatever the engineering considerations may dictate, however, some
revision of this conclusion from the physics viewpoint is required once one
goes over to a line source of neutrinos. In Fig. 2, the number of neutrinos per
v max is

plotted for various values of R, The flux given is integrated over 0.8 Evmax <

E <E , where E is the maximum neutrino energy available from
v v max v max

the decay of a m or K of a given momentum. Here Evma_x is the leading

interacting proton ente ring'a. detector of radius R as a function of E

edge of a given differential neutrino energy spectrum of Fig, 1. It is obvious
from Fig, 2 that there is no great increase in neutrino flux beyond about R=1
meter for pions and R = 1.5 meters for kaons. This is more evident in Fig, 3,
where the data are plotted in terms 'of elastic neutrino events/day/meter length
of hydrogen as a function of the radius of a hydrogen detector, Here the mean
free path for a neutrino interaction is taken to be )\v = 3% 1013 meters, and the
number of interacting protons is 3x1013/pulses for 3><104 pulses/day. The
choice of range of m and K momenta in Fig. 3 is based on the observation
from Fig, 2 that, below a neutrino energy of 40 BeV, the channel should be
tuned for the pion momentum appropriate to that neutrino energy; above =40
BeV the appropriate K-momentum should be selected,

If one considers the entire spectrum of neutrinos entering the detector
instead of just the high-energy portion E > 0.8 Evmax of Fig. 3, it is seen
from Fig, 4 that the total number of events increases with radius at all ener-
gies. The comparison of Figs., 4 and 3 indicates that the effect of increasing

the radius of the detector beyond =1.5 meters is to increase the number of
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events due to the low-energy part of the neutrino energy spectrum from a given
parent particle momentum, It is important to notice, for purposes of this note,
that in both Fig, 3 and Fig. 4, although the cross-sectional area of the detector
increases as RZ, the increase of neutrino flux into the detector is less than
quadratic., For a fixed volume of detector, then, the event rate is optimized by
distributing the detector material along the beam direction. In other words the
optimal configuration of a detector for neutrinos from a line source is not 1:1,
a sphere or upright cylinder for a bubble chamber, but something of the order
of 2 m in radius and length dictated by the fixed detector volume,

The pencil -beam condition coupled with the decay kinematics of the parent
particles imposes certain restrictions on the decay channel. These restrictions

and the means of meeting them in practice are discussed by Jovanovic. 2
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RF SEPARATED BEAM SYSTEMS FOR USE AT
THE 200 BeV ACCELERATOR

Jack Sandweiss

I. GENERAL

I_,a.ch1 has considered the use of rf separated beams at a 200-BeV accelera-
tor and has made a somewhat detailed design of one possible system. During
the summer study (August 15 to 31, 1966), the author reviewed Lach's work and
identified the several areas for further study given below:

1. The use of circularly polarized microwave deflecting fields may offer
a number of advantages. These are discussed in detail in the following section,

2. The required tolerances in magnet stability, both in field and in physi-
cal position, as well as the surveying tolerances in positioning the beam mag-
nets, should be carefully studied. In particular, the very high magnification
between the target and the first deflector may give rise to some unexpectedly
tight tolerances for the front end of the beam. Dipole correcting magnets using
beam feedback may be a possible solution,

3. Studies have indica.tedZ that significant improvements in the resolution
of analysis ambiguities might result from a narrowing of the beam momentum
resolution from 0.25 to 0.1%. The bubble-chamber post-analysis section should
probably be redesigned for 0.1% momentum resolution.

4. The bubble-chamber end of the beam should be equipped with some
sort of counter-triggered fast-turnoff magnet so that a fixed number of particles
or perhaps of interactions can be taken per pulse. Because of the large size of
the proposed chamber and the complexity of the interactions, a small number
of tracks will normally be used. The statistical fluctuation in this number will
then be even more serious than it is in present-day experiments.

5. The question of the desirability and feasibility of a '"stepping-magnet"
system to place subsequent beam particles at equally spaced intervals across
the chamber should be investigated.

6. As noted by Lach, a variety of problems are connected with the use of
the same beam system for counter spark-chamber experiments and for bubble -
chamber experiments, ! Among these are targeting and beam ejection (slow,
fast) techniques, interference between the two experimental areas, and com-
promises in the basic beam design (see 7 and 8 below).

7. It seems clear to the author that the beam to the large bubble chamber
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should be designed to operate at the highest momenta for which adequate flux
can be obtained, The reason for this is that it is this beam which 'fixes'' the
location of the large bubble chamber, Beams of 1-r:h, p, and p can be trans-
ported over this length for any momentum of interest, Beams of K* down to
~25 BeV/c can be produced in this system with adequate flux for the bubble
chamber, Beams of K* with momentum less than 25 BeV/c will have been

extensively studied with bubble chambers before the 200-BeV accelerator

operates,

8. The situation with counter spark-chamber experiments will be quite
different, and the flux of K* mesons in the range 10 to 25 BeV/c at the present-
day accelerators is almost certainly severely restricted relative to that which
will be produced by the 200-BeV accelerator,

It thus seems very likely that a "moderate''-energy, rf separated beam
covering the range from =15 to 40 BeV/c specifically designed for counter
spark-chamber experiments would be an important facility for the 200-BeV
accelerator,

Because of time limitations, detailed follow-up work on only the first of

the above items was possible during the summer study period.

II. USE OF CIRCULARLY POLARIZED MICROWAVE DEFLECTORS

The use of circularly polarized deflecting fields was first considered by
Panofsky in his original suggestions for rf separators, and has subsequently
been considered by a number of workers in the field. They were rejected
for the first generation of rf separators because of the additional complexity
required in the microwave system, and because of the N2 loss of deflection
for fixed total rf power inherent in circular versus linear deflectors,

The advantage of circular polarization stems from the fact that the deflecting
field never vanishes but simply points in different directions at different times
during an rf period. It is thus possible to operate a two- {(or three-) deflector
system with zero net deflection of the desired particles. The undesired particle
images are spread out into annular rings. The system works in principle so
long as the deflection does not also cancel for the unwanted particles. In prac-
tice, of course, certain minimum separations must be maintained,

A system containing two circularly polarized deflectors will operate for a
given desired particle over bands of momenta whose range depends on the mini-
mum acceptable deflection amplitude of the unwanted particles, This is to be
contrasted with the operation of a system containing two linearly polarized de-
flectors, which functions for two-contaminant rejection only at a few discrete

momenta, We have somewhat arbitrarily set the minimum acceptable
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contaminant deflection to equal the deflection amplitude of a single deflector,
The resulting bands (see, e.g., Figs. 1 and 2) are still not adequate for a
general -purpose beam, and one must consider three deflector systems, The
simplest mode of utilizing three deflectors is to use only two at any one time.
Results of band-pass calculations for two different spacings for best-two-out-
of-three systems are shown in Figs. 1 and 2. The spacing in Fig. 2 is the
same as that used in the three-deflector (linearly polarized) system designed
by Lach, Comparison of the obtainable separation between wanted and unwanted
particles for the pass bands (Figs, 1 and 2) with the curves given by Lach show
that the best-two-out-of-three circularly polarized system is slightly inferior
to the three -deflector linear system.

The natural comparison then is between full -fledged (variable amplitudes,
not phases) circular and linear three-deflector systems. The linear system
for two-contaminant rejection has a unique solution (except for an arbitrary
over-all phase and the absolute power level), The circularly polarized system
with three deflectors has two degrees of freedom after cancellation of wanted
particle deflection, These degrees must be chosen to give the maximum con-
taminant deflections. A method for doing this (see Appendix) has been used in
a CDC-6600 computer program. Due to limitations of time, only the case for
K-mesons as the wanted particle has been studied, and that only over the range
40 to 120 BeV/c. The results are shown in Fig. 3 and compared with the cor-
responding curve for the linearly polarized system, 1 For the linear system,
the relevant curve is the deflection amplitude of the wanted particle when the
deflection amplitudes of both contaminants have been cancelled, In both cases,
the deflection amplitude for a single deflector is normalized to unity. It can be
seen that the circularly polarized system has substantially better band-pass
characteristics. In particular, the deep minimum at 50 BeV/c is absent, and
the deflection efficiency above 100 BeV/c is substantially better than for the
linearly polarized system. However, the energy range of these calculations
must be extended, and other beams with pions and antiprotons as desired par-
ticles must be studied to complete the comparison,

If the high-energy superiority of the circularly polarized system is con-
firmed by further calculation, it may be possible to shorten the intercavity
spacing in a substantial way.

" A final advantage of the circularly polarized system is the use of a small
(undeflected image size) central slit rather than a beam stopper, with large
areas open above and below to transmit the highly deflected wanted-particle
beam. A narrow slit will present less phase space for transmission of the

background particles, and it may well be possible to operate with smaller
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separation between wanted and unwanted images than is possible in the linearly

polarized system.
Appendix

DEFLECTION CHARACTERISTICS FOR A SYSTEM UTILIZING THREE
CIRCULARLY POLARIZED DEFLECTORS

We define the following symbols:
di (i=1, 2,3) = absolute value of the deflection amplitude for deflector i

¢A(i) = phase difference (in radians) between the oscillations of
particle A at deflector i and i=1; A is K-meson, pion, or
proton

y; = phase in radians of the deflecting field in deflector i. The
zero phase is determined by convention to give Yy = 0

DA = phasor amplitude of the oscillations of the beam of particles
A after traversing the three deflectors
Li,i+1 = length (in meters) between deflector i and i+1
P = momentum of the particle beam
f = frequency of the rf deflecting fields
MA = mass of particle A (A=K, P, ).
The phases ¢A('1) are determined via
b 5l0) = —E—ZWfLi’ 1 Jas (MAC)Z. (1)
P

The final deflection amplitudes are evidently given by

D, =d, exp{ilp (1) +0,,(2)]} + 4, explily, +6,(2)]} +d5 eV,

(2)
If we wish to operate the system for K-mesons as the desired particle,

we set

Dy = 0. (3)

We have chosen to determine and from the (complex) Eq. (3), con-
Yo Y3 q

sidering di’ dZ’ and d, as given, The over-all scale of deflection depends on

the power level, and v?e arbitrarily for the present discussion set the largest
di equal to one (1). The problem then is to find the values of di which provide
the maximum deflection amplitude for the least-deflected contaminant. This
was solved for the graph of Fig, 3 by a trial-and-error method, with the aid
of the CDC -6600 computer, The procedure is complicated by the fact that

one does not know in advance which of the three deflections will be largest,
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and hence which one must be set equal to unity. It was necessary at each mo-
mentum studied to consider separately all three cases (di.= 1, d2 = 1, d3 = 1),

Inspection of Eqs. (2) and (3) shows that for each set of di’ dz, d3, there
are in general two solutions for Yy V3¢ For completeness, we give below the
various solutions for Ypr Y3-

(1) <:1,1 =41 (solution a)

]

YZ L +¢K( 1) - v
Y3 =¢K(1) +¢K(2) -V -y
(solution b)

Y, =1T+¢K(‘1) + v

Y3 =¢K(1-) + ¢K(2) +v+y

where
qt+df -af
vV = COSs — ;0SS Vv €T
ZdZ
and
vy = sin-1[8inv],0\y$m
3

(ii) dZ =4 (solution a)
Y, Tog(t) - m+v
Y3 7Y, +¢K(z) -V -y
{solution b)
Yy = op(1) -m-v
Y3 =¥y top(2) +v +y,

where
2

L [1+af -af
v = cos —_— ;0 v €

Zd1
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v = sin_'1 [s&n v]; Oy <
3

(i) d, = 1 (solution a)
V3 = o) +¢p(2) -+
Yy Sv3 - ¢gl(2) - v -y
(solution b)
V3 = o) +dpl2) -7 - v
Y, S¥3 - $gl(2) +v 4y,

where

1+d2% - a
-1[ 1
cos

N o

Y = sin_i[il—;—li]; Osysm
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BASIC PROPERTIES OF TURN-OVER MATRICES

E. Regenstreif

INTRODUCTION

Optical systems with transfer matrices of the form

|
M = | (1)
| oo -1l

have been considered by various authors, mainly in connection with imaging and
turn-over problems in the interdeflector sections of rf separators. 1,2,3,4,5
However, most of the work seems to have been carried out on a numerical basis
and no mention is made of turn-over conditions, to be imposed on the physical
parameters of the lenses of which the optical system is made.

An attempt is made here to tackle the problem analytically, in order to form-
ulate turn-over conditions and to consider in detail the situation which arises in
the two basic planes of an AG turn-over system.

No use is made of the thin-lens approximation; the thick-lens approach has
been applied throughout.

IMAGING AND AFOCALITY CONDITIONS
Consider (Fig. 1) an optical system described by its transfer matrix

a b "
M = Il . (2)
C d I'

We assume the matrix to be unimodular, i.e.,

ad -bc =1 . (3)
Let x , x' be the displacement and the slope, respectively, of an incoming ray
at a distance p (taken positive toward the left) from the entrance of the system;
let similarly x, x' be the displacement and the slope of the outgoing ray at a
distance q (taken positive toward the right) from the exit of the system.

The total transfer matrix is then
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Fig. 4. Illustration of the relevant quantities arising in the transport
of a particle through the magnet system M.
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Fig. 2. Illustration of the quantities arising in Eqs. (45) and (46).



L ]
T = X ‘ x ! - . (4)
o 11 lc al o 11
Putting
211 %12 |
T = | “ , (5)
221 222 i
one has
ayj; = a+ cq (6)
a,, = d+cp (7)
a, = cpqt+tap+dq+b (8)
221 = ¢ (9)
or in other words
X = (a + cq)x0 + (cpq + ap + dq + b)x'o (10)
x' = cx + (d+ cp)x'o . (11)
We call the equation
cpqtap+dg+b = 0 (12)

the conjugation relation or the imaging condition because, if (12) is satisfied, p
and q are the conventional object and image distances.

We call the equation
c =0 (13)

the afocality condition because, if (13) is satisfied, the focal distance of the
optical system is infinite.
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THE TURN-OVER CONDITIONS

A. It is seen from Eq. (10) that for displacement turn-over, i.e.,

b
1

- xg with arbitrary x'o , (14)
one must have
at+cq = -1 (l5a) cpqtap+tdg+b = 0 (15b). (15)

The second of these equations (15b) is the conjugation relation; the first trans-
lates the fact that the magnification is - 1. Equations (15) give

1

p = -+1*td (16)
[

q = _l+a (17)
C

(18)

Any optical system can yield displacement turn-over, provided p and q as
given by Eqs. (16) and (17) are positive.

B. It is seen from Eq. (11) that for angular turn-over, i.e.,
x' = - x‘o with arbitrary x_ , (19)

one must have

c =0 d+cp = -1 . (20)

The conditions of angular turn-over are therefore

a = =1 (21)
-1 (22)
c = 0 . (23)

Q.
[
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The transfer matrix of the optical system is then

| -1 b :
M = I' ) (24)
0 -1
and the total transfer matrix is
-1 b-(p +q) |
T = “ ! (25)
0 -1

Contrary to displacement turn-over, which is basically independent of the
optical system, in the present case the optical system must be chosen so that
Egs. (21) - (23) are satisfied.

C. For complete turn-over, i.e.,

X = - x, with arbitrary x'y
(26)
x'= - x', with arbitrary x  ,
one should have
atcqg = -1 cpg+tap+dg+b = 0 (27)
c-= 0 d+cp = -1, (28)
and these equations lead to
a = -1 (29)
d = -1 (30)
c =0 (31)
b = p+q . (32)

It is seen that the afocality and imaging conditions must both be satisfied;
it is also seen that only particular systems can provide (under certain conditions)
complete turn-over. Equation (31) may be thought of as giving the image distance
under turn-over conditions when the object distance is known.

In the case of complete turn-over, the matrix of the optical system must be
of the form

, (33)
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whereas the total transfer matrix is the "'"minus one'' matrix

-1

0

0

1

(34)

D. Another way of looking at the problem is to start from the unimodularity
of the transfer matrices (2) or (5), and assume a priori that these matrices are

symmetric,

The requirement of afocality

0

[of

applied to matrix (2) leads then to

a =d = +1
or to a = d = -1
In the first case the matrix
1 b
0 1

is that of a drift space of length b, wh

which is the angular turn-over matrix
Similarly, the imaging condition

a2

applied to matrix (5), leads either to

ereas in the second case one is led to

b

1
0 -1

of an optical system, according to Eq.

ajp = app = t1
or to aj; = ax; = -1
In the first case the total matrix
1 0
T =
a21 1

corresponds to that of a thin lens of converging power asys whereas in the

second case one is led to

(35)

(36)

(37)

(38)

(39)

(24).

(40)

(41)

(42)

(43)
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ol (44)
il

|
“ a1 !
which is the total matrix for displacement turn-over, according to Eq. (18).

It should be emphasized that the properties mentioned above hold only in the
plane where turn-over is achieved, In an AG system the situation will generally
be different in the two basic planes, and it may be difficult or impossible to
achieve complete turn-over in both planes.

Because of phase-space considerations, only the case of complete turn-over
is important in practice and we shall henceforth limit ourselves to the considera-
tion of complete turn-over possibilities.

LENGTH CONSERVATION UNDER TURN-OVER CONDITIONS
Let us consider two object points characterized by their distances P Pp

from the entrance of an optical system. Let 91 9, be the corresponding image
distances (Fig. 2).

The conjugation relation yields in general

apl+b ap2+b

Q2-9 ~ — - —
! cp; td cpy + d (45)

Pp - P,
279 7 T d)ep, + ) (46)
In the case of turn-over one has ¢ = 0, d = -1, so that
Q; - q; = PI'PZ s (47)

both quantities being positive accordin

to our si ion; i
therefore comserpen, g 1gn convention; the length is

TURN-OVER WITH A SYMMETRIC TRIPLET

-Let

: (48)
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be the transfer matrix of the outer quadrupoles of a symmetric triplet, let

Ay By

i (49)
C. A,
1 1

be the transfer matrix of the inner quadrupole, and let

1 !
|
“ e

be the transfer matrix of the drift spaces between the elements; ! stands for the
distance between the outer and the inner element (or the inter-lens spacing).

If we write M in the form
- 1
M M, D M, DM, > (51)
we find, with our previous potations,

- 4 = !
a =d = Cy (AO+Col)(Bo+Aol)+AiCO(BO+AO)

52)
+ AiAO(AO+Col)+BiAOCO , (
b = C, (B +Al)Z+ZAA(B + A l)+B.A2, (53)
- i Vo o i70 o o i o
2,2A.C A+cz)+Bc2 (54)
C:Ci(Ao+Col)+ i o(o o i "0 :
The condition of afocality (¢ = 0) leads to the solutions
- Zo (55)
= -= 2 (A + 1]
t C [A0+C. ( i )
o i
1 1 A +S—° (a, - 1) (56)
- T C o C. i :

O 1



-147-

Substituting these solutions in the expressions for a and d (Eq. 52), one

finds that only the second value (Eq. 56) leads toa = d
a = d =

= -1, the first giving
1, which would correspond to a drift space as seen before.

In the plane where afocality is achieved, the turn-over matrix of the optical
system is then

C,
i

1
’l'l G -2 A
M = o o ’ (57)
.

, -1h'

For complete turn-over, one should therefore choose the length between

the quadrupoles according to Eq. (56), and arrange object and image distances
so that

1 .
+q = = (L-2A). 58
ptgq c (c 0) (58)

Alternatively, Eq. (58) gives the image distance under turn-over conditions if
the object distance and the lens elements are known,

USE OF A SYMMETRIC AG TRIPLET

So far we have made no assumption about the outer or the inner elements,
except for overall symmetry. For instance, the inner element may be made of

a double doublet and the outer elements may also comprise some more compli-
cated structures.

We now consider the case of a symmetric AG triplet. One then has

A, = cosf , B, = Ll—sineo, Co = -ko sin@o

(59)

>
o
I
0
o]
wn
o
&)
-
oy
1
<
n
2.
=]
63
-
QO
0

ki sinhb i

in the cdc plane, and
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1
Al = cosh 90, B, = ko s1nh60, C, = ko s1nh9o
(60)
1 .
A, = cos g, B, = ;isin 0, C; = -k; sin Gi
in the dcd plane.
In these relations we have put
G G,
K o= o, K2 - 2 (61)
° P/Q ! P/Q
0 =k L , 9. = k. L. , (62)
© oo 1 i

G being the gradient, P the particle momentum, Q its charge, and L the length
of the quadrupole; i stands for the inner element and o for the outer elements of
the triplet.

According to Eqgs. (56) and (58), in order to achieve complete turn-over in
the cdc plane one must have

! = — coté - — coth— (63)
o ° i 2
2 cot® k., sinh®,
o i i
o ko, sin 26
and in order to achieve complete turn-over in the dcd plane one should have
1 1 ZH
£ = -=— coth® -— tan— 65
kK ° o k. an 2 (63)
(o] 1
coth® k sind
ptq = -2-—02 A R S 19). (66)
o k, sinh 29

Practical values of 0 range from zero to 7 /2, and ! must be positive. We
therefore conclude that in the case of a symmetric AG triplet, complete turn-over
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is not possible in the dcd plane; in the cdc plane complete turn-over can be
achieved provided

k e

L > tan 6 tanh =& ; (67)
o o 2

! and p + q must then be chosen according to (63) and (64). In the cdc plane the
transfer matrix of the triplet is then

, (68)

whereas the total transfer matrix in this plane is of the form (34).

It is interesting, especially for application to particular cases, to know the
matrix elements in the dcd plane of the triplet when turn-over is achieved in the
cdc plane. To calculate the elements of

a b 1
dcd ded
M, | l , (69)
c d
dcd dcd ‘
it proves convenient to put the expressions given above for a = d, b, and c in
the form
A B A, 2 1 2
a=d=ACC (/2 (=2+-2)4—=+1] -—=(—2 ) ) (70)
c o1 o o i Ci2 2A,C,
2 Ao Ai 2 Ao 2
b=BC {[l+— (—+1)]%-(—) } (71)
o i o i CoCy
C A, 2 C 2
2 o i o
c=AC, {[1+A— (C—_+l)]'(AC,) }o. (72)

[/ 1 o 1
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Taking then into account Eqs. (60) and (63), one finds

a =

dcd
kKo 1 1 6; 2
d = . ind i 26 —_ 2] -— e + h—
ded 5 sinf, sinh 0[[ ko (cot o+ coth 290) i {cot : tan 2)]
L - ) (73)
T2 2 T2 2 ’
k" sin” 8 k° sinh” 26
i i i o
k. 5 r k e, 2
bdcd = - —12— sinei sinh 60 (‘(l + coth 90 [coteo - —k—?- (cot Gi + tanh—%—) ])
k L i
o
k 2 coth & 2 \
o ;
- (=) (——2) (74)
ky sin 95 f
1 ko 8. 2
= k. sin6 2 |11+ 6 e -2 6 + —
dcd ki sin iCOSh o 1’\ tanh 5 kot o ki (cot . tanh > y 1

ko 2 tanh 90 2
i i

The knowledge of these quantities makes it possible to study the optical behavior
of the triplet in the dcd plane when turn-over is achieved in the cdc plane.

PARTICULAR CASES

(i) Completely Symmetric Triplet

We consider first the case of a completely symmetric triplet which we
define by

. (76)
i )

(77)
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6. = 26 = 28 (78)
i o
The turn-over conditions (63) and (64) become now
! = (1/k)(cot & - cothf ) (79)
sin 26 + sinh 29
pt+taq = (1/k) (80)
sinz e
whereas the inequality (67) is written now as
6 < e ., (81)
being the solution of the equation
tan 6 tanh 6 = 1 (82)
One finds ® = 53.7 deg.
The normalized value of £, i.e., kI = cotf - tanhf® , has been plotted in

Fig. 3 against 6 whereas the object-image relation (80) has been represented in

Fig. 4.

For the transfer matrices of the triplet, one finds in the case of considera-

tion

cdc

dcd

i

sin 26 + sinh 26

k sin2 e

-1 0]

_ksin29+sinh26 .1

cosh2 ¢]

(83)

(84)
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Fig. 3. The function kf for the case of the completely symmetric
triplet.



-123.-

50 I | [ | I | ! | L T |
40 |- —
30 — —_
" i
+
e F -
x 201 —]
— .
| -
10— —
- 2
o TN [ W N (N SN NS NN N N B
0 10 20 30 40 50 60

8 (deg)

XBL 671-441

Fig. 4. The relation between object and image distances for the case
of the completely symmetric triplet.
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Complete turn-over is achieved in the cdc plane; no turn-over takes place in the
dcd plane but the transfer matrix has the simple form of a total matrix for dis-
placement turn~-over, according to Eq. (18). For p positive, q is negative in
the dcd plane, i.e., the image occurs inside the lens. Whereas the focal dis-
tance is infinite in the cdc plane, one has for the corresponding quantity in the
dcd plane

2
£ - cosh 6 (85)
ded k(sin 26 + sinh 26)
The normalized value of this focusing strength, i.e., k fdcd' has been
plotted in Fig. 5 against 6 for 0 < 6 < @
(ii) Triplet with Identical Elements
Here we consider the case where
k; = k= k (86)
L., = L =L , (87)
i o
and therefore
6;,=6, =6 . | (88)
The turn-over condition is
£ = (1/k)(coté - tanh 6/2) , (89)
and one has
in 26 + sinh®
ptq = (l/k)sm . sinh (90)
sin” 0

For ! to be positive, one must have 8 < ® where @ is now the solution of

tan ftanh 6/2 = 1, (91)

One finds ® = 63,3 deg.

The normalized value of £, i.e., k! = cot 6 - tanh 6/2, has been plotted
in Fig. 6 against 6, whereas the object-image relation (90) has been represented
in Fig. 7.
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Fig. 5. The normalized focusing strength kfdcd for the case of the
completely symmetric triplet.
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For the transfer matrices one finds here

-1 sin 20 + sinh @

k sin? 6
Mege = (92)
0 -1
and
1 sinh 26 © 1 cosh?6 - sin26 tanh® (0/2)
=~ ————— - 8inf tanh — =~
2 sing 2 k sin 6
Myca = . (93)
sinh’ 6 - sin2o 1 sinh 20 6
k - ~ —————— . gin 6 tanh —
sin 6 2 “sin6 sin = tanhy
The matrix (92) describes the complete turn-over in the cdc plane. In the dcd
plane the focal distance is given by
_ sin 6 )
f = - (94)

2 2

ded k(sinh%6 - sinZ6)

it is always negative. The normalized value of this focusing strength has been
plotted in Fig. 8 for 0 <8 < @ .

(iii) Particular Values of the Ratio ky/k;

When turn-over is achieved in the cdc plane, the corresponding transfer
matrix (69) in the dcd plane is in general complicated. It is, however, easy to

show that if

tanh 60 + cot 6

k
s I
i tanh —51- + cot —21-

the transfer matrix in dcd plane becomes
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Fig. 8. The normalized focusing strength kfdcd for the case of the
triplet with identical elements.
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-1 0

Mgca = , (96)

1
- —h—ze— (k, sinh 264 + k; sing;) -1
CcoOs
o]

ks, and kj being related by Eq. (95). This matrix has the form of a total dis-
placement turn-over matrix, according to Eq. (18). By replacing Eq. (95)
in the inequality (67), one finds now for the turn-over condition in the cdc plane

(tan € | tanh 0 ) [tan(@;/2)tanh (8;/2)1 < 1, (97)

The completely symmetric triplet, considered before, is a particular case of
this.

On the other hand, if

k cot 8 + coth @
o) (o) o
k., ) 5 ’ (98)
i i i
cot > + tanh >

one finds for the transfer matrix in the dcd plane

1
1 2 7 (kg sinh 20 - k; sin6 )
k sinh 6
o o
Mgeq = (99)

’

k  and k; being related by Eq. (98). This matrix has the general form of a
drift-space matrix. The condition (67) for turn-over in the cdc plane writes
now, taking into account Eq. (98),

tanh o
o)

> tan Qi/Z tanh ei/z
tan 90

(100)
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(iv) Image Position in the dcd Plane

We have already noted that in the case of a completely symmetric trip-
let, the image lies inside the lens in the dcd plane when turn-over is achieved
in the cdc plane. To show that the same situation arises in the case of a triplet
with identical elements, we use the formula giving the image position

.apth (101)
cp +d

which we write here in the form

ic..-? (p+b/a) (p+d/c) . (102)
(cp + d)

O
1l
3

Using now the values of the matrix elements in the dcd plane, as given by
Eq. (93), we have

[cosh® (sinh2 0 - sin29) + sinze](sinhze - Si‘nze) > 0 (103)

a c =
dcd dcd sinze sinh6
Pdca 1% (sinh’ in® in” 0 (2 1
cd _ cos (sinh 9 - sin 6) + sin 6 (2 cosh6- 1) > 0 (104)
a

dcd k sinh6 [cosh 9(sinh26 - sinze) + sinze]

d a 129 _ainl .2
ded _ Zdcd _ coshf (sinh? 6 -sin“f) + sin“ 0 s 0 . (105)

€ded  Sded k sinh® (sinhZ6 - sinZ6)

For p positive, i.e., a real object, q is negative in the dcd plane; the image
lies therefore inside the lemns.

CONCLUSIONS

It has been shown that a symmetric triplet can provide a complete turn-over
in the cdc plane, and the object-image relations have been plotted out graphic-
ally for two practical cases under conditions of turn-over. It has also been
shown that in the cases considered, the image lies inside the lens in the dcd
plane when turn-over is achieved in the cdc plane.



-132-

The case of more complicated quadruplet systems will be considered in a
forthcoming paper.
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SOME THOUGHTS ON THE POSSIBILITY OF MAKING CHARGED
HYPERON BEAMS IN THE RANGE 50 TO 100 BeV/c

Victor Cook

TERTIARY 50 BeV/c &~ HYPERON BEAM

The possibility of forming hyperon secondary beams at the 200-BeV accel -
erator has been considered and the formidable difficulties have been discussed. !
Longo has described a tertiary A° beam of usable intensity and purity. ! The
main difficulties result from the short lifetimes of the hyperons and the low
yields to be expected in cascaded production processes. Even though the
arrangement described here may well be of marginal use, it is perhaps use-
ful to write down some numbers to indicate what one can expect. To be spe-
cific, we will consider a 50-BeV/c E~ beam, and an experiment designed to
measure = p elastic scattering and total cross section.

The beam of =~ would be made in the reaction
- - + 0
K +p—- = +K + n(n)

A possible scheme for selecting =~ is sketched in Fig. 1. A separated K~
beam of 50-BeV/c momentum strikes a liquid-hydrogen target 25 cm long. The
tertiary beam channel is composed of two legs: one to detect and momentum
analyze the K+, and the other to detect and direct the =~ toward an inter-
action target and final-state detection equipment. Crude momentum measure-
ment on the K+, done with scintillation counters and a threshold Cerenkov
counter* in the =~ leg would provide a trigger for the wire-spark-chamber
detection system. Final selection of events would depend upon more accurate
measurement of the = and K+ directions, and the K+ momentum deter-
mined with the wire spark chambers, and finally the detection of the =~
decay in the downstream spark chambers.

Some of the useful kinematics for K~ + p> = + Kand E +p—~ = +p
are shown in Figs. 2 and 3. There can be a large background of unwanted

triggers, unless the triggering is highly selective. No attempt will be made

*It may be possible to design a differential Cerenkov counter with sufficient
resolution (AB/p = 107% to separate =~ and protons, and AB/B = 3)(10_4 to
separate = and K') and angular acceptance (= +2°), which would certainly

help.
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here to evaluate the background problems, since there are already serious
""'rate'' problems even if one assumes 100% efficiency in all trigger systems.

The estimated rates given in Table I are meant only to give a rough indica-
tion of what one may expect. These rates are not very encouraging, partic-
ularly when we attempt to guess at the production cross section for E~ in
K p interactions.

If this technique is to work at all, the triggering requirements must be
made as selective as possible. This means that we can accept only production
events involving, at most, several extra pions. According to an analysis of
high-energy scattering by Morrison, 2 the production cross section for
K +p—> 2"+ K’ can be written ¢ = 5.0 (plab)-3.5 mb, where Plab is in
BeV/c. At 50 BeV/c, this gives (K +p -~ = +K') = 0.006 ub. Assuming
that all partial cross sections involving &~ K+ in the final state are approxi-

mately equal, we might expect a total effective cross section of about

"K', "K' (nm) 1~ 0.04 pb.

I

ol

If this is correct, the expected rates of Table I are reduced by a factor of 25.

Table I. Estimated rates of &  particles and interactions.

Incident K~ beam 107/sec
%~ Produced in 25-cm LH target 100/sec
(o =1 pb)
prod
=~ Entering scattering target 0.5/sec

(K* detection acceptance included)

= Interaction rate _ 0.02/sec
[ 50-cm target; 0ot (2 p) = 20 mb]
Elastic scatters 0.001/sec

(0'e1 = 1 mb)

50 TO 100 BeV/c SECONDARY E~ BEAM
Suppose we use only a Cerenkov counter and bending magnets to detect
=" in an unseparated beam. A simple beam setup as shown in Fig. 4 might
provide enough flux to make experiments feasible. In this scheme we take
advantage of the fact that the =~ is heavier than any of the copious contam-
inants, so we can use a simple threshold counter of very moderate length.
The bending magnet M, spatially separates the external proton beam that

passes through the production target and the negative beam in which we are
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interested. Momentum measurement is accomplished with M2 and the spark
chambers and scintillation counters located upstream and downstream of the
magnet, The momentum acceptance of the beam channel is quite large (about

* 10%). In fact, that momentum distribution will probably be determined by the
production cross section. Cascade selection by the Cerenkov counter can be
accomplished only if the momentum bite is limited to a few percent. This can
be done with a scintillator, or wire-spark-chamber matrix.

We need not be concerned about &6-ray production since we are using the
counter only as an '"anti.'' A gas counter 3 meters long for a 50-BeV/c beam,
and 8 meters long for a 100-BeV/c beam, with the gas pressure set at =
threshold, provides sufficient light to count w , K, and p efficiently enough
to ensure a signal-to-noise ratio of more than one. Crude estimates of the
performance of such a counter are given in Table II. We might expect that the
secondary beam intensity would be limited by acceptable instantaneous rates,
since there must be spark chambers in the beam. If 107 particles per burst
are tolerable, one would have about 5 E per pulse [assuming that a tenth of
the beam lies within the accepted momentum band (£1%) incident on a scatter-
ing target (presumably liquid hydrogen)]. In addition there would be two to
three background triggers due to m, K, and p which are not eliminated by the
Cerenkov counter. With the total cross section assumed to be 20 mb and the
target 2 meters, the event rate would be 0.8/pulse. The accuracy of a cross-
section measurement would be limited by the efficiency with which v, K, and
p events are eliminated. This efficiency could be improved by increasing the
length of the Cerenkov counter, or perhaps by using two counters. Identification
of the E~ events in the spark chambers surrounding the scattering target
would also improve the rejection of unwanted events, but with some loss in
good event rate.

This appears to be a more useful approach than the tertiary beam approach
described in the first section; however, the difficulties expected in selecting
good events out of a background, which is greater by 5 orders of magnitude,
are obvious. A much more careful analysis is necessary before one would
seriously propose an experiment involving hyperon-nucleon scattering; how-

ever, it does not appear that one can dismiss the possibility out of hand.
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Table II. Estimates of Cerenkov-counter efficiency based on
presently available techniques and equipment.
Two different beams are considered:
(a) 50-BeV/c beam; 13-meter total beam length; 3-meter Cerenkov counter.

(b) 100-BeV/c beam; 24-meter total beam length; 8-meter Cerenkov counter.

Beam (a) (b)
Particle ™ K~ P L K~ P
A =p,-Bx 3.5x107%  3.0x107% 1.7x107%] 8.7x107° 8.6x107° 4.4x107°
Total no. of a

photons 52 45 26 35 34 18
No. of photo-

electrons 14 12 7 9.4 _9 4.8
(1-Efficiency)C 8.3x10°7 6.1x10"® o9x10™* | 8x10™®  1.ox10™* 8.3x1073
[Flux(i)/Flux(2)]9 | 1.5x10°  1.5x10% 1.5x10° | axt0*  ax10®  ax10®

aLIf the Cerenkov counter pressure is set to = threshold, the number of photons
produced by a particle with velocity Bi(> B) in the 811 spectral region is about
N = 500 BA_p

i

photons/cm .
bCollection efficiency is assumed to be 90%. The quantum efficiency of photo-
multipliers is assumed to be 30%.

®This is calculated with the assumption that all events in which at least one

photoelectron is produced are detected.

d'This is based on crude estimates for the relative intensities at the production

target, namely, = :K :p:E = 100:10:1:1,
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TAGGING OF REAL AND VIRTUAIL PHOTONS

R. Wilson and M. Wong

The following report was originally written (September 24, 1965)
to compare plans for photo experiments at CEA with a planned muon-
scattering experiment at the AGS. This muon-scattering experiment
has been proposed and accepted.

It appears that high-intensity muon beams have a very great
advantage over gamma and electron beams for studying electromag-
netic processes at small momentum transfers. This is of great
interest for the 200-BeV proton accelerator, because muon beams of
100 BeV should be easily, although expensively, attainable.

Many experiments become possible. Among the easiest, ghoto-
production of p, can tell us the p-nucleon interaction; 7® and ™ pro-
duction tell us details of peripheral interactions. But the list is huge.

A fuller report will be written later and published elsewhere.
INTRODUCTION

Photon beams for experiments in high-energy physics usually are made by
bremsstrahlung from electrons on matter. There is then a distribution of
photon energies according to the usual Bethe -Heitler formula. For the purpose
of this note, the number of photons of energy between k and k + dk can be
approximated as

N = (t/X_) (dk/k) (1)

up to 2 maximum energy equal to that of the electron. Here t is the thickness
of the target and X is the radiation length.

Since it is clearly interesting to measure processes at a definite gamma-
ray energy, various procedures have been devised to produce monochromatic
or effectively monochromatic beams. Among these is the process of gamma-
ray tagging, which is the subject of this note.

After producing bremsstrahlung, the electron has a reduced energy; the
scattered energy (apart from a small recoil effect) and that of the gamma ray
add to equal the incident energy. Thus by measuring the scattered electron in
coincidence with the process under study, the gamma-ray energy is known.
This procedure was first used by Weil and McDaniel™ at Cornell, following the
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indspendent sugge stions! of Koch and Camac, and most recently by Caldwell et
al. at CEA,

It is the purpose of this note to extend their analyses to the processes of
inelastic electron and muon scattering by use of the idea of virtual photons.

VIRTUAL PHOTONS

Weizsacker and Williams> were the first to show clearly that every charged
particle can be considered to be carrying a field of virtual photons. The inter-
action of these virtual photons with matter will then lead to inelastic scattering.
When the energy of the charged particle (E) is large compared with its rest
mass (mc2) and the excitation of the matter, the charged particle will usually
be deviated very little from the incident direction. Then both the effective
gamma-ray energy and momentum k are given by the difference between inci-
dent and scattered energies:

k = E; -E; . (2)

The spectrum and number of virtual gamma rays is approximately the same as
that produced by an electron passing through a radiator of thickness

R
—eff - 20, (E/m) ~ 0.02 . (3)
X Tt

o

More detailed calculations of this spectrum have been made by Dalitz and
Yennie? and by Hand and Wilson. 5 For simple calculations, however, Eq. (3)
will suffice.

It is worthwhile, at this stage, to remember the important features of such
a calculation; an integration must be made over the momentum transferred by
the incident charged particle. If the matrix element for the photo process
studied varies slowly with momentum transfer, it may be factorized out, and
Eq. (3) results. For elementary particle processes, the variation with momen-
tum transfer is of the order of that of the nucleon form factors, which vary
negligibly over momentum transfers of the order of an electron mass and not
greatly over those of the order of a meson mass. On the other hand, if we
calculate bremsstrahlung by the Weizsacker-Williams approach, we find that
the relevant matrix element varies fast and we obtain a result which varies as
1/m2. We are now prepared to compare the different procedures.

BACKGROUNDS

A gamma-ray tagging experiment with real photons (Case 1) is shown sche-
matically in Fig. 1, and one with the same electrons producing virtual photons

(Case 2) in Fig. 2. The muon case {Case 3) is similar to the one shown in Fig.
2.
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Since it will transpire that beam intensity is not a limitation on these exper-
iments, we will consider the background random coincidence rate between the
scattered electron counters and the ""event'' detector as a number of interest,
and the event rate of desired events produced by a gamma ray in a small interval,
dk, as a number to be kept constant.

We now present in tabular form a comparison between the random rates in
the three cases, bearing in mind that the event rate and not the beam intensity
is the independent variable. We note also that the principal count rate for
scattered electrons accompanies bremsstrahlung with no nuclear process of
interest. If we observe scattered muons, the principal rate accompanies
nuclear events; bremsstrahlung is about one quarter of this rate. This causes
the difference in the rate S (Eq. 6) between Cases 2 and 3.

Table I. Definition of variables.

Symbol Units
Beam intensity N sec™?
Gamma-ray energy k
Radiation length of radiator material Xo g cm-Z
Target thickness t g cm™?
Radiator thickness R g cm 2
Number of molecules in a mole L=6x1022 g-l
Atomic weight A
Cross section (maybe partial) for event of 2
interest, which can trigger event counter a(k) cm
Solid angle multiplied by efficiency for
event of interest Q (fraction of 4 )
Count rate in scattered electron detector S sec'l
Event rate of desired events E sec'-1
Total count rate in event detector T se:c"l
Background coinciden;e rate C sec-'1
Effective radiator for virtual photons (Eq. 3) Ros g cm-z

Total resolving time for coincidence
(including duty cycle) T sec




Case 3

Case 1 Case 2
R dk QL R ff dk R ff dk QL
E=N— & t 4k & el dk ¢ 4k) & el Xty k) E= (4)
Xo k A o k A X, k A
(Same as Case 2)
~ k max R k max R k max
T-Nn2_ ¢ oL | olk)dk N _eff , oL olk)dk N _eff ¢ oL o(k)dk (5)
Xo A k X, A k X, A k
¢} o) o
(Same as Case 2) .
[
NN
2 o
, M :
R dk t  dk t dk e
S=NYT % N % N % *lw (6)
o o o u
C =T S T (7)
> R oL dk (k)dk
- ont g e i (8)
X, A k k
k max 1 r [k max-’ [- k max
: 2 k)dk
EzT[f o(k)dk g2 [ otkdk | M EZTL[_OL)__ }
o _k_J Lo ko e o k
- 2 R 2 4;,1'_! R 5 (9)
tQ (L/A)(dk/K)[o(k)] eff (L/A)dk/k)[g(k)] u/ Teff Q (L/A)@k/K)o(k)]
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We now note that these Eqs. (9) are identical in the two cases (1l and 2) if
Regf = t. Ift < Reff, tagging of virtual photons is preferable. For a liquid-
hydrogen target, this corresponds to a target 20 cm long. With targets longer
than this, tagging of real photons is preferable if only electron beams are avail-
able. Tagging of virtual photons with muon beams is always preferable.

We note that the count rate in the detector for scattered electrons (S) is
given mainly by the probability for emitting gamma rays (except for Case 3) and
not by a reaction of interest.

The random coincidence rate, then, represents the number of times two
scattered electrons appear in the time interval for detection, and we cannot
therefore identify the gamma-ray energy unambiguously. If we have detectors
for the whole range of scattered electron energies, these confusing events can
be identified at once by noting that two particles exist and, hence, can be ignored;
otherwise, the usual delayed count must be made and the events subtracted from
the undelayed, with the usual statistical problem.

We note, in passing, a feature about Eqs. (8) which has prevented frequent
use of tagged photons. If either the solid angle Q@ or the cross section o is
small, C becomes large. Until recently, 2 only small solid-angle detectors
could be used. The advent of large solid-angle detectors (spark chambers)
makes the technique of great utility.

ILLUSTRATIVE NUMBERS

Consider, for example, the measurement of a partial cross section for
strange-particle production by 1-6 BeV photons in intervals dk/k of 0.05 over
this range; o(k) is about 5 yb. We use a target of liquid hydrogen 20 cm long
(= 1.4 g/cm ) which is about equal to Rggs (Regf/Xo = 0.023), Here T = 10-6
seconds (10-8 seconds with a duty cycle 1 in 100). We assume that the event
counter detects no events with gamma-ray energies less than 1 BeV [o(k) = 0
for k < 1 BeV]. Then for Cases 1 and 2 we obtain:

C = 70 E%/sec

So if E is one event in 10 minutes, C/E = 1/6, which is a tolerable
random rate.

The requisite beam intensity, N, can be found from Eq. (4) and is 3.4 x 106
electrons per second (Case 2), and the same for Casel if the radiator thickness
is the same as the target thickness in radiation lengths (R/Xs, = t/X,).

For muons, we find for one event in 10 minutes, C/E = 10~5 which is
negligible. The requisite muon rate is twice as big (7 x 10°/sec) due to the
change in Rgy¢¢.

Electron accelerators produce beams of about 1012 per second, so our
earlier assumption that electron-beam intensities do not set the upper limit is
confirmed. Muon beams have intensities of the order of 10 /sec, so this is not
now true for muons. We could increase the count rate for muons by using a
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longer target or larger beam. Clearly, we could use muon beams up to 1011y
sec and event rates in our example of 40 per second, without bad*random rates.
We could not, however,use a more intense electron beam. The comparison
between muons and electrons is more favorable to muons if an accelerator (for
example SLAC) with a poorer duty cycle than 10-2 is considered. For a duty
cycle of 2 x 10'4, T becomes 5 x 105 sec and for T = 1/10 min C/E = 8 for
Cases 1 and 2—an impossible situation. For muons, however, C/E remains
tolerable at 5 x 10-4,

As a second illustrative example, we consider a measurement of the total
gamma-proton cross section, excluding pair production and other purely electro-
dynamic processes. The cross section is about 100 pb from 1 to 6 BeV. This
measurement could also involve taking spark-chamber pictures of each event.

We can identify the event by either of two methods. First, we can count any
charged particle produced at a large angle, such that low-momentum-transfer
pair production is excluded., Second, we can use an anticoincidence method. The
event detector, a total-energy gamma-ray shower counter in the forward direc-
tion, can detect either gamma rays or electron-positron pairs produced in the
absorber. The event is then identified by the presence of a scattered electron
and the absence of a gamma-ray or electron-positron pair.

Again consider a hydrogen target 20-cm long, and tag photons in intervals
dk/k of 0.05 from 2 BeV to 6 BeV. We assume o(k)=100 pb from 400 MeV to
6 BeV. Then for an event rate of 1/sec for each channel, we find that

chance coincidence rate _ ¢ 5%, Case 1
event rate

chance coincidence rate = 6.4% Case 2
event rate

chance coincidence rate
event rate

1

1.3x10" 39, Case 3

The beam intensitites required are about 107 /sec in all cases.

Note that in the example chosen here, the target is longer than Rgygf and
Case 1 offers a more favorable choice than Case 2, There may, however, be
problems about the spread of gamma-ray energies due to the shower production.

It is worth noting that for a duty cycle of 2 x 10-4 (SLAC), this experiment
could be operated with a count rate of /10 sec and a chance-to-event rate of
30%. An experiment of this type has in fact been proposed (Group D - SLAC).
At SLAC, however, the use of a muon beam would be particularly advantageous.

ELECTRON TAGGING WITH LOW-MOMENTUM-TRANSFER CUTOFF

For completeness we note an alternative procedure to make tagging of
virtual photons attractive. Muons are attractive because low-momentum-
transfer events (which predominate in bremsstrahlung) are automatically
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suppressed and do not appear in the scattered electron counting rate, S. Hand6
has suggested a method of accomplishing the same result using electrons. He
proposes blocking f{rom the scattered electron detector those electrons scattered
at very small angles & g m/E, and allowing only those with € 2 5 m/E to
reach the detector. This achieves artificially, but messily, the same suppres-
sion of low-momentum-transfer events as achieved by the use of muons.
However, beams of electrons are more easily available and more intense than
beams of muons, so that this method has considerable merit,

INELASTIC ELECTRON SCATTERING AT LARGE-MOMENTUM TRANSFERS

The procedure discussed above integrates over all scattered electron direc-
tions. We may wish not to do this, and if we do not we obtain an inelastic-
electron-scattering experiment. Now the question of minimizing
the background amounts to minimizing the radiative correction. This depends
on the factor log (qz/rnz), which varies only slowly between electrons and muons
since q2 is now kept constant. The advantage of muons rests solidly in limiting
the number of gamma rays and electrons produced in other directions than that
seen by the detector and, hence, indirectly influencing the background.

RADIATIVE CORRECTIONS IN TAGGING

There remains a possibility that two gamma rays are produced in the radi-
ation process, or, for the virtual process, a real gamma ray emitted in addition
to the nuclear process. Either of these occurrences would result in an incor-
rect identification of the gamma-ray energy from Eq. (1). The probability of a
double radiation process, relative to a single radiation process, is

"2% In (E/m)

If the radiator thickness is increased, these radiative processes which occur
for zero target thickness will be made worse by degradation of the incident
electron beam. By using the same ideas of virtual photon theory which formed
the main argument of this note, we can see that the probability of two-photon
emission will be double the probability for zero radiator thickness, when the
thickness or radiator R equals the value given by R/X, = 20/x In (E/m), and
will increase in proportion to R.

For Case 2 (virtual photon tagging) we must not increase the target thick-
ness much more than this amount either, or there will be real bremsstrahlung
in addition to the nuclear process. For Case 3, virtual photon tagging with
muons, the problem is almost nonexistent because of the low probability that
the muon will radiate.
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SOME ELECTRON-PHYSICS STUDIES WITH THE 200 BeV ACCELERATOR

W. Selove

In this note, I describe rough estimates of flux intensities for some elec-
tron and photon beams of simple design, and comment on the usefulness of these
beams for some experiments to test Quantum Electrodynamics (QED).

1. Electron-flux intensity for a simple beam. We consider as an example
of a possible beam of interest one with a few percent momentum resolution at
100 BeV/c., We estimate here the energy spectrum for an electron beam at
0 deg, produced by converting the y-ray flux coming from the decay of n°
mesons produced in a target in the primary proton beam. A crude representa-
tion is given in Fig., 1.

One finds that for such an electron beam, the y and «° energies which
principally contribute to the final intensity lie in bands slightly higher than
the final electron energy--about 0 to 20 BeV higher, for a 100-BeV electron
beam. For these conditions, the angles between the directions of the 7’ and
the resulting y, and between the y and the resulting e, are very small com-
pared with the angular breadth of the initial n° production, and therefore we
can make a very simple estimate of the final electron intensity without the
necessity for complicated angular integrations,

We hence write, for O-deg production:

-~ o0
2 2
"N, (p, ) dN o
= _Z ap ., 1
Ip,, 4% P, dp ,du “Pro t4)
Y p T ™
Y

and a similar expression for the next conversion, y - e, In (1), the factor 2
corresponds to the fact that there are two gamma rays from each 1°; the
2/p o gives the differential spectrum of vy 's from a m% of momentum p 0-

TrTaking dZN/dp 0482 from Ref. 1 (p. 44) and approximating it in tge
region P o just abo:rre 100 BeV/c by

d®N ,
T = -
Lo ) N exp( ap_o)
™ (2)
with a = 1/(20 BeV/c),
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we find that
a’N a®nN ,
~ Z . 20 o™ (3)
dp, aig IEY =100 BeV/c 15 dpﬁo'Tm

In (3) the 20 represents 1/a, and the 115 represents the effective value of
the 1/p , factor in (1) integrated with the approximation (2). Thus
™

a°N , 4°N o
d_p:(_gﬂ ~ -3- W at 100 BeV/C. (4)

Similarly, if we convert these y's using a converter of t radiation lengths
(the optimum value of t for a high-energy electron beam would be about 1),

we get in a thin-converter approximation

a’n . d®N

aﬁn ~ 7 a_p__gm at 100 BeV/c. (5)
e Y

Thus finally,
a®N d°N o
e __ t o

T &~ 20 Ipodn at 100 BeV/c. (6)

€ hig

Thaf is, using a radiator of about 41 radiation length, one will obtain at 100
BeV/c an electron flux about 5% of the n° flux.

Using calculated beam intensities for charged particle beams (Ref. 1,
p. 291), and estimating the 7° flux from the primary target as being at least
as large as the = flux, we conclude that in a beam made as discussed above,
the intensity of e’ or e ina few-percent momentum band at 100 BeV/c
would be about one-twentieth of the n intensity, or about a few times 10
electrons/sec. (This is for a solid angle of about 4 . 10"6 sr; several times
as much intensity could be obtained by using a greater solid angle.)

2. Electron flux intensity for a somewhat purified beam., The beam of
Fig. 1 would contain many more hadrons than electrons. The relative number

of hadrons can be cut down in two simple ways. (a) Use a sweeping magnet
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Fig. 1.
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between the target and the radiator (Fig. 4). (b) In the final momentum-
analyzed electron beam, insert a beam purifier, an attenuator which attenuates
hadrons more than electrons, The only such attenuator I have thought of is one
made of deuterium. (Tritium would be even better, but the improvement may
not be worth the safety hazard; these hydrogen isotopes must be used in the
form of liquid--or perhaps high-pressure gas -- for an attenuator of this kind,)

With these refinements, one can estimate that an electron beam can be
obtained of purity corresponding to about one electron to one hadron, and of
intensity perhaps 1/2 to 1 X '106 electrons/sec in a momentum band of a few
percent at 100 BeV/c. The source at the radiator would be 1 to 2 inches in
diameter, depending on how close one could put the radiator to the target and
still sweep charged particles away between the two,

At 50 BeV/c, a flux several times as great (in a few percent momentum
band) could be obtained.

3. Photon flux intensities. From Eqs, (4) and (6) above, the continuous
photon spectrum will have an intensity approximately 10 times the electron
intensity. Thus within a cone of about 1 mr from the primary proton beam
direction, the photon intensity at 100 BeV/c will be about '107 photons/sec
per BeV/c.

This photon flux will be accompanied by a neutron flux about 10 times as
strong, at 100 BeV/c.

A more pure photon beam, free of neutrons, can be produced by using a
magnetically deflected electron beam to make photons, In this case, however,
the flux will be no more than about 104 photons/sec per BeV/c, at 100 BeV/c,

Finally, monochromatic photon beams can be made by positron annihila-
tion, and tagged photon beams by bremsstrahlung, For these types of beams,
the intensities will be lower still,

4. Some QED experiments with these beams. I remark here on a few
experiments for which the above beams might be used.,

(a) Positron annihilation. With a positron intensity of 106/sec, at 100
BeV/c, and a reasonable hydrogen target (1 to 10% of a radiation length),
there would be 10 to 100 annihilations per second, With a reasonable detection
geometry, this would permit measuring the angular distribution for annihila-
tion in reasonably narrow bins [A(cos §) = 0.2], with an actual counting rate
in the weakest bin of several tens of events per hour,

Positron annihilation at 100 BeV/c is equivalent to a colliding et e
interaction with two 220-MeV/c beams. Colliding -beam positron-electron
experiments will soon be carried out with much higher energies. However,

it may well be worthwhile to measure the annihilation directly, so as to get a
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direct measurement of the absolute cross section,

{b) Wide-angle pair production (WAPP) and wide-angle bremsstrahlung
(WABR). The more intense of the photon beams described above will probably
permit a measurement of WAPP at 100 BeV/c. It is not possible to give a
detailed calculation of counting rate without a detailed experifnenta.l design,
but a crude estimate can be obtained by making a comparison with figures
from existing experiments, The flux given here, 3107/(seé-BeV/c), is about
10-3 of the flux used by Asbury et al. 2 As a function of electron 4 -momentum-
squared, u, and of beam momentum, p, the éffective cross section that can be
obtained can be expected to vary at a rate, depending on the experimental geom-
etry, between p/u and 1/p; thus going from 4 or 5 BeV/c (Ref. 2) to 100 BeV/c
might increase the cross section at fixed u by about 20. It seems likely that
the photon intensity will be sufficient to permit WAPP, with useful statistical
accuracy (®10%), for values of |u| appreciably larger than those so far tested.

The electron intensity would be somewhat lower, and so WABR experiments
at correspondingly large values of |u| might be marginal, It would nevertheless
be important to try to do WABR as WAPP--the latter tests for large space-like
values of |u|, and the former tests also for large time-like values, No WABR
experiment has yet been carried out successfully (although one is being attempted

at Frascati),
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PHOTON AND ELECTRON BEAMS
AT THE 200 BEV PROTON ACCELERATOR

C. A. Heusch

INTRODUCTION

In these notes we have collected a number of considerations that bear on the
possibility of using the 200-BeV proton accelerator as a source of photon and
electron beams. We are primarily concerned with the questions of whether the
setting up of such beams can be expected to be feasible, and have reasonable
intensities and spectral characteristics.

As to the motivation for the actual building of an electron-photon facility,
should it prove practically realizable, a subsequent note1 reviews some of the
questions presently of interest in photon physics that may or may not be solved
by the 20-BeV SLAC (and its probable 40-BeV extension). Any such study in
futurism can be only lightly conjectured. Only the crudest extrapolations make
target yield estimates at 200-BeV possible; and what problems physicists will be
facing 8 or 10 years from now is obviously a wide-open question. Still, certain
features appear discernible now, beyond years of operation of SLAC and the vari-
ous electron storage-ring projects.

We will, therefore, focus our interest on beams with energies greater than
40 BeV. Certain experiments at lower energies will be of interest because of
the excellent duty~cycle characteristics of this machine (®20% compared with 10-4
at the SLAC); it will be seen that there is a large number of lower-energy photons
available for such contingencies, although we will not present any details of this
aspect.

Above 40 BeV, however low the intensities, this will be the only machine
source of photons and electrons; and although the yield will be seen to compare
unfavorably with our present electron accelerators, it should be remembered
from the start that the use of large-solid-angle detection devices can, in the

presence of a long beam dump, recover some of the loss.

GENERALITIES ABOUT BEAMS
It will be seen that the electron and photon yields from pp or p-nucleus
interactions result mainly from secondary mechanisms, and that conversion and

reconversion, e~>y™>e™..., are the prime means of beam purification. Let us
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therefore have a look at some facts about changes in intensity and spectral char-
acteristics with which we have to live.
The primary yield of y's and e's in a pp collision is relatively small;

0 0

production of w  and subsequent decay dominate. For a monochromatic =

source, the decay photon spectrum is (see Fig. 1):

w0 > vy
N ()dk = ék_o = const. dk (1)

k)

with the condition [ Ny(k)dk = 2N _o ,

where NY is the number of photons per unit energy interval and k is the photon
energy. To the lowest-order approximation, the conversion of a photon looks

the same (Fig. 2), viz,

y—>e+e'

de (2)

:l:’

b L

Nz (E, ) dE, ~

with the normalization
fNe+dE+ = fNe_dE_ = Ny.
The bremsstrahlung process has, to lowest order, the well-known logarithmic

shape (Fig. 3):

e~>e'ly
~ dk
Ny(k) dk = T - (3a)

Note that both changes in spectral composition as represented by Eqs. (2} and
(3) deplete the high-energy end of the spectrum, the bremsstrahlung process muck

more strongly than pair production.
As a realistic example, consider a spectral region of the primary photon
yield which can be approximated, over an interval, by a linear energy dependence

Take
NY dk = (a - bk) dk. (3b)

If these photons pass through a converter and give rise to pair production, the

emergent electrons will have a spectrum [according to Eq. (2)] given by

N,dE, [a ln(kmaX/Et) -b(kmax-Ei)] dE . (3c)
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If we use a=10 and b=0.07 we can crudely approximate the y flux at about
0° for energies greater than 100 BeV. If we are then interested in the photon
flux between 100 and 110 BeV, the intensity loss we suffer by going from photons
to electrons is (for a radiator thickness of 1 radiation length) measured by the
fact that 23 photons will give rise to 4 electrons, or a reduction in flux to about
17% This is an important fact we have to keep in mind.

By choosing convenient converter and radiator materials as well as advan-
tageous kinematical regions, we will nevertheless be able to enrich primary

beams, both photons and electrons, by means of these processes.

TARGET YIELDS
In the absence of any substantiated yield calculations for 200-BeV proton-
nucleon collisions, we base our yield estimates for electrons and photons on

Trilling's flux pa.rametriza.tion;2

very recent independent estimates of Hagedorn
and Ra.nft3 appear to be in rough quantitative agreement with these e‘stimates.
For further reference, we show, in Figs. 4(a) and 4(b), the normalized w and
proton yields as given by Trilling2 for an incoming proton momentum of 200
BeV/c.

Note that the proton yield is peaked at high energies, whereas the pion yield
slopes off quasi-exponentially towards the upper energy limit and becomes very
.small there.

For further reference, we will make the following simplifying assumptions:
The neutron vyield has the same spectral distribution as the protons, with a
multiplicity smaller, but of the same order. Neutral 7 mesons are emitted
with a yield (Nwr++N1-r‘)/2 (positive and negative pion yield; are different because
of the isobar production mechanism considered by Trilling”); K mesons have
spectral distributions like the pions, with a yield of about one~tenth that of the
pions. Antiproton yields have been estimated by Keefe et al.4 They are approxi-
mately one-tenth of the w yields at corresponding energies and angles. All
other target products will be disregarded. Given the crudeness of our knowledge
of m and nucleon yields, these assumptions do not appear restrictive.

In calculating the photon and electron yields, we make the further assumptions
that (a) all photons originate in 7° ~2y decay, and (b) the decay photons will be
emitted in the forward direction of the w°. This latter assumption leads to an
error in angular distribution which is characterized by the decay angle containing

half of all the photons, viz,

0 m 1.17 mrad for E_n_o= 120
—}2-{-\-(- = arcsin & = (BeV).
l\ 2.33 mrad for E'rrO: 60
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It is seen that the effect will be small since any physical aperture will be of this

order and will therefore average over a comparable angular bin. (c) We neglect
° reabsorption in the nucleus, and (d) we do not consider Yy conversion in the
target (see below).

With these assumptions, we obtain for the photon yield per interacting proton

2 2 =
d' N -A - ; pP= P
To -2 iz e p(AP+1)--§T e~fplp+2h)  dh fh %/—-; erf M(p+h)}] B, (4a)

A NE - Jp=k
where the angular dependence is given by
A=b+ch?
(4b)
h= g8 ’
2f
and the numerical factors are
a= 1.65
b= 0.34
c = 36.8
d= 1.04x1072
£f= 2.6x107*
g= 3.9

Here p is the momentum of the decaying ™

s and Pp the incident proton mo-
mentum.

The structure is obviously that of Trilling's w yield formulas, with the first
term dominating at low p momentum, and the second and third stemming from
the decay of high-energy pions (the third term is zero at 6 =0 mrad). Figures
5 and 6 show the part of the spectrum which is of interest to us; Fig. 5 gives
the energy dependence and shows the expected depletion of the high-energy end,
with a strong enhancement at lower energies (very large amounts of 10 through
50-BeV photons will be available). The strong peaking in the forward direction
is seen in Fig. 6. Note that a comparison with Fig. 4(a) shows a reduction of
v yvield vs 7 yield at O deg of order 3 at 120 BeV; 10 at 180 BeV; and 1 at 60
BeV.

If instead of photons, we want to extract electrons from the primary target,
we take as the only sources (a) Dalitz decays of 7°'s (this spectrum follows
directly from the one shown in Figs. 5 and 6); and (b) 7° decay photons which
convert within the target. A look at Table I shows that for maximum photon
yield we will choose a material with )‘/XO small (e.g., liquid hydrogen). For

maximization of electron yield, we take )\/XO large (e.g., Al). This makes
photons originating in the target traverse a mean of 0.25 X (*20% conversion)
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in the first case, 2.5 Xo (#80% conversion) in the second. In the second case,

the electron component stemming from y conversion in the target has a depleted
upper spectral region according to Eqs. (3a,b). Although total y and ei

yields are comparable from these two schemes, the primary electron beam will

be suitable for lower energy experimentation mainly.

Table I. Geometric mfp and radiation length for various target materials.

Target AMcm) Xo(cm) )\/XO
material _
H, (liq.) 470 820 ~ 0.5
Be 37.7 34.7 =1

- C 331 18.5 =2
Al 36.9 8.9 =5
Cu 14.8 1.3 = 40
Pb 17.4 0.58 = 30

Primary targeting facilities should be such that for a firm, fixed beam setup
of the neutral beam, the minimum angle can be varied from 0 to ® 15 mrad. This
can be achieved by a sequence of magnets upstream from the target, which will
be able to sweep the external proton beam into the target at angles varying from
% 0to 1 deg (see Fig. 7). Since the entire yield of interest to neutral beam users
is contained within a cone of ®20-mrad opening angle, this will make beam set-
ups vastly simpler. In the following, we will assume that this angular range is

accessible.

SECONDARY BEAMS

When the emission angle is assumed to vary from 0 to 15 mrad without move-
ment of the physical beam aperture, the two principal secondary beams will be
the photon and electron beams illustrated diagrammatically in Figs. 8(a) and
8(b). If not specifically desired, it is not advisable to set up an et beam for
reasons of beam contamination (see below). It is seen that only minor adjust-

ments have to be used in order to switch from the photon to the electron beam.

Photon Beam

Consider a setup with a typical quadrupole angular aperture of £1.5 mrad.
(Quadrupoles of this aperture will be available, and bending magnets will have
larger acceptance angles.) Then, as an example, consider a liquid-hydrogen

target of thickness t = \. Suppose we are interested in photons in the interval
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100 <k <1410 BeV. At 0 mrad €6 <€1.5 mrad, Fig. 6 shows an average yield of
approximately 1.5 sr-1(BeV/c)'1. Thus the flux accepted into the assumed angu-
lar aperture is about 1.5)(10_5><10>(3><1013z 5)(109 per beam spill. At 10 BeV
it will be 20 times as great.

A glance at Fig. 4(b) shows that this appreciable beam is contaminated
strongly by neutrons: The total ratio of neutrons to photons of energy >100 BeV
is of order 2000. The beam is therefore not suited for most experimental use. A
conversion, with subsequent momentum analysis, yields (see Fig. 9) a negatively
charged beam with 5><1O8

100 S p <110 BeV/c. Reconversion to photons finally, in conjunction with elec-

e, 2)(109 w~, and about 108 P in a momentum band

tron detection devices and shower counters to tag photon energies, plus a differ-
ential Cerenkov counter upstream from the radiator, leaves us with a respectable
Y beam of 25)(107 photons per pulse (dependent on the electron momentum bite
accepted by the tagging bank) in the region between 80 and 110 BeV. For large
solid-angle detectors, this leads to a sizable event rate in many reactions of
interest. Main contaminants will be about 107 neutrons (from pp annihilation
in the radiator). We have assumed that we are able to shield against scattered
primary neutrons.

Similarly, one can estimate beam intensities at various angles; at larger
angle, the integrated neutron flux going through the first radiator is much
smaller [cf. Fig. 4(b)], making ® 10 mrad a preferable beam angle for a purer
beam, if intensity is not a major problem. |

At 50 through 60 BeV, beams of as much as approximately 1010 photons per

spill seem feasible.

Electron and Positron Beams

In a like fashion, we have estimated the intensity of primary electron beams
and their secondaries. With a copper or aluminum target of 1 nmfp thickness,
about 80% of all photons will be converted into electrons. With a rough depreci-
ation factor of ®10 for the upper spectral region (and with the loss of electrons
in the target disregarded), the beam will contain, per secondary electron, around
100 BeV, 20 w7 s, Zp-'s, and 2 K7's. Assuming the charge-exchange cross sec-
tion v p—~7°n to be negligibly small at these energies, we see that the photon
yield from this beam will be contaminated, upon further conversion in a (1X0,
1/30 \) radiator, by about 10 to 20 neutrons and antineutrons per tagged vy ray,

a ratio which at low general intensities should not pose any problems.

The overall intensity of the primary electron beam is of order 10 below the
Yy beams in the upper spectral part, of order 2 below at about 60 BeV. Conver-
sion and reconversion to a clean electron beam leads to small intensities (of
order < 106/pulse).
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In the absence of large neutron fluxes, multi-BeV electrons or photons in
the final state (or in the tagging bank) are readily identifiable, with small con-
tamination, by various kinds of shower counters with good energy resolution. 3
It is suggested that every momentum-defining bank of bremsstrahlung-degraded
electrons, in a y-tagging setup, be followed by a bank of large shower Cerenkov
counters (cf. Fig. 10). Moreover, DISC Cerenkov counters will be able to dis-
tinguish 7~ and .~ from electrons as high as =30 BeV/c and antiprotons from elec-
trons as high as 200 BeV/c, and should be used upstream from the radiator. A
photon-tagging trigger is then defined by DISC X scintillator X shower counters
X veto. /

DAUGHTER BEAMS: MONOCHROMATIC AND POLARIZED PHOTON BEAMS

A look at Fig. 5 makes it clear that the spectral composition of the primary
photon yield, and hence of any subsequent y beams, is hard to define, and cer-
tainly hard to measure. Photon-initiated reactions will be severely handicapped
by this lack of kinematical input. The classical method of endpoint subtraction
often used at electron machines is a mild headache even with the relatively well-
known Bethe-Heitler spectrum (demanding, among other things, precise know-
ledge of the spectral shape, and large counting rates for good statistics). It is
out of the question here.

We wish to briefly review the methods presently known and used of fixing
the energy or polarization of the incoming photon, indicating their operability

under our beam conditions.

Collimation of Brems strahlung Cone

The bremsstrahlung cone generated by the passage of an electron through a
thin target is known to contain regions of well-defined plane polarization, al-
though, upon integration over the solid angle, no net polarization results.
Mozley and co-workers6 have successfully collimated regions of net polarization
of about 20% in connection with photoproduction experiments at the Stanford
Mark III linac. Obviously, most of the bremsstrahlung intensity is lost, and in
addition, very thin radiators must be used in order to prevent the multiple scat-
tering from smearing out the effect.

In the context of the low intensities discussed here, this scheme need not be

further considered.
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Coherent Bremsstrahlung from Crystals

Instead of an amorphous substance, a single crystal can be chosen as a
radiator for bremsstrahlung production. By thus destroying the symmetry of
the cone and introducing a reference plane, we end up with a net polarization
upon overall integration. It can be shown that the momentum transfer to the
nucleus can only be of the following order:

Longitudinal momentum transfer:

m%

sharp lower limit: Unin = 6= SF T

172
diffuse upper limit: q & 25(for 0 = =)
: max E1
Transverse momentum transifer:
%2 max 1
QUmax E ’

1

where k is the momentum of the incoming photon, and 'Ei and E2 are the elec-
tron energies before and after the scatter. This defines a disk-shaped region in
momentum space containing all the end points of possible momentum transfer
vectors [cf Fig. 11(a]. In the crystal's momentum space, the inverse lattice,
this disk may or may not contain inverse lattice points, where the Bragg condi-~
tion is met, viz, 1—::2 - 1—)’1 = h where |hi = Z-rr/a = inverse lattice constant.

Incidence under a small characteristic angle with regard to one of the princi-
pal axes will then bring about a sudden stepwise contribution to the intensity [cf
Fig. 11 (b, c)]. From integration over the disk (amorphous case), this becomes
a summation over inverse lattice points. It leads to spectral peaks such as those
measured at DESY for 6-BeV/c incident momentum and shown in Fig. 12(a). 7
Proper choice of lattice point, angle of incidence, and radiator crystal (here
diamond) lead to large enhancement over the Bethe-Heitler-type bremsstrahlung
spectrum. The peak is also seen to be highly polarized [Fig. 12(b)].

This method presents serious problems: Diamond crystals of thickness
2 0.02 XO are not presently obtainable; thus only about 2% of the electrons can
undergo a bremsstrahlung process. Also, extreme care must be taken to ensure
precise angular alignment (® 10-> rad); and there is always a continuous back-
ground present which ¢an be evaluated only through very tedious subtraction
methods. Last and not least, the presence of large neutron fluxes will in a short

time damage the single crystal seriously.

Compton Scattering of Laser Photons

This method, proposed by Milburn® and by Arutyunian et al. 8 in 1963, utilizes
the small phase space taken up by the light output of a high~power laser to scat-
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ter the photons off a well-collimated electron beam. At 180-deg scattering angle,
doubly Doppler-shifted photons have been observed at the Cambridge Electron
Accelerator. The spectrum is essentially flat up to its maximum value, but
with increasing primary energy it will peak more strongly toward the upper end.
The advantages lie in the unique relationship between photon energy and emission
angle (see Fig. 13: with proper collimation, the uppermost spectral components
can be singled out); and in the fact that the Compton-scattered photons largely

retain their original polarization. That makes the production of plane as well as

circularly polarized high-energy photon beams feasible. Table Il gives a few

parameters on obtainable energies and polarization, as quoted by Milburn. 8 The

Table II. Maximum photon momentum and polarization
for y rays produced by Compton scattering of a laser
beam with an electron beam.

E k P
€ max max
(BeV) (BeV/c)
1 0.028 1.00
5 0.63 0.99
10 2.2 0.97
20 2.3 0.91
40 22.0 0.77
60 36.0 0.67

photon intensities obt ainable are, for a parallel electron beam, I Ielyo/ryey,
where o is the Compton-scattering cross section, ryexj is the phase space fac-
tor of the laser photons, and IY their intensity. Obviously, a high-power laser
with good duty cycle (possibly free-running for the 20% duty cycle of this machine)
is necessary to take advantage of the electron beams feasible here. Also, both
electron and laser photon bearm phase space have to be kept at a minimum, and
matched, to maximize the yield. With presently available ruby-laser power
levels, possible photon yields are small even with the large electron currents of
the SLAC. 8 However, the laser power level can be strongly multiplied by the
use of CO, lasers (presently by a factor of =20). These developments have to be
awaited.

The main backgrounds are due to bremsstrahlung processes in air or resi-
dual gas, so that a good vacuum in the interaction region is mandatory. One
complication is the extremely sharp collimation necessary to select the upper-
most spectral part (of order 1 mm at 1000 ft distance) which poses strict align-

ment problems, and stringent requirements on the electron beam size.
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Positron Annihilation

An elegant method of photon beam monochromatization is currently being
explored at SLAC. 9 If a well-collimated positron beam of energy E, were to
hit a target consisting of electrons at rest, the resulting annihilation radiation
would be monochromatic in a sharply defined cone around the incident momentum.
In hydrogen targets, there are backgrounds due to bremsstrahlung production off
the protons and off the target electrons; however, the characteristic angles for
the bremsstrahlung process are much smaller (=y'1) than those for the annihila-
tion radiation (* y'i/z), so that only a small part of the bremsstrahlung intensity
extends into a cone we may choose. If we keep the thickness of the hydrogen tar-
get small (to reduce the effects of multiple scattering), a typical photon yield at
any small angle will look like Fig. 14(a): A line spectrum of large intensity, due
to ete” annihilation, sits on top of a background composed of two bremsstrah-
lung spectra; the electron bremsstrahlung contribution extends up to the annihi-
lation peak, and the proton part continues to higher energies.

The annihilation photon flux is approximately given by

By R ks
2

where ki’ k2 are the energies of the two annihilation quanta. (The angular
uncertainty due to multiple scattering has to be matched by the secondary colli-
mator which determines the final dk/k.) Suppose we are willing to accept a
final dk/k of 5% then at AE+/E+ =1%, and I = 10? k =k, = E+/2, a photon
flux of #10 per pulse can be expected. At lower energies (see Fig. 5), where
positron beams may be appreciably more copious, this method may become
marginally interesting. However, both the fact that positron beams have worse
background problems than electron beams (see above), and the necessities of a
thin annihilator and of precise beam definition and collimation, present obstacles
that will be hard to overcome in the context studied here.

As an illustration, we show in Fig. 14(b) the yields expected at SLAC from
a primary positron beam of 1010 per burst, with a AE+/E+ of 1%, and dk/k = 1%

Ta.gged Photon Beams

If all of the above-mentioned methods for the fixation of the energy and
polarization parameters of photons are either unfeasible or very marginal, our
interest will focus on the determination of photon energies through tagging.

Without going into details of the procedure, we mention the various possibilities.
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TAGGING OF REAL PHOTONS. The procedure, as illustrated in Fig. 10,
has been well established in many places: A monochromatic electron beam hits
a radiator; the resulting bremsstrahlung quanta go forward, and the decelerated
electrons are momentum-analyzed in a bending magnet and a subsequent counter
hodoscope. Such a beam may contain a large bite of photon energies, if desir-
able. A typical arrangement accepts the upper 20% of the spectrum and divides
it into 20 channels of Ap/p = 1%.

The efficiency of the method is limited by double bremsstrahlung corrections
(i.e., the emission of two or more quanta in the bremsstrahlung process; this
seems to be a small effect, since most second and further photons are of too
small an energy to severely falsify energy determination of the energetic pho-
tons10); and by the occurrence of two subsequent bremsstrahlung processes (the
probability for which is given by the target thickness in terms of radiation
lengths). This latter limits the radiator thickness, and therefore the conversion
efficiency, to a few percent for most applications.

On the whole, this method is readily available and easily adapted to differing
requirements. The deflected electron is easy to identify in shower counters, and
intensities as well as duty cycle in our application favor this method more highly
than in its application at existing accelerators.

TAGGING OF VIRTUAL PHOTONS. The applicability of large~solid-angle
detection devices around a 20% duty-cycle machine makes the detection of inelas-
tically scattered electrons and muons in coincidence with other final-state parti-
cles possible. Therefore, the tagging of virtual photons is possible as well as
that of real photons.

It is well known that, in a Weizsacker-Williams picture, one can describe
inelastic electron or muon scattering in terms of the interaction of charged parti-
cles with a field of virtual photons. 1 For high incident particle momenta and
ndt-too-large dependence on momentum transfer of the reaction matrix element
to be studied, the number and spectrum of the virtual photons is approximately
like that of real photons generated in a radiator of thickness 0.02 XO for incident
electrons; and approximately one-fifth that for incident muons.

Wilson and Wong,i‘2 who compared signal-to-background noise for real and
virtual photon tagging, suggest that, for low-duty-cycle machines, the tagging
of virtual photons by inelastic muon scattering may be preferable to real photon
tagging, at small momentum transfers. However, within the context of the elec-
tron beams studied here, the relatively low intensities and the good duty-cycle
characteristics make it preferable to use the more efficient and more direct

method of tagging real photons.
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It should, however, be kept in mind that, as a by-product of the planned p-
neutrino facility, fairly large muon beams will be available, 13 so that p-scatter=-
ing experiments will certainly be able to implement the projects to be studied by

a possible electron-photon facility.

SUMMARY

In the context of primary proton fluxes of =1013/pulse at 200 BeV/c, we have
discussed the possibility of setting up a facility for the study of electron-and-
photon-initiated processes.

Within the framework of the model adapted for the calculation of secondary
particle yields, it seems relatively easy to build photon beams of interesting
intensities as high as ®120 BeV, and considerably more intense beams in the
energy region between 20 and 60 BeV. Although there is a heavy contamination
of the primary photon beams by neutrons (and K's), these can be well purified by
means of conversion and reconversion at the cost of considerable intensity losses.
Similarly, electron beams can be set up and enriched, although the spectral shape
is less advantageous. Small intensities resulting from beam purification can be
tolerated for many purposes, by means of the use of large solid-angle detectors.
In many respects, the good duty-cycle characteristic of the 200-BeV proton
synchrotron will make it a photon source comparable to , or superior to, the
projected 40-BeV extension of the SLAC. No unusual apparatus is needed for
the physical setting up of such an electron-photon facility. It can coexist in an
extracted proton beam with other charged beams, although it may demand spe-
cial target materials. ‘

Various devices for the production of monochromatic and polarized beams
were reviewed. Most schemes appear, as of now, marginal or submarginal due
~ to ihtensity and beam definition problems. However, the tagging of real (as well

as virtual) photons is easy to build into the system, and appears to be very use-
ful in these beams.
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SOME PROBLEMS IN MULTI-BeV PHOTON PHYSICS

C. A. Heusch

INTRODUCTION

These notes contain a few ideas about the physics of photon- or electron-
initiated interactions in the energy region of many BeV, They are being written
at a time at which the 20-BeV electron linac at Stanford, California, and the
2X 1.5 BeV ete” storage ring Adone at Frascati are coming into their own,
Other machines are being built, but only in the storage ring field are somewhat
higher energies projected.

The physics problems which are being tackled by these new facilities are
numerous and exciting. Some of the questions mentioned in these notes may be
answered by experiments done there; at this time it is obviously impossible to
say at which energy various asymptotic conditions will be met, viz, where
phenomena postulated for the high-energy limit will start to prevail,

The projected 200-BeV proton synchrotron has been shown to be a fairly
good source for photon and electron beams with energies as great as at least
=120 BeV (Ref. 1). In addition to being the only machine source for photon
beams of energies greater than 20 BeV, its duty-cycle characteristics make
possible many investigations not likely to be performed at other machines,

To what extent the curiosity of physicists will have been diverted into new
directions by new experimental evidence and theoretical speculations is obviously
unpredictable as of this date. A few problems stand out as likely candidates for
our interest 8 to 10 years from now. The topics mentioned are chosen according

to personal prejudice, and without any attempt at completeness.

STRONG-INTERACTION PHYSICS

Much of the motivation for building the 200-BeV proton accelerator comes
from the desire tc study strong vertices initiated by protons or pions. This
motivation can be largely translated into interest in the corresponding reactions
initiated by photons, both real and virtual, Conservation of spin angular momen-
tum, isospin, and U spin lend additional interest to this initial state for strong

processes,
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Peripheral Processes

At large s-channel energies and small momentum transfers, Drell2 pre-
dicted large meson-production cross sections due to one-particle exchange
mechanisms. These predictions, based largely on the fact that, e.g., an
almost real m is being exchanged in a large-impact-parameter collision (cf,
Fig. 1), have been largely borne out experimentally., However, the relationship
between this mechanism when applied to vector meson photoproduction {(Fig, 2)
and the diffraction mechanism (Fig, 3) is not clear at this point; an OPE model
will always exhibit a dip at 0 deg because of the exchange of quantum numbers
with the target nucleon, whereas the diffraction mechanism is characterized by
the well -known maximum at 0 deg. Recent bubble-chamber data from DESY3
indicate that for E between 2 and 6 BeV, the diffraction mechanism dominates
p production up to about 6 BeV, whereas the wis primarily produced through
OPE (which decreases with increasing incident energy), plus some diffraction
admixture,

Measurements at Stanford will show whether energies >30 BeV will be
needed to check the relative merits of the diffraction and OPE mechanisms.

In addition, as DrellZ pointed out, charged single-pion photoproduction at
0 deg is a good tool to test the non-peripheral features (like isobar intermediate
states) of the interaction, since conservation of spin angular momentum sup-
presses the forward cross section through the necessary spin flip of the target
nucleon,

Since all pseudo-elastic models for vector meson photoproduction [diffrac-
tion, multiperipheral model (Fig. 4)] give a O-deg amplitude increasing linearly
with E_, it will be possible, at high energies, to test various suggested4 expla-
nations of the puzzling experimental fact that ¢ photoproduction is strongly sup-
pressed with respect to p and w. With the help of symmetry arguments one can
show that the OPE model can be made to account for the suppression of ¢ pro-
duction, but completely fails to explain the large p /w production ratio; whereas
the diffraction mechanism, theoretically attractive because it can proceed via
the exchange of systems with no quantum numbers, predicts the right p/w ratio,
but overestimates the observed ¢ rate by a factor of about 10. Replacing the
simple diffraction mechanism by a pion ladder (multiperipheral model of Amati,
Fubini, and Stanghellini, > proposed as a model for vector meson photoproduction
by Berman and Dre116), Ha.rari4 showed that the low ¢ production rate can be
accounted for, but not the correct p/w production ratio. Precise data on
(vo = ps ws ¢) photoproduction at high energies will obviously be very important

for the solution of this puzzle.
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Regge-Pole Analysis

Parametrization of high-energy scattering data in terms of Regge poles has
recently been very successful for a number of reactions. For some trajectories
involved in t-channel exchange in high-energy photoproduction (the nw and p tra-
jectories in yp —~ nn+, and the p and w trajectories in yp — pn®, etc.), a similar
parametrization has been attempted, 7 If one trajectory dominates the produc-

tion in some kinematical region, the cross section can be written as

do 2a(t)-2
I < ° .

It would be particularly interesting to see evidence for various baryon (N*)
exchanges in backward meson production (Fig. 5).

The only trajectories which can couple to the yV° vertex in neutral vector
meson photoproduction a.re4 the P, P', and the R(I=4, C= +1, G=1). Since
the R can be shown to contribute negligibly, experiments at high energies
should bear out the predictions of P, P' exchange, viz, (a) deviations from a
linear s-dependence of the forward amplitude for the process yp -~ pV° should
vary like ~Ns; (b) only an SU(3) singlet or the [ =0 member of an octet can be
exchanged in the t-channel. This last prediction, of course, ties in with the

diffraction picture,

The Photon in Symmetry Schemes

Starting from the Gell-Mann—Nishijima formula
=1y (1)
2 3’

and given that both Y and 13 can be identified with generators of SU(3), the

electromagnetic current jIJL due to

Q =jjo - d3x (2)
is generally postulated to transform like the member of an octet
i ~0nrian) € 8. (3)
M. 3 N3 8y ~

This is an essentially untested assumption., Na.uenberg9 pointed out that (1)

may be written as

+ D, (1"
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where D is a quantum number which happens to be zero for all known particles.
It might, e.g., add a part to the current which transforms like a singlet.

Another possibility is that Eq. (2) should -be replaced by

Q=fjod3x+f--~d3x ) (27
=0

where the current in the first integral transforms like an octet, and the second
contains a current which happens to integrate out to zero, but may belong to
1, 27, -+. . Although, at present, our best guess is that the photon can be

represented as

lv) = o) +f/--—3 |69 ) » (4)

which means j € 8, this assumption has to be tested. One possible test is the
comparison of the leptonic decay rates of vector mesons, which for the octet

assignment (and spin = 0) should be
o=t ot e 0T = 9102,

This relation has not yet been borne out experimentally. Another test would be
the comparison of the direct yV? couplings in the diagrams of Fig. 6. A number
of predictions have been made by Hara.ri4 for strange-particle production; great
care must be taken in these comparisons to account for kinematical and phase-

space effects.

Statistical Calculations

Drell and collabora.tors10 have suggested using the octet assignment for the
photon for tests of the role played by the statistical model in high-energy inter -
actions, The idea is this: We confine ourselves to central collisions in which
s and t are large with respect to the masses of the particles involved in the
reaction, viz,

s, t > mZ;
we then average the cross sections observed over energy and momentum transfer
intervals which are large with respect to the mass splitting within the multiplets,
Then, the final-state channels should show up with the weight assigned to them
by the appropriate Clebsch-Gordan coefficients only, A number of specific com-

parisons are suggested in Ref, 10,
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It is presently unclear whether, for a definitive test of the validity of sta-
tistical model assumptions in high-energy processes, the form developed in
Ref. 10 is sufficient, where only the s channel is taken into account. Possibly
an extension of the method to include the t and u channels in the considera-
tions may become necessary. At any rate, valuable information may be gathered

at high s,t along these lines.

Measurement of O'tot(yp)

One obvious experiment which will be of interest in various contexts is the
measurement of the total strong-interaction cross section of photon-proton scat-
tering., It has been suggested, for example, that the electromagnetic current
may not lead to an asymptotically constant value for the total cross section,
O'tot(yp), in contrast to the generally postulated behavior for O'tot(‘n'p), atot(pp),
etc. Since electromagnetic processes (pair production, Compton scattering)
are very strongly peaked forward, a large-solid-angle detector could be triggered
by larger angle particle counters, vetoed by small-angle shower counters (see
Fig. 7). Alternatively, the measurement could be done with a bubble chamber,
using the ete” pairs for a flux normalization.

Of similar interest is the measurement, through the diagrams in Fig, 6,
of crtot(Vop). Various estimates have been put forward by Drell and Trefil, 1
Ross and Stodolsky, 12 and Joos, 13 Experimental results are of obvious interest

in view of the various symmetry schemes. For example, SU(6) predicts not only

Gtot(pN) - Gtot(wN) - 0-‘cot(d)N)’

but also

1

TpoplPN) = 0y (wN)

which is not presently borne out by the evaluation of References 11 and 12.

TESTS OF QUANTUM ELECTRODYNAMICS

It is not clear that the existence of fairly intense photon and electron beams
at energies >50 BeV will be able to contribute to our knowledge of the validity
of Q. E. D. at small distances. The construction of 3-BeV storage rings for ete”
guarantees higher center-of-mass energies than can be provided by the 200-BeV
accelerator., Results should be awaited from the very precise new (g-2) experi-
ment at CERN, from the 1,5-BeV e+e - clashing beams of Adone, and from the
expected 3-BeV storage rings at CEA, It should be kept in mind, however, that
at the 200-BeV accelerator, the counting rates may be adequate for experiments
such as wide-angle bremsstrahlung or wide-angle e and y pair production,

which cannot be performed at the storage rings.
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WEAK INTERACTIONS

Photon and electron beams are of considerable possible value for the study
of weak interactions. The electromagnetic current is useful for investigations
of vector current behavior on the grounds of the conserved vector current (CVC)
hypothesis, It is assumed that the vector part of the weak current (both the
strangeness-conserving and the strangeness-changing currents) belongs to the
same octet to which the electromagnetic current [Eq. (3)] belongs.

The weak -interaction Lagrangian can be simply expressed in terms of vec-
tor and axial vector currents, Fi and FiS. Gell-Ma.nn's14 postulate that the
fourth components of these vector and axial vector currents satisfy the local

equal -time commutation relations

5 5. .
[Figo Fygl = [Fig Figl = ifi Fry
(5)
5. _ .5 . 5
[Fig Fyg) = [Fign Fiyl = i Fiegy

can, as Adler15 pointed out, be tested in high-energy neutrino-induced vN, VN
reactions which, at large Ev, become independent of the four -momentum trans-
fer qZ, For the vector part alone, Bjorken, 16 after performing an isospin rota-

tion, derived the inequality

(en)

do tot( ep) d
¥ 7

Gtot
qu dq

> (6)

’Q*-I m’h

A similar equation can be written down for pp scattering, Experiments based
on Adler's and Bjorken's sum rules are the only real tests of local equal-time
commutation relations, All other tests go through the assumption that PCAC
{partially conserved axial current) constitutes a link to the w or K fields, or
through some specific dynamical assumptions, The inequality (6) makes it
possible to test the current commutators (5) by means of electron and muon
beams at nominally infinite momentum. Adler and Gilman, 17 however, have
shown that these relations, which are at the very basis of our present under-
standing of weak interactions, can be tested at energies as low as 5 to 10 BeV
for the case q2 = 0. For q2 >0, however, the incident energies needed for the
test of local commutation relations increase rapidly. In this domain, we see
a field for inquiries of very fundamental importance for the 200-BeV machine's
electron (and ) beams.

Moreover, it is obvious that, in principle, electron beams can be used as

a probe for many weak -interaction phenomena. At high energy and large
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momentum transfer, the relative rate for the weak channel

ep - vn
can be shown to be not hopelessly submerged by the prevalent electromagnetic
scattering process

ep — ep.
Counting rates may still be forbiddingly low. Hopefully experiments at Stanford
will indicate whether experiments of the type ep - vB can be used to test weak-

interaction selection rules.

A REMARK ON DETECTION EQUIPMENT

In a concluding remark, we want to stress the general feasibility of experi-
ments on the above-mentioned phenomena. Fluxes are not prohibitively low if
properly used in conjunction with large-solid-angle detection devices., Both
bubble chambers and spark- or shower-chamber systems can be used; the
latter, taking advantage of the long beam spill of the 200-BeV accelerator, can
be triggered so that even very small cross sections may lead to acceptable
counting rates. Specifically, a detection system like the one shown in Fig, 8
could be used to detect large -momentum-transfer processes. It is an expansion
of a system presently in initial operation at SLLAC (Mozley and collaborators),
viz, a large streamer chamber surrounding a reaction tube, encased in a large
magnet. Pulsing the chamber at 600-800 kV does not become more difficult
with size, 18 It would therefore seem possible to make the following changes:
lengthen‘ the chamber from 2 to 10-20 m; possibly, fill the reaction tube with
liquid hydrogen instead of gas, for smaller cross-section studies; replace the
magnet —which would become prohibitively large —with one or two short magnets
as indicated (good enough for adequate momentum resolution over a wide range).
The problem is then largely one of taking adequate pictures of very long tracks,

The Mozley group at SLAC is presently planning to have a photon beam of
no more than 105 to 106 sec"1 impinge on their interaction tube; this would lead
to good events about once per minute. Such beam intensities are entirely feasible
at multi-BeV photon energies.

It should also be kept in mind that parasitical running of an electron-photon
facility is possible, so that other experiments can be performed with the same

primary target in the extracted proton beam of the 200-BeV synchrotron.
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A NOTE ON PARTICLE IDENTIFICATION IN
HIGH-ENERGY HIGH-INTENSITY BEAMS

A. Roberts

For counter and spark-chamber beams, we require detectors capable of
unambiguously selecting one kind of particle, even when such particles constitute
only a small fraction of the incident beam. Partial solutions to this problem
have been proposed;l’ 2 it is the purpose of this note to point out that the new
version of DISC3 appears to offer a nearly complete answer to the problem, for
well-collimated beams.

The new DISC (Differential, Isochronous, Self-Collimating) is a gas-filled
focusing Cerenkov counter. Its properties are as follows:™’

Length 2m
Cerenkov angle 2.5 deg
Resolution, 28/ 3,10
Absolute velocity accuracy 10-6

Angular acceptance 1.2 mrad
Beam diameter (about 10 cm)
Rejection ratio > 105
Maximum counting rate ~ 108 sec™1,

DISC achieves its high resolution because chromatic dispersion in the gas Ceren-
kov radiator has been removed to first order by a doublet axicon lens achroma-
tized at 35004 (2 considerable achievement in optical design). DISC has been
used at CERN in two test runs. >4 It readily separates pions and muons at 11.3
BeV/c, and it has essentially no background between peaks, which recommends
it for the selection of the less abundant beam components. The emittance ex-
ceeds that proposed for high-momentum secondary particle beams. 2

Table I shows the quantity 1-B for some beam particles at a few momenta.

Table I. Values of 1-B.

Particle
momentum )
(BeV/c) U 7 K P
50 2.2 x 1076 3.8 x 10°6 49 x 107 176 x 1076
100 0.55 0.96 12. 44,
150 0.25 0.43 5.5 20,

200 0.14 0.24 3.0 11,
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From Table I, the present resolution is adequate for K-p distinction at all
energies, and for K-x distinction at all energies except possibly the very highest,
where some slight improvement in resolution is needed, For the lighter parti-
cle, the resolution is insufficient.

Even higher resolution (to A/ = 10—7) is possible, according to the
authors, ° by decreasing the Cerenkov angle and increasing the length in inverse
ratio to 28/B . This would allow direct separation even of the light particles.
However, other limitations may supervene; and the present resolution suffices
for most experiments, as we will now argue.

SEPARATION OF x, u, e

Up to about 50 BeV/c, electrons are distinguishable from the unresolved
-1 peak; n-p separation should be good up to about 30 BeV/c, However, in
practice the separation of these particles may not pose a serious problem, uince
other procedures are available. The intensity of the combined ep contamination
in a pion beam is usually well under 10%. In many experiments the presence of
the leptons is of no consequence other than as a correction to the observed beam
intensity. When necessary, electrons can be effectively removed from the beam
by a lead radiator before the last momentum-selecting magnet, without seriously
degrading the pion beam quality. If the total beam intensity is not too high, the
lead radiator may take the form of a lead-scintillator sandwich anticoincidence
counter, which produces large pulses from electrons only,

Muons can be electronically selected or removed by taking advantage of
their long range, and by using an anticoincidence counter after a thick (1-2 m)
Fe absorber following the experimental equipment. Muon intensities are usually
low enough to allow anticoincidence counter use in beams up to at least 108 sec-!
total intensity. The arrangement of Fig. 1 would remove most e and it contami-
nation from the beam. To select muons, only the Fe filter is needed (no DISC
is required).

It remains only to devise a method for selecting high-energy electrons. It
may be possible to develop a reliable detection system based on the relativistic
rise of ionization, since the y of electrons is over 100 times greater than that of
any other particle in the beam. Ewven if such a detector is not available, the fact
that electron experiments are usually significantly different from hadron experi-
ments can be used. Thus, if the electrons are used to produce bremsstrahlung,
the pion contamination will not be significant. Improvements in DISC may also
solve this problem.,

COMPARISON OF DISC AND THRESHOLD COUNTERS

The use of threshold Cerenkov counters to select electrons is possible;
however, there is a relation worth pointing out, between the resolution of DISC
counter and the minimum length of a threshold counter whose discrimination is
just equal to that of the DISC. We now show that the length of threshold counter
required to give 50 photons for a particle of velocity c, if the threshold is set at
B =1-28, is givenby L = 0,05/A8 cm.




I-2m

Electron
shower Bending Experimental
detector magnet setup Fe absorber
13
Counter
— >
T, K,
o~
O
s

Lead-scintillator
sandwich
MUB-13509

(The bending magnet is the last

Fig. 1. Purification of pion beam.
momentum-selecting element of the beam.,)



-195 -

The following relations1 hold for Cerenkov counters, for B =1, Let cosf =
l1-Ac, B = 1-M8, n = l+An. Then since cosfd = 1/nB, An = Ac+AB, where
JaTs IS 1/272, and &c = 62/2. For an ideal gas, /m = np, where n is a con-
stant and p is the pressure in atmospheres.

The Cerenkov threshold is defined by &c = 0, or

2
MBthy = O = np = 1/29%pe.

The light output useful for an S-11 photocathode depends only on the cone angle
8, and is dN/dL = 500 sin26 photons/cm. In a threshold counter whose thresh-
old is defined by yp,, a particle of velocity c will have a cone angle 6 given by
Mp = 82/2, so that dn/dL = 500 sin29 = 1000 np = 1000 A8. To obtain 50
photons the required path length L is

L = 50/1000 A8 = 0.05/A8 cm.
For M = 3.107%, L. = 167 m.

Consequently to improve upon the DISC at its current performance level
requires a threshold counter at least 167 m long. With the possible exception of
electrons, DISC seems well-suited to all other necessary particle selection,
without requiring very long beams. Its major disadvantages are cost and com-
plexity; but these are not by any means disqualifying.

RANGE OF ALLOWABLE BEAM INTENSITIES

Since secondary beams may well exceed 109 particles sec_l, we ask if the
selected particles can be used with so high a background rate. If the p and K~
abundances are of the order of 1%, and the DISC is usable to rates of 108 sec'l,
particle selection will be feasible for total beam rates up to 1010 sec'l. For
lower abundances, e.g., in positive beams where there are many protons, still
higher fluxes should be tolerable. If the experimental setup cannot tolerate such
high fluxes of unwanted particles, then either the beam must be reduced or parti-
cle separators must be used; these will of necessity be limited to at most a few

beams.

It must be noted that techniques are currently availableé’ 8 for desensitizing
small areas of large spark chambers, so that well-focused beams of high inten-
sity can be transmitted without interfering with normal chamber operation. In
one case® an average current of 8, 109 protons/sec, with a peak rate of over
2.1011 sec"l, was transmitted without decreasing the spark-chamber efficiency.
The limit to this technique is reached when there is an appreciable probability of an
unwanted particle obscuring the desired event, by interacting in the apparatus
during the sensitive time of the spark-chamber system., This limit would in
many cases exceed 109 particles/sec.

Meunier et al.> have proposed a particle-separation scheme in which the
DISC is used to generate a trigger for a pulsed electrostatic separator. The
separation is a function of p only, so that the same geometry may be used for
any particle by turning the DISC to select it., The separated beam is then pure
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as well as monochromatic, The method unfortunately suffers from the disadvan-
tage that since the particles are highly relativistic, the trigger can catch up to
the DISC-selected particle only if the latter can be stored for a time equal to the
delay in the triggering electronics. Such storage requires deflection by a magnet
through a large angle—enough to allow the arc-chord difference to make up the

=~ 100 nsec delay. So large a magnet is readily contemplated only if a large
storage ring will be available for other purposes.
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TRANSITION RADIATION DETECTORS FOR ULTRAHIGH ENERGIES

C. M. York

I. INTRODUCTION

Ginsburg and Fra.nk1 calculated the properties of 'transition radiation"
from a charged particle when it crosses the surface between one dielectric
and another as indicated in Fig, 1, Note that the charge induces an image
charge in the dielectric as it approaches the surface. As the charge nears
the surface, the separation between the charge and its image decreases until
they coincide at the point of impact. The charge and its image comprise a
dipole, whose strength increases until it suddenly disappears at the instant of
contact. This varying dipole gives rise to a time-dependent perturbation of
the electromagnetic field of the particle, causing it to radiate quanta., The
quanta are the '"transition radiation' to be discussed below,

Ter--Mikaelya,n2 and Garibyan3 have considered the possibility of producing
this transition radiation for a periodic structure of dielectric slabs, arranged
as indicated in Fig. 2. The dielectric susceptibility of the material of the slabs

is €y whereas that of the vacuum is € (We take €y >€2.) The thickness of

2
the slab is £ 1 and the distance of separation is /£ 2 The periodic structure

has a cell length, £ =1 1

is assumed that the energy of the emitted photon, Ej = hv, is much smaller

+1,, and the ratio of these lengths is a = 22/1 o It

than that of the charged particle, i.e.,

hv << E, and E,. (1-1)
Here E1 is the particle energy as it enters the stack of dielectric slabs, and
EZ is its energy as it leaves, Conservation of energy gives

hv *E, - E, = 8E, (1-2)

where we have neglected any energy transfer to the array of dielectric slabs,

Conservation of momentum along the z-axis gives

2wh

7— T (1-3)

cosf =

- (PZ _p1) _ hv,\/E
v v C



-198-

Dielectric

v

Before -

T —

Charge / Image
— — CD —_— ::::T‘__._CJ — e

-
-

After hy

XBL 671-446

Fig, 1. "Transition radiation' from a charged particle.
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Here v and p are the particle velocity and momentum, 6 is the angle of
emission of the quantum, and r = 0, +4, £2, ... is an integer which can be
thought of as the ''order' of the emitted radiation, The term on the right is
just the momentum transferred to the dielectric, 6;, when the photon is
emitted, and is a kind of semi-classical quantization condition for emission
of the radiation. The N € is seen to be just the relative index of refraction of
the dielectric and the vacuum,

For very high momenta

ot -

v 6p T 8E = hv,

If this is substituted into Eq, (I-3) and a slight rearrangement is made, then

we can write

v

(1-4)

<>
H
.

1 - cos B =27 yf .
The right-hand side now clearly shows that the period of the radiation, 1/v,
gives 'resonances' when it becomes an integral multiple of the time required
for the particle to traverse a cell length, £/v, It is this fact that has led to
the emitted radiation, hv, being called '"resonance radiation, ' An acoustical

analogy is the sound emitted by a stick dragged along a picket fence.

II. PROPERTIES OF THE RESONANCE RADIATION
Some Special Cases of Eq. (1-4)

1, Let £ — «; then Eq. (I-4) becomes

1 -YNE
[

cos 6 =0,

This is just the classical expression for the emission of Cerenkov radiation in
an infinite medium of index of refraction, N€, when € >1. If € < 1, then
cos 6 > 1 can occur and in this case no radiation is emitted.

2. Another way in which the right-hand side of Eq. (I-4) can go to zero
is to set r = 0. This can be interpreted to mean that when the Cerenkov condi-
tion obtains (at r = 0), there will be no resonance radiation,

3. Finally consider the possibility that

v/c - 0,
Then Eq. (I-4) gives
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v =2T —?— r,

and the frequency of the radiation is emitted in resonance with the periodicity

of the structure, £ /v (just as in the acoustical analog).

The Frequency of the Emitted Radiation

Consider next the limits in the frequency of the emitted radiation. To obtain
these we consider only those values of lcos 6[ < 1, Furthermore, to make the
algebra tractable we consider only frequencies of the emitted radiation which
are large compared to the characteristic atomic frequencies of the dielectric

medium, i.e,,

v >y . .
atomic

The dielectric susceptibility can then be written

€=1-——, (IL-1)

where N is the density of electrons in the material, If we solve Eq. (I-4) for

cos 6 and apply the condition lcos 6 ‘ < 41, we can write

vNE 21 v vNe _
P 2-—‘;—1—1'21"—'—' . (IIZ)

1+ <

From this condition a number of the fundamental properties of the radiation can

be deduced,
1. The maximum frequency can be obtained from the right-hand equality.

The constants

a=2"Y and b= 2re N (I1-3)

-1
can be introduced., If y = (,\] 1-87) > 1 and B ® 1, you can show that

_4qmcr 2 -
Vmax D Y - (II 4)

2. To obtain the minimum value of v, use the left-hand inequality of Eq.

(II-2). It can be transformed into

Voin © —22? [1+ '\/1 -4(1 —v/c)b/az] _1.
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Againas § —> 1,

w|o

min

(11-5)

3. Consider these limits, For given r and £, the maximum frequency
of the emitted quanta is limited by the total energy, or vy, of the radiating par-
ticle, This is consistent with the conservation of energy and is a condition sim-
ilar to that which enters the theory of Williams and Weizsa.cker4 in their treat-
ment of radiation from a moving charge, The lower limit is seen to depend upon
the order of the radiation, r, as well as the geometric arrangement of the di-
electric slabs, given by £, and the density of electrons in the slabs, N,

4, The limits upon the radiated frequency have assumed that Ei’ and hence
Yy, is much greater than that of the emitted quanta. But suppose that we construct
a detector of this type with given N and £, and restrict ourselves to the selection
of first-order radiation with r = 4, only. (That it is possible to do this in prac-
tice will be shown below). If now Viin is fixed, we must require that v be

max
greater than or equal to Voin in order to detect any radiation at all, Thus at

vV . =y we have a condition set upon th ini i
min max’ set up the minimum y which can be detected.

The expression becomes

2
[ E £ Ne
Ve, t ~ ( 2) > Z¢3 Tm (I1-6)

me/ e

Such a detector will then act as a threshold-y-detection device in the same way
that a threshold velocity selector can be made using the Cerenkov radiation,
The number of photons emitted by the particle as it traverses a slab of the

material is given by

1
_apH1+ )2 [1-Avi -3
AN = 37571 2 2
1 (1-2)(1+ B
(I1-7)
.2[ a m™ |ap dv!
X sin TFT T " (_—1+a”—_v'3 .

N, - N
Herep = 1 2
N, +aN
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and v'=v/v ..
/r,m1n

This is a somewhat more generalized formula than those used above, and N1
corresponds to the electron density in the dielectric, €y whereas N2 is the
corresponding density in the space between slabs. Although our elementary
derivation above considered this space to be a vacuum, this was a needless
restriction, Later Eqs. (II-5) and (I[-6) will be given in this more general
form, The Yr, ¢ appearing in A is just the threshold value of y obtained
from Eq. (II-6)., Similarly Ve, min is the value of v obtained from Eq. (II-5)
for a given value of r,

The spectrum of photon frequencies obtained from this last expression can
be plotted for various orders, r, when the parameters of the apparatus have
been chosen. Figure 3 shows the intensity of photons f(v') of frequency v'
plotted for the various orders, r = 1, 2, 3, etc, Herea =1;vy = 2.2 Yy, ¢
r=1, 2, 3, +++; and the dielectric is paper in air,

Finally, from the fundamental Eq. (I-4) we can estimate the values of 6,
the angle of emission of the quanta at various frequencies, v. For cos8# 4,

we can show that at v = v in and with g = 1, that

mi
2 \1/2
Tm_c
ez_}_ -—c
1 N1e2
(1I1-8)
r - 1/2
“"TINT i
17 e

where T, is the classical radius of the electron.

III. THE DESIGN OF A RESONANCE RADIATION DETECTOR

In the following we shall assume that a threshold detector for vy 1is desired.
That is, a momentum-analyzed beam containing a mixture of particles with
various rest masses will be given. Then all particles with given y or greater
will be detected either for coincidence or veto purposes, Thus Ve, t will be
given. The formulae which then must be used in a sequential order are sum-
marized in Table I. The formula for Yy, ¢ requires that we choose the materials

of the dielectric slabs and their separating gaps to fix N, and NZ' Low-Z mate-

rials should be used to minimize those background effec:s caused by delta rays,
Estimates of these effects will be given below, The separation ratio a can be
any value greater than zero, and in the examples below, a = 1 or 50 will be
used, The first equation then can be used to determine the thickness of the

slabs, 4 g
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Fig. 3. Differential frequency spectrum of resonance radiation (a =1).
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Table I. Formulae related to the design
of a resonance radiation detector,

mc

r 1/2
v1,t=<.E2> =11[ﬁ§(1+axN1+aNg] (1)
r=4, v=v

min

_ -1
Voin S 11 rc (N1 +aN,) [sec™ 7] (2)
2 2 [1 -Av -4 ]
_4p°(1+a)” dv! v
dN = 137n £ 3 P .2 pa 2
1 ! (1'7) (1+7r')

.2 a T [ap ]
X sin [a+1“-v' (1+c|.) (3)
-I_LI 1 -pl 1 -Zpl 1 -(k-i)p,l 1]
nk—dNe 1 +e + e ++cc t+e (4)
L a2
max I, |N.r (5)
1 17e
With a, N,, N,, and £, now fixed, the magnitude of v . is determined
1 2 1 1, min

from the second equation in the table, In the detectors to be considered here,
let us detect only first-order radiation, i.e., set r = 4, and screen out all of
the higher orders with an optical filter of some suitable material which trans-
mits only frequencies greater than Y4, min’

These parameters can then be used in the third equation to determine the
number of photons generated per traversal of a charged particle through a di-
electric slab, This number, dN, will be used to calculate the total number of
photons emerging from the stack of dielectric slabs, If n is the number of
photons emerging from a stack of k slabs, then n, = dN e " 1 emerge from
the first slab, where |1 is the absorption coefficient of the dielectric for photons
in the frequency range 1 < v' < 2. For two slabs we have

-y -n2t,
n, =dN e +dN e etc,

Finally,

-y -pd -k-1)L
n =dNe (1 +e +e00 e ). (IT1-1)
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This equation is the fourth given in Table I and provides an estimate of the total
number of photons to be detected.

Although we have carefully avoided the question of actually detecting this
resonance radiation, it will be useful to know the angle at which the photons are

emitted., Hence the fifth equation provides the means for determining this angle,

Applications of the Equations

Before proceeding to some numerical examples, a number of useful tables
of constants will be provided, Table II{a), taken directly from the work of
Alikhanyan et al., > gives the constants needed for numerical evaluation of the
first three equations in Table I, Here the authors have assumed thata = 1,
and that the materials are to be mounted in air or vacuum, Notice that two
light metals are included and should behave just like the dielectrics in the

frequency range v > v Table II{b) has been provided to give an indica-

atomic’
tion of the atomic constants, such as the position of the K-edge and mass ab-
sorption coefficients of the materials used in Table I{a). It is worth comment-
ing that for these materials, the mass absorption coefficient, j, decreases

slowly with decreasing wave length below 0.1 A,

Table TI. Table of constants used in evaluating
the equations of Table I.2

(a)

c
-5
. -23 -1 _ E .10
Material N1(X 10 cm ) EY = hv,1 min CZ T :
(MeV)B m 1, t
Paper (2-3) (1.1-1.7) £ 1 1,6-2.4

Polyethylene 2.8 1,53 4 1 2.21

Be 4.9 2,72 4 1 2.95

Al 7.8 4,33 4 1 3,72
a., Data from Ref, 5

_ ~24

b. hvi’ min - 5.55x 10 Nil 1

c, fora =1

(b)
Material N [A] E [eV] wWer=1.04)[ecm 1] wer=o.14)

Be 110.68 112 0.55 =0.13
C 43.65 284 1.36 0.142
Al 7.95 1559 14.12 0.156




-207-

The equations of Table I have been used to calculate a typical set of values
for polyethylene radiators. These results have been collected into Table III for
convenience., In addition to the parameters set forth in the table, the following
values were used: Aw' =2; o' = 1,5; vy = 1.1 Yi,t; and k = 10, The choice of
frequencies was based on the spectral distribution shown in Fig., 3 for r = 1,
The small number of radiators, k = 10, was dictated by the mass absorption
coefficient of carbon for the radiation emitted. The table immediately suggests
some problems of design., First, for y = 40 the thickness of polyethylene,
1.8x 107

curement problem for such thin sheets. Because the threshold energy for par-

cm = 0,00007 inches, suggests a rather severe mechanical and pro-

ticle detection varies directly as £ this mechanical limit on thickness may

1’
set a corresponding limit on the threshold energy. The upper limit on the angu-
lar divergence of the emitted radiation restricts the means used to detect the

resonance radiation.

Table III. Design parameters for a resonance radiation detector
with polyethylene radiators,

i L, [em] EXmin [eV] Amin [ A) dN n, g 0 max [mr]
40 1 1.8x 1074 286 43.6% 290 600 13
100 1 11.4x107% 715 17.3 116 160 2.1
400 1 18% 104 2860 4.3 29 132 1.3
1000 1 114x 1074 7150 1.7 12 22 0.2

a, Note that for carbon, )"k = 43,6 A, so Eq. (II-1) is no longer valid.

The Alikhanyan Detector

In order to fix upon a clear conception of the type of detector under dis-

5,6, 7

cussion, consider that tested by Alikhanyan et al, ”’ Figure 4 shows the

experimental arrangement which he used to detect resonance radiation produced
by cosmic-ray muons of very high energy. These muons had a horizontal tra-
jectory to utilize the atmosphere as an absorber and the larger flux of very-

high-energy muons in the spectrum at large zenith angles. The resonance

2

radiation was generated in a stack of 300 paper sheets (Z ® 6), £, = 2%X10 “° cm,

1

glued to wooden frames to give a separation of £, = 4{ cm. The incident muon

2
and its accompanying resonance radiation emerged from the stack of paper and
traversed, in order: a xenon-filled chamber, 40X 10X40 cm3, filled to 5-cm

Hg pressure above atmospheric; and a threefold Geiger counter coincidence
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Fig, 4. Alikhanyan's apparatus for the detection of resonance radia-
tion, For explanation of symbols, see text,
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telescope, 01C2C3, containing 16 cm of lead. The threshold energy for detec-
4

tion is (E, ,/mc?) = 2.57x10~ and Eymin = 36.0 keV. Cosmic-ray air showers

were veto1e,dt by the anti-coincidence counters, A, shown in the figure,

The resonance radiation is detected in an ingenious way. Photons in the
energy range, EY > 36 keV, are absorbed with high probability in the xenon gas,
(The K-edge of xenon is at 35 keV.) The xenon then re-emits its characteristic
K x-ray which is detected in the Nal crystal counters, (SC1-SC4) (SCS-SCS'),
above and below the xenon chamber., By setting the discriminators on the Nal
counters to detect only these K x-rays and by requiring that one be detected in
each of the two crystals in coincidence with the passage of a muon, background
effects are greatly reduced. The discriminator levels were set with the aid of
a Ce144 gamma-ray source, The efficiency of transferring resonance quanta
into the detected xenon x-rays is estimated to be 34%.

After running the apparatus for 7526 hours, 100 events were detected,
Control measurements were periodically performed by placing a plexiglass
absorber, B, of thickness 11.5 g/cmz, between the stack of papers and the
xenon chamber as shown in the figure. Only three events in 1800 hours were

recorded in this configuration, This corresponds to a background of about 13%.

Other Suggested Detection Schemes

In addition to the method involving the xenon detector described above,
several other methods have been considered. 5 A xenon-filled proportional
counter could be inserted in place of the xenon chamber shown in the figure,

It would then be necessary to distinguish between the ionization produced by
the passage of the muon through the gas and the ionization produced by the
resonance radiation, Similarly, if the scintillation properties of xenon at '
high pi'essure were used to detect the ionization due to the resonance radiation,
the background caused by the muon passage would have to be distinguished.
Neither of these possibilities is as effective as that used in the above experi-
ment, which has been called the '"characteristic radiation' method of detection,

Another scheme for separating the resonance quanta from the charged par-
ticle has been called the "Compton Scattering' method. If the energy of the
emitted resonance quanta is such that the photo effect is small compared with
the Compton effect in the layered medium, then these quanta will no longer
emerge from that medium with the angular divergence given in Eq, (II-8), In-
stead they will Compton scatter and emerge at much larger angles, and be con-
siderably degraded in energy. To compute the fraction of photons escaping

would require a detailed Monte-Carlo-type calculation which has not been done.
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Background Effects

A primary source of soft x-rays of energy equivalent to those emitted in

the resonance radiation is the bremsstrahlung produced by 6 rays which are
created by the primary charged particle passing through the layered medium.
The number of these bremsstrahlung y rays is given by an expression of the

forms:

NGY = _/Z R(¢) Ng(E_, €) de * NY(G, EY)dEY' (TI1-2)
€

Here NSY is the number of photons produced per g/crn2 of the layered medium,
and Eo is the energy of the incident particle which produces Ng delta rays with
energy between € and € + de. These § rays have a range R(¢) in the layered
material, and they produce N_ photons with energy between E_ and EY + dEy'
The limits on the integrals are such that Eo > € at all times, The expression
for N, is
_ N 2 2 1,
N6(E°,€)d€—2n’KZre m_c” . =5 =,

where B is the velocity of the incident particle, The number of photons is

2
_1/3) mec +e | dE
€

4 M
= -
Y

7 mzZirlan(183 2
There are no satisfactory analytic expressions for R(e€), but useful empirical
formulas can be found, 8 Table IV has been taken from the work of Alikhanyan
et al, 5 to give some insight into the magnitude of this effect. In his version of
such a detector, cf. Fig., 4, the calculated contribution is very small, but it
is not clear that his measurements have eliminated all contributions of this |
sort, The plexiglass absorber would cut out both resonance radiation photons
and these 6-ray photons,

A second form of background which is especially relevant in the Alikhanyan
device arises from K levels in the xenon being exited directly by the passage

of the incident particle. The number of such photons is

E
o

N
ns=-— o (E ) N(E ) dE ,
x L (E) * NE) dE

Ey

where Gk(EY) is the cross section for the photoelectric effect in the K-shell
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Table IV, Bremsstrahlung produced by
6 rays in various materials,

N6y>< 10° (photons/g/cmz) -1

E (MeV) Be E—H_z —ﬁ.l—_
0.01 3.00 1.66 15.5
0.05 2.24 1.20 11.3
0.10 1.54 0.83 7.7
0.20 1.31 0,71 6.6
0.40 1.06 0.57 5.3
0.70 0.90 0.48 4.5
1.00 0.70 0.42 3.9
2.00 0.60 0.31 1.5

a, Data from Ref., 5.

of xenon, and

dE
In (EO/EY) ff.
Y

2

is the number of virtual photons in the field of the incident particle.4 In the
case of the detector described above, this contribution is small, and in any
event is accounted for in the background subtraction,

These two detailed estimates of background are given to indicate the type
of problems that can arise and are not in any way meant to exhaust the possible

troubles that such detectors have,

iv., COMMENTS AND CAUTIONS

The primary purpose of the above discussion has been to set forth the
material in the literature in a concise and straightforward fashion. In reading
the various articles, one will be struck by the circular, or spiral, arguments
of Ter-Mikaelyan and the multitude of misprints in the printed equations, For
example, in Ref. 5, Eq. (II[-7) omits a rather crucial superscript which squares
the term, (1 + a). Every effort has been made to present the correct formulae
here,

The information about Alikhanyan's experimental verification of the reso-~
nance radiation must be considered as interesting, but hardly convincing,

Although the ideas for detecting the x-rays are ingenious, much more work
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remains to be done before detectors of this sort can be used operationally.
As reported by Inman and Muray (cf. Ref, 1), the experimental detection of
transition radiation is well established and may provide a more reliable means

of particle detection,
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A SCHEME FOR SEPARATED PARTICLE BEAMS,
USING FAST-PULSING MAGNETS

J. A. Kadyk

Recently, considerable progress has been made in the development of fast-
pulsing magnets. b Although the field strength of these magnets is small, it is
sufficient to allow switching between adjacent beam channels, when used together
with septum magnets, providing the emittance of the beam is sufficiently small,
Rise times of 50nsec have been achieved, and 10-15 nsec rise times are ex-
pected to be achievable.

In addition, there has been an impressive degree of success in the develop-
ment of devices which can be used to identify particles in the very-high-energy
region, i.e., > 20 BeV (Refs. 2, 3, and 4). Although these devices have not
been fully proven, they promise to afford identification, perhaps into the re-
gion 100-200 BeV.

With these parallel developments in technique becoming realities, it be-
comes interesting to consider a new method of beam separation at very high
energies; this method is, perhaps, subject to less stringent energy-scaling laws
than either electrostatic or rf separated beams (or at least different scaling

laws).

METHOD
The scheme of particle separation can be explained in terms of Fig. 1.
Since all secondary particles are traveling at essentially the velocity of light,
it is necessary to provide a means of having the magnet-triggering signal ar-
rive anead of the identified particle by a sufficiently long (and known) time in-
terval that the magnet will be pulsed on just before the particle arrives. Suf-
ficient bending in the particle's path, as shown above, can accomplish this.
For purposes of orientation, it is expected that 91 = 02 ~ 10-20 deg, and that
L. = 1000 to 3000 feet.
The difference in transit time between the particle and trigger signal
(laser beam) is necessary for: (a) amplification of particle-identification pulse,
(b) laser triggering, and (c) pulsed-magnet triggering and rise time. This time
difference, A, can be easily calculated from the above geometry as follows:
A=(D1+d+D2)-L=(D1+d+D2) - (D'1 c0591+d+D
A= D1 (1 - cos 91) + Dz(i - cos 92).

5 cos 92)
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The symbols are explained in Fig, 1,
Since 61 and 62 are small, if we put 61 = 92 = 6/2, and D1 = D2 = L/Z, we
get

A= D1

Since light travels very nearly 1 ft in 1 nsec, we have

A(nsec) = (radz).

L (feet) 62
8

Figure 2 shows a graph of delay times as a function of 6 (total bending angle)

for various beam lengths, Also shown is the total length of assumed 50-kG

and M2 at 20, 50, and 100 BeV (L., is the total

superconducting magnets M M

length of all magnets), '
As an example, suppose that the irreducible delays mentioned above total
40 nsec, and it is desired to separate 50-BeV particles, Then for a 1000-ft
beam, one needs a total bend of 32,5 deg, and M1 and M2 would each be about
31 feet long; alternatively, a series of bending magnets 62 feet long must be
used, If the beam is 2000 feet long (which is only 1.7 K* decay lengths), how-

ever, only a 23-deg bend and 44 feet of magnets are needed,
INSTRUMENTAL TIME DELAYS
The intrinsic difficulty in making such a scheme succeed seems to be in

reducing the time delays mentioned above., These will be discussed in turn.

Amplification of Particle Pulse

As an example of one means of particle identification, we might choose the
disc counter, discussed by Cocconi, 2 The Cerenkov light from this counter
could be allowed to strike a photomultiplier with short transit time. Existing
photomultipliers (e, g., RCA 1P21) can be made to give approximately 1-volt
signals with 20-25 nsec delays. However, special devices under development
promise to give delays at least as short as 10 nsec. An example would be the
transmission photomultiplier sketched here (Fig, 3), The voltage between

foils or electrodes is typically several kilovolts, leading to very short delays.

Laser Triggering

In order to get very fast response from a laser, it should probably consist
of one laser operating in a CW mode, which can be used to discharge an ener-

gized laser at the deflection magnet, The two lasers are separated by a
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Fig. 2. Difference in transit time, A, between arrival of the particle
and trigger signal vs total bending angle (6). Values for total mag-
net lengths (M4 plus MZ) in feet are the same as the transit-time

difference values,
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Pockels cell, which has an intrinsic response much shorter than a nanosecond.
Effectively, the turn-on time is limited only by the buildup of voltage on the
Pockels cell, which probably can be done in a few nanoseconds. A scheme
suggested by Kerns is illustrated in Fig. 4. Using the deviation of the extra-
ordinary ray which traverses the Pockels cell, the CW light beam can be swept
onto an excited laser located at the triggering gap. This has the advantage of
being essentially an on-off device, whereas a Pockels cell used with the ordi-
nary ray has some light leakage, Also, for multiple triggering, i.e., for
several beam particles, different gaps might be triggered in succession by
sweeping the CW beam past them, Flash tubes to energize the lasers will

fire just before the anticipated beam bursts to the bubble chamber, and the
flash will last sufficiently long that several laser pulses are possible, corre-

sponding to several particles directed into the chamber.

Pulsed-Magnet Triggering

The laser signal can be focused on the electrode of a spark gap in order
to quickly switch power to the fast-pulsing magnet. It is expected that the
breakdown of the spark gap will occur in less than 5 nsec, The anticipated
rise time of the magnet is about 10-15 nsec, so that the total delay from light
signal until full magnetic field is present might be approximately 20 nsec. The
duration of the pulsed field can be made as short as necessary, by connecting
a shorted transmission line to the magnet input (i,e., 10-20 nsec). In princi-
ple, repetition of pulses could occur after this very short delay by triggering
a number of different gaps in succession,

The sum of these several delays may well be expected to be at least as
short as 40-50 nsec, As can be seen from Fig., 1, this would permit operation

with a reasonable magnet length,

ACCIDENTAL RATES

In order that the separated beam be relatively pure, the accidental rate
must be determined, Let us assume a ratio (B) of background to wanted par -
ticles at the target, and a spill time of 1 msec for the beam burst (this is prob-
ably about right for the next generation of large bubble chambers, but if it is
too long, the results should be scaled appropriately), Then, typically, for
separated K* beams, the background ratio will have increased to B exp [L/(yﬁc'rK)]
at the pulsed magnet, If the pulse length is 20 nsec, then the purity of the beam
can be deduced as follows: Let

N = number of wanted particles extracted.

Then, the total number of particles in 1 msec is
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BN exp[LAyBc 'TK)] .

Hence, the contamination fraction is

5

-9
20x10 " sec py exp[L/(yBc'rK)] =2xX10"" BN.

10-3 sec

For B = 10, exp[L/(yﬁC'rK)] =10, and N = 5, the contamination is #10%, pro-
viding the beam spill has no rf structure. Here N =5 should be at least enough
beam particles, and N = 1 or 2 may be more reasonable, giving proportionately
higher purity. Of course, if it is technically feasible to pulse the magnet many
times, a long spill can give approximately 1000 wanted particles to a counter

or spark chamber on each accelerator cycle,

EMITTANCE

A small enough emittance must exist for the secondary beam to permit
separation., Indications are that targets as narrow as 0.13 mm may be used.
From the known constancy of transverse momentum of the secondary particles,
we expect most of the beam to be contained within about a 2-mrad cone, and
thus arrive at an emittance of 0.26-mm-rad. This appears to be small enough

for use of the fast-pulsed separator magnet.

SCALING LAW

The difficulty in going to higher momentum with this system is associated
with the increase in bending power needed, measured by LM. Since
A= 1/8(L92) = constant (determined by shortest achievable delay times), we

have:

.- B _ (SOkG)LMOC LM
NLT (Bp) P’

LM o P -SEA s

where P = beam momentum, Now, if L is asimed fixed, then LM x P,
However, if L is assumed « P, then LM < NP,

This scaling law is to be compared with those of electrostatic and rf sepa-
rators (LS = total separator length n3eeded).2

Electrostatic separators: LS xp” (or p“, if emittance assumed « 1/p)

rf Separators: Lg e pz, for fixed frequency.

W{power) o p?‘a2 (= constant, if a o 1/p),

where a = angular deflection in rf separator.
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Most of the quoted numbers and many of the ideas contained herein are the
result of conversations with Glen Lambertson, Ed Hartwig, Joe Murray, Dick
Mack, Fred Kirsten, and Quentin Kerns, none of whom should be held respon-

sible for mistakes or unjustified claims made in this paper,
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present scheme,

6. A standard way to improve the purity of the beam beyond the values dis-
cussed here is to simply veto all identifications when more than one particle
occurs within the gate length of the pulsed magnet, Appropriate anti-coinci-

dence counters and conventional techniques may be used to accomplish this.
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D. EQUIPMENT
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PRELIMINARY CONSIDERATIONS ON THE CHARACTERISTICS
OF A LARGE SPARK-CHAMBER DETECTING SYSTEM
FOR COMPLEX HIGH-ENERGY EVENTS

A. Roberts

The recent report of the bubble-chamber study group on the problems facing
bubble-chamber analysis of high-energy events has prompted me (and others) to
look more closely at the alternative use of spark chambers and associated elec-
tronic equipment for the analysis of high-energy interactions, to see whether their
use can overcome any of the difficulties associated with bubble chambers. We
will not discuss neutrino interactions, since I have not considered them., It will
not be the purpose of this note to solve any problems, but only to point out direc-
tions in which solutions may be sought.

To begin with, we list demonstrated properties of spark-chamber detectors
at lower energies:

1. Momentum accuracy as great or greater than the bubble chamber
(less scattering, no turbulence, and so on);

2. Ability to trigger on events specified by counter logic;

3. Very high total data-gathering rate;

4. Flexibility in experimental arrangements, e.g., complete separation
of gamma-ray detection from momentum measurement, and use of many
counter techniques such as time-of-flight, and others;

5. A wide choice of data-gathering and data-analysis procedures;

6. Advanced operational automatic-data-analysis systems.

" As a basis for the design of a detecting system, the following characteristics
of high-energy events, produced by particles of, say, 50 BeV/c or more, are
relevant:

1.  The multiplicity of charged particles is high, averaging 6 or more.

2. The multiplicity of neutral pions averages about 3; zero neutral-pion
events are relatively rare.

3. There are so many channels that the average cross section for any
individual channel is very small—of the order of a microbarn. Selective
triggering is of the utmost importance if reasonable results are to be obtained
on any channel without first amassing millions of pictures.

4. The average inelasticity of high-energy events, deduced from cosmic-

ray data, is about 0.5. This is the fraction of the original energy retained by
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the primary particle after the collision. Therefore, there is at least one very
fast forward particle (which may not be the original one, for reasons such as ex-
change of charge, and strangeness).

5. Most particles have transverse momenta of 400 MeV/c or less. This
implies that a forward cone of half-angle 50 mrad will contain nearly all particles
of 8 BeV/c and over.

6. Very slow (<1 BeV/c) particles are frequently present. This means
that sideways and backward angles must be observed if all particles are to be
seen. Long narrow detectors are not desirable for this purpose.

In addition, we note several facts pertaining to data analysis:

1. The identification of charged particles increases in difficulty with in-
creasing momentum. The best technique available at present involves the gas
Cerenkov detector, which measures particle velocity.

2. The only Cerenkov detector capable of measuring simultaneously the
direction and velocity of several particles over a considerable angular range is
the Cerenkov ring-image detector.

3. Without the detection of gamma rays, event analysis will be limited to
a very few channels. It is therefore important to detect the existence, and to
measure the direction and at least the approximate energy of all gamma rays
produced. For gamma-ray detection and kinematics, we have a choice of two
methods: either the heavy-plate spark-chamber shower detector, or momentum
analysis of electron pairs from a thin radiator. The latter can be reconciled
with the requirement for high detection efficiency only at great expense (many
plates, large volume of magnetic field).

4. The detection of heavy neutrals, like neutrons, is highly desirable; but
failure here will not block nearly as many channels as the escape of neutral pions.
Some high-energy neutral kaons or baryons (A, Z°) may escape detection, but
this will in general lower channel detection efficiency rather than destroy it.

5. Event identification will require very accurate momentum determination;
just how accurate must be the subject of a later Monte Carlo investigation. The
accuracy must be sufficient to identify any missing particles. The primary mo-
mentum must be very well known.

From these considerations we can proceed to sketch the characteristics of a
possible high-energy spark-chamber system:

1. Momentum analysis to at least 1% accuracy up to 3 BeV/c, and to 30
MeV/c at energies"above 3 BeV/c, (The figures are subject to modification after
Monte Carlo analysis.) This implies that the greatest length of magnet is needed
to cover the forward cone of fast particles, and therefore the magnet need not

occupy an excessive volume; perhaps 2 by 1 by 3 meters is big enough.
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2. The region in which momentum and velocity are measured must be sur-
rounded by a shell of heavy-plate gamma-detecting chambers, with 98% or better
efficiency for gamma rays of 50 MeV or higher. Existing data on gamma-ray
showers in spark chambers indicate that +1 deg precision in direction, and 10-
20% in energy are attainable. This requirement runs into difficulties with items
such as magnet yokes and coils. The brute-force solution is to put this array of
gamma-ray chambers inside the magnet, covering the entire 4m solid angle at
the target.

3. For the forward cone of fast particles (greater than 5 BeV/c), one should

try to use Cerenkov ring detectors, since the cone is sufficiently limited to allow
radiators of 1-2 meters without excessively large optics. For successful use,
however, the radiator must be free of magnetic field. Consequently the topology
of the system demands a field-free forward cone, followed by a magnetic field,
a magnetic field for analyzing particles emitted outside the cone, and the whole
enclosed by heavy-plate spark chambers so that no gamma ray escapes unseen.
The volume of magnetic field needed is large, though not in comparison with the
100 cubic meters proposed for the bubble chamber.

The usefulness of the Cerenkov ring detector may be established by looking
at a few sample calculations of its properties. Figure 1 shows a sketch of such
a detector.

Table I illustrates some numerical values; one might want to use two or
more ring detectors in succession to cover a wide range of vy.

Since for a given momentum the y of protons, kaons, and pions are about as
1:2:7, the above examples indicate that proton identification and kaon identifica-
tion are possible in a given range of y. In addition, the spark chambers before
and after the ring detector show which track is being identified, and by locating
the center of the Cerenkov ring, improve the velocity accuracy.

Figure 2 gives a sketch of a first approximation to a2 system of this sort.

A magnetic field covering an area about 4X7 meters has a central field-
free region to accommodate the Cerenkov detectors. The central region cannot
be shielded with iron without destroying oﬁtgoing charged particles, so the field
cancellation will have to be done with bucking coils. The depth of the field in the
Z direction will be about 1.5 meters; the entire boundary of the 1.5X4X7 m
volume will be covered by gamma-detecting spark chambers, probably with
electronic (non-visual) readout.

Figure 3 is a sketch of how the desired field configuration might be

achieved.
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Fig. 3. Elevation of section A-A', Fig. 2, showing coils A-A', C-C!,
and bucking coils B-B' used to obtain a field-free region. Yoke
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Table I. Numerical values.

Case I. Radiator 0.5-m long. Index n = 1,005. Mirror covers cone of half-
angle 150 mrad. Mirror diameter 30 cm, aperture _f_/1.66, focal length 50 cm.
Threshold (y = E/mcz) = 10.

Y Cone angle No. of Radius of
. (mrad) quanta image (cm)
15 0.075 180 3.75

30 0.095 225 4.75

) 0.10 250 5.0

Case II. Radiator 1.50-m long. Index n = 1,002, Mirror covers cone of half-
angle 110 mrad, Mirror diameter 45 cm, aperture _f_/i.i. - Focal length 50 cm.
Threshold y = 16,

20 0.038 120 3.8

40 0.058 220 5.9

o0 0.063 300 6.3
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CONSIDERATIONS ON THE USE OF HYDROGEN-NEON MIXTURES
IN THE LARGE HYDROGEN CHAMBER

George E. Kalmus

In this paper I will be dealing with one possible mode of operating the
large hydrogen chamber, that is, by filling it with mixtures of hydrogen and
neon, 1 The purpose of doingthis is to detect and measure y rays (usually
from the decay of «° mesoné) by conversion to e* pairs in the liquid, There
are other ways in which y rays can be detected, which may be preferable in
certain experiments but which I will not deal with here.

There is a general feeling among physicists that as the incident-particle
energy increases, the importance of catching all the secondary particles in-
cluding the neutrals also increases. When more than one neutral is missing,
clearly the event cannot be constrained. At 50 BeV the pion multiplicity is
~6, so that on the average there are two n° per event. |

In this paper I assume that it is possible to operate a bubble chamber with
all mixtures of hydrogen and neon, 1 The numbers calculated for Table I and
Figs, 41 through 5 are based in general on the fact that the chamber is ®8 m
long (along beam direction) and has a diameter of ®4 m, I also assume in all
the calculations that the chamber is in a field of 40 kG,

The purpose of tables and graphs is to enable one to optimize the conditions
for any particular experiment,

In Table I are listed some of the physical parameters of interest that
change with the concentration of the neon-hydrogen mixture,

A comment should be made about the uncertainty in the momentum of a
measured track due to small -angle nuclear scatterings; this is discussed by
C‘rluckstern2 and applies only to strong-interacting particles, At énergies
greater than 10 BeV/c, the cross sections for small-angle scatters are less
than one -half the geometric cross sections; therefore their frequency of occur-
rence is less than one for every two interactions lengths., By measuring the
momentum of the track in sections and comparing these momenta with each
other, one may obtain an idea of where the scatters occur, The error due to
the nuclear scattering term varies as efnin’ where Gmin is the minimum
scattering angle that can be detected. Now 6 in decreases with energy, be-
cause although small angles cannot be directly seen, the recoil proton in a

reaction in hydrogen is a signature for a scatter,



-231-

10° T 11T T T T 1171110
io! —
- 100 Bev/ .
" 50 B
. 20 -
AD = o) .
p 5
IO-Z»—- | —
o .
N ]
1073 —
. .
10°4 roa Lol ] LA
10 100 1000
L (cm)
XBL671-332

Fig., 1. Error in measuring the momentum of various momenta tracks as a function
Tracks have been assumed to be flat,
i.e., perpendicular to the magnetic field and parallel to the film plane._ The
formula used to plot these curves was derived from Gluckstern's paper” and is
based on the assumption that the measurement was made with a flying spot
device, and that the error on the master point is 100 p in space.

of length due to the setting error only,
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Fig. 2. Momentum error due only to multiple scattering in measuring a 20-BeV/c
track in hydrogen(Xo = 1000 cm) and in liquids of Xg = 250, 100, and 50 cm.
The formula used for hydrogen is given by Gluckstern“ and applies to electrons
with momenta greater than 10 BeV/c. (The error in momentum measurement
when considering a 1-BeV/c electron is ~ 15% less than for a 20-BeV/c elec-
tron, but for a 100-BeV/c electron, Ap/p is ®8% greater than for a 20-BeV/c
one,) The multiple-scattering error for strongly interacting particles is within
a few percent of that for electrons, The curves for other liquids were obtained
by scaling the hydrogen curve by r\/XO(HZ)/XO(liquid). -




=233~

I B A

i

X°=50cm ~
Ymin® 04Eg_
X°= 100 cm N

ymin= 043 Ee

Xo= 250cm
Ymin=o.2 Ee ]

X, =1000cm |
Ymin=0.1 Eg
-
p—
- -

10 Lol NN
e 100 I000

L{cm)

XBL67|-334

Fig. 3, Momentum error due to bremsstrahlung loss for electrons as a function
of track length for liquids of the same radiation length as Fig, 2. In the cal-
culation, the method of Behr and Mittner was used to measure the electrons,
This method depends on one's being able to detect large single radiation losses
by some means. [ have chosen the minimum single radiation which can be de-
tected (y,,in) 25 shown in the graph for each radiation length, These have been
chosen somewhat conservatively; however, they are probably not too far wrong.
Note that the error due to bremsstrahlung loss is not Gaussian and that the
method used is only approximate,



~234-

10° T T T | T T ]
r.. —
i X=50cm

250

1000 ]|

10 | | 1 ] 1 1
O 20 40 60 80 100 120 140

L (cm)

XBL671-335

Fig. 4. Total error in the momentum, with no correlation assumed for a 5-BeV/c
electron, It can be seen from Figs, 4 and 5 that there is an optimum length
for measuring an electron track, Also, it can be seen that this optimum length
is not very long compared with the dimensions of the proposed "monster'
chamber. Fisher's papers give optimum lengths for measuring angles in
hydrogen, and also show calculations and optimizations of other parameters
for pure hydrogen, **
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Fig. 5. Same as Fig. 4, but for 20-BeV/c electron.



Table I.

Properties of hydrogen-neon mixtures,

1 2 3 4 5 6 7 8 9 10 14 12
H, vol. p Int. Int. X,  Conv. 200 200 300 300 400 400
(%) (g/cc) length in H, (cm) length cm cm cm cm cm cm
(em) (%) (ecm) — Pyy Py Pyy Pyy Pyy Puy
>100 0.0585 470 100 995 1280 0.45 5%x10™% 0.20 1.6x10°3  0.27 5% 103
95 0.103 397 80 384 495 0.32 1¥ 1072 0.46 0.045 0.56  0.098
90 0.148 337 65 238 306 0.48 0.053 0.62 0.15 0.73 0.28
85 0.182 296 54 172 220 0.60 0.13 0.74 0.30 0.84 0.50
80 0.237 263 45 134 172 0.69 0.23 0.82 0.45 0.90 0.66
75 0.281 237 38 1114 142 0.76 0.33 0.88 0.60 0.94 0.78
70 0.326 215 32 94 121 0.81 0.43 0.92 0.72 0.96 0.85
50 0.504 158 17 59 76 0.92 0.72 0.98 0.92 0.995 0.98
25 0.727 119 ' 40 51 0.98 0.92 0.998 0.99 1.0 1.0
0 0.95 95 30 39 0.99 0.98 1.0 1.0 1.0 1.0
Column
1 - Percentage of H, by volume in mixture
2 - Density of mixtute {(g/cm?)
3 - Nuclear interaction length (cm)
4 - Percentage of interactions on free protons

52 - Radiation length [cm(X,)]

6 - Conversion length (at « energy) = 9/7 X, (cm)

7
8
9
10
11
12

Probability of converting 1 y (= energy) (200 cm)

Probability of converting 4 y's (o energy) (200 cm)

Probability of converting 1 y {(« energy) (300 cm)

Probability of converting 4 y's (« energy) (300 cm)

Probability of converting 1 y (» energy) (400 cm)

Probability of converting 4 y's (w energy) (400 cm)

a.

Calculated from X

_ 137 m% *[1 + 0.12 2% /(82)%]

4 e

T

NZ (Z + £) 1n (183 Z

-173,

where £ =1,39 for H2 and 1,30 for Ne.

-9¢¢-
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Assuming that a 100-MeV/c proton can be detected in hydrogen (3 mm),
then at 50 BeV/c the momentum error due to this term is 21073 for a track
200-cm long; this is smaller than the multiple scattering error. When the
interaction does not occur in pure hydrogen, and the incoming particle reacts
with a nucleon in the neon, the signature no longer holds. However, for mix-
tures of hydrogen and neon in which the fraction of interactions in hydrogen is
$14/2, the mean free path for an interaction in neon is >4 times the interaction
length of the mixture,

In conclusion, I have tried to present only some of the parameters which
are important in designing an experiment in hydrogen-neon mixtures. The
parameters also give a good indication on how large such a chamber has to be
in order to detect and measure secondaries to a certain accuracy, especially
y rays from m%s., One final point should be made; I have throughout assumed
a magnetic field of 40 kG, An increase in this field would be of great benefit

to increased accuracy,
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SOME DESIGN CONSIDERATIONS
FOR A LLARGE HYDROGEN BUBBLE CHAMBER

J. B. Shafer

The following is a resumé of information gathered during the seven-week
Study Program and presented briefly at the seminar of August 25, The writer
is indebted to Bill Fowler, Bob Watt, Paul Hernandez, Bob Meuser, and Clyde
Taylor (Livermore) for much of the material discussed here, A series of
deliberations with other members of the Bubble-Chamber Subgroup of the Study
Program (G, Kalmus, T. Toohig, J. Kadyk, R. Ely, and R. Plano) have been
helpful,

INTRODUCTION

The chief topic under investigation by the writer was the "aspect ratio"
desirable for a monster bubble chamber, a volume of approximately 100 m3
being assumed., Heretofore, an aspect ratio (length-to-width ratio) of 1 to 1
has been considered optimum for large chambers; the justification has been
that broad incident neutrino beams and isotropically emitted gamma secondaries
are better studied with a wide chamber than with a narrow, long one. The usual
design has been that of an upright, circular cylinder;1 examples are the 12 -ft
(diameter) chamber of Argonne National Laboratory, the 14 -ft chamber of BNL, 2
and the 3.5-m chamber of CERN, (The only exception is the comparatively small
chamber of Saclay, which is 1.6 m in diameter by 4 m long.)

Engineering considerations, though not clearly spelled out in reports, have
evidently played a dominant role in existing bubble chamber designs, Because
of the comparative simplicity in the construction of a cylindrical chamber body »
and of a circular (superconducting) magnet, the upright-cylinder design has
dominated recent developments. The physics grounds for such a design do not
seem particularly solid (see below), Further, with the advent of unusually
shaped superconducting magnets of appreciable size (the Avco magnet discussed
below and the Taylor-designed magnet for the Alvarez balloon project), it
ap‘peared to several Study Program physicists that the question of the geometry
of a monster chamber should be re-examined in the light of recent physics and

engineering developments.



-239-

PHYSICS CONSIDERATIONS

Neutrino Interactions

Previous calculations by Stevenson and Chinowsky3 on the use of neutrino
beams, which will be produced with fairly high intensity by the 200-BeV accel-
erator, have dealt only with the energy range 1 <E < 10 BeV. However, Toohig's
studies4 indicate:

1. Neutrino fluxes, perhaps to 100 BeV, will be usable;

2. Neutrinos incident on a chamber will be contained in a narrower cone
than might have been expected.

Figure 1 presents a plot of Toohig's, with some additions, His results are
the values of total neutrino flux, n . (in»units of interactions per unit length),
incident on a circular area of the indicated radius R; curves of n, vs R for sev-
eral pion momenta are represented by the solid lines, Note that the flux is still
useful for energies greater than 20 BeV; and that for such energies, a radius of
2 m is the maximum required for nearly total acceptance.

For a fixed chamber volume, it is very clear from Fig. 1 that the aspect
ratio should be greater than 1 for maximization of the total number of inter-
actions., The dashed lines added to Toohig's curves represent the total number
of interactions per day for 10-BeV and 40-BeV neutrinos for the indicated radius,

with the volume always equal to 100 m3,

(The chamber is assumed to be a hori-
zontal cylinder.)
From Fig. 1, it can be concluded that a ratio of length (L) to diameter (D)

of 3 to 1 (an aspect ratio of 3 to 1) is preferable to a ratio of 1 to 1, Other con-

siderations (transverse momentum in production and decay processes, or simply
the curvature of a medium-energy beam of charged particles) probably make the
choice of a radius less than 1.7 m undesirable.

We conclude that a diameter of 3.5 m and a length of 10 m is a good choice

for neutrino physics,

Strong Interactions

One particular interaction for which the writer has studied the kinematics
at high energy is
K +p-K'+%5",
As incident energies approach 100 BeV, kinematic behavior becomes almost
completely independent of the comparatively negligible masses of incident or
product particles; therefore, the momenta and angles in the ¢, m., system and

in the laboratory system hold for any two-body reaction, such as




-240-

10 BeV U's

480} -
a — 20 BeV —
| =4
1]
. 320 —
O
©
~
» b —
-.i., 5 BeV
160} 30BeV  —
| o
"~ — -3740 BeV
1 |
4 R{m)
2 L{m)
for V=100 m3
XBL671- 364

Fig. 1. Neutrino interactions per day in liquid H, VS the radius of
a cylindrically shaped H, chamber. The solidzlines show the inter-
actions per day per meter for a given radius and the dotted lines
show the interactions per day for a fixed volume of 100 m”~,
m— v in a 1000-m beam, The ordinate is interactions per meter
per day.
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where N*** and Y*** represent some resonance a little higher in mass than
those already discovered, The reaction producing the = (or some E***) has
two interesting features which may cause it to put definite requirements on
chamber design:

1. The E (or E***'S) go preferentially forward in the ¢, m. frame, and
hence go forward with high momentum in the laboratory system frame. (The
simplest diagram is that involving exchange of a A.)

2. The E undergoes a several-step decay, which must be completely ob-
served for sure identification of the particle,

Figure 2 shows the momentum and angle dependence of = production from
threshold to 1.7 BeV/c; the forward peak is likely to become sharper with
increasing energy.

Figure 3 presents the kinematics (Blaton diagram) for the reaction
K +p-KT+E at 10 BeV/c incident K momentum. Even if the c. m. angle
0% equals 45 deg, the momentum of the = in the lab system is very high and
t}; direction is very close to the incident direction: p,(lab) = 9.3 BeV/c and
6. (lab) = 8.5 deg. -

a Figure 4 presenté the Blaton diagram for an incident momentum of 100
BeV/c. With a c.m. angle as large as 45 deg, P (lab) = 82 BeV/c, and
6. (lab) = 3.5 deg. a

- It is of interest to note the mean decay length of the = and its daughter, the
A. A 100-BeV/c = lives on the average for 12 ft in the laboratory frame; a
100-BeV/c A (not unreasonable, as the A from a = tends to take most of the
laboratory momentum of the =) lives on the average for a distance of 23 ft,
On the basis of the strong-interaction discussion here, it seems reasonable

to have a fairly long chamber, with L about 10 m or 30 ft,

Target Thickness

"Target' thickness is a special consideration. It is considered desirable
by some physicists to have the chamber length approximately equal to a mean
interaction distance for strong interactions. This distance is 16 ft for the
geometric cross section in hydrogen of 60 mb; it is 33 ft for the fairly common

high-energy cross section of 30 mb,

CONSTRUCTION OF CHAMBER BODY AND MAGNET
Briefly, two methods have seemed most promising for the expansion system

of a large chamber,
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Fig. 2. The differential cross section, do/d2 (pb/sr) for
Kp—- = K" vs c.m. energy. From J. Peter Berge, Philippe
Eberhard, J. Richard Hubbard, Deane W. Merrill, J, Button-
Shafer, Frank T, Solmitz, and M. Lynn Stevenson, Some Proper-
ties of %~ and E° Hyperons Produced in K 'p Interactions between
1.05 and 1.7 BeV/c, Phys. Rev. 147, 945 (1966).
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Fig. 3. Blaton diagram for the reac;:ion K +p— K4+ =" at 10-
BeV/c incident K™ momentum, p™ = 2.00 BeV/c, y =
n =2.25; 1., at 10 BeV/c = 1.2 ft, and £, at 10 BeV/c
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Fig, 4. Blaton diagram for the reaction K +p -~ K+-I;E- at 100-
_BeV/c incident K momentum. p = 6.78 BeV/c, y = 7.35,
n =7.30;2,_ at 100 BeV/c = 12 ft, and IA at 100 BeV/c = 23 ft,
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1. An Q bellows permitting either the top or the bottom of the chamber to
be raised or lowered. (This was demonstrated to perform very well in the 25-
inch bubble chamber at LRL and, according to Hernandez and Watt at LRL, can
readily be extended to monster chambers.)

2. A flexible baffle which may be moved to compress or expand the volume
within the chamber, (BNL has designed a Fiberglas baffle for future use in the
14 -ft chamber and will check out a half-scale baffle in their 7-ft '"test facility. ')
Both the bellows and the baffle systems are operated by piston {resonant) in the
big chambers now designed. A third scheme, a system of laminated metal (s.s.)
diaphragms, was planned initially for the 12-ft Argonne chamber, but was
dropped in favor of the already proved Q bellows,

Figure 5 shows the construction of the ANL (Argonne) large cha,nnber,5 with
the 1a1;ge bellows at the bottom (in a circular configuration), It will easily pro-
vide the required expansion of 0.5 to 1.0% of the total volume. The sides of the
chamber are joined to the bottom pole tip; the space below the bellows and
chamber bottom is evacuated, Eddy currents in the movable metal bottom may
cause a heating problem, so that cooling by squirting liquid H2 onto the bottom
may be necessary. The superconducting (SC) magnet coils (circular) are outside
the vacuum jackét.

Figure 6 shows the latest design of the BNL bubble chamber, 6 The Fiberglas
baffle of varying thickness is visible at the bottom; the thickness at the center is
3 to 4 in., and the total excursion during the expansion-compression cycle is of
comparable magnitude, Fiberglas was chosen to prevent eddy currents; a large-
dished Fiberglas structure was successfully fabricated for a NASA project, but
it is not known with certainty whether such a Fiberglas baffle will perform well
at liquid-hydrogen temperatures. The pistcn is also of Fiberglas in this design,
Scotchlite is mounted on the baffle and on the side walls, Here the circular SC
magnet coils are inside the vacuum jacket. The piston is resonant (as was that
in the ANL design), with an estimated period of about 70 msec, The total volume
of the BNL, chamber is to be 65 m3, and the useful volume about 46 m3.

A possible design for a 100-m3 monster bubble chamber, such as is desired
for the 200-BeV accelerator, is shown in Fig. 7. The body is a horizontal cir-
cular cylinder, perhaps 4 m in diameter and 10 m in maximum length, The
coils are elongated, with straight sides and circular ends; they are in flat pan-
cakes, except that they might be flared open at the ends (see below). One pos-
sibility for expansion, that of several baffles along the bottom actuated by one
piston per baffle, has been put aside in favor of the more predictable Q bellows.
(No problems are foreseen in fabrication or use of a bellows of the required
size, 7) Two pistons might suffice to actuate the beilows assembly; three

would certainly do so.
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Expansion from one end of the chamber has not really been ruled out, except
that the desire to bring secondaries out a rear ''window'' might make it unattrac-
tive. A time of 10 msec would be required to make a 10-m-long chamber sensi-
tive., It is possible that the expansion-pressure curve might be '"flat-bottomed'' --
perhaps by having two pistons slightly out of phase. 7

An advantage of the horizontal cylinder for the monster chamber is apparent
in the optics; as the longest distance through which a camera must photograph in
the transverse plane (perpendicular to the incident beam) is 4 m, one can--with
many pairs of cameras--reduce the visibility or turbulence problems which
might arise with the 6-m-diam spherical chamber (whose longest dimension is
6 m even after truncation). It has not been established how severe the optical
turbulence problems will be for large chambers, but turbulence may become an
important factor,

Several magnet designs have been considered. The first possibility to be
examined for a long chamber was the type (SC) called a '"saddle coil' by C,
Taylor of Lawrence Radiation Laboratory, Livermore; this structure, designed
by Taylor for the Alvarez high-altitude experiment and also developed by Avco,
amounts to elliptical windings collapsed onto each half of a cylinder. The field,
which is transverse to the axis of the cylinder, can be made uniform to within
15 or 20%. There is a major difficulty for bubble chamber use, however; radial
stresses vary considerably as the windings flatten out, assume a circular shape,
and also close up the gap between the two halves, Both Taylor and Avco engi-
neers enclose their magnets with the equivalent of many circular I-beams--two
concentric cylinders with many webs between them spaced along the length of
the cylinder, The bending moment tending to break open the cylinder scales
like B2 x(diameter)z, and (from a quick estimate by Taylor) would require two
1-in, -thick cylinders spaced about 2 ft apart for a 30-kG field in a 3.5 by 10 m
chamber. With such constraining structures as this, it appears that access for
pistons and for cameras would pose severe problems, 8

A preferable scheme would be flat coils in a '""race-track'' geometry. The
chief restraining forces necessary would be those to keep top and bottom coils
separated and those to keep the sides from pushing out. It should be possible to
provide such forces and still give access to the chamber.

The use of a circular coil (with some wasted field volume) for the long
chamber has by no means been ruled out; engineering would be simpler and
considerably less expensive,

A rather simple IBM-7044 program was written to calculate the field and

the stresses on windings for the race-track geometry. (It includes no iron,
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and could be readily modified for other geometries. Length and diameter as well
as winding spacing are variable input data.) The assumption was made that the
sort of stabilized NbTi ribbon (a sandwich of € 4 mil of SC with 50 mils of Cu

on either side, the whole about 2 in. wide) developed by Atomics International
for BNL might be used. The spacings described by Prodell in the Laverick
report8 were adopted and calculations were made with a coil containing 100

turns per pancake by 20 pancakes per coil by 2 coils (see dimensions of Fig. 7).
If one wished to produce a 20-kG (40-kQ) field at the center of the chamber, with
about 50 kG (4100 kG) near the ends, 30X 106 amp-turns (60X 106

would be required for the configuration studied. Probably more windings than

amp-turns)

the 4000 turns mentioned would be necessary to achieve these fields in practice,
with the sort of SC . current densities now possible; the 4000 turns should prob-
ably be multiplied by 1.5 (or 3) for the fields mentioned.

Figures 8 and 9 show the results of field calculations. (The overall dimen-
sions of the coils were as given by Fig. 7, but computer time was shortened by
taking every tenth winding horizontally, with each carrying 10 times the usual
or stated current.) The figures show that the field increases by a factor of about
2.5 from the center to the ends of coils. It is remarkably uniform in the lateral
and vertical directions; the transverse or nonvertical components are negligible
except in the region close to the coil ends. Note that the race-track coils for
the 72-inch bubble chamber also produce a field which increases somewhat at
the chamber ends,

An interesting possibility for modification of the high-field regions would be
to separate the two coils severely at the chamber ends and thus reduce B, while
introducing axial field components (and stray flux) which might be useful in cer-
tain experiments on interaction products (with external spark chamber and coun-
ter detectors).

Some magnet-design figures (compared with or extrapolated from BNL
estimates) are as follows: BNL now expects, for their 44 -ft chamber, to obtain
10 000 amp/conductor (with a 4-in. wide NbTi ribbon) and requireé 18 % 106
amp-turns to produce 30 kG throughout the cylindrical volume. (This is to be
compared with the 30X 106 amp-turns stated above as the mmf necessary to pro-
duce 20 kG at the center with an average of 30" kG throughout for the 100 m>
chamber. A slightly impractical 7500 amp per 2-in, wide ribbon is required by
the above coil dimensions,) BNL estimates the 14 -ft chamber coil to cost about
$1 700 000 (without spacers); the coil described above for a 100 m3 chamber
would cost perhaps $8 000 000,

BNL's estimated stored energy is 125 MJ; the above-described coil has,
with an average B2 of perhaps (33 kG)Z, a stored energy of
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125 MJIX (33 kG/30 kG)Zx(35 m2/24 m2)><(4 m/ 4 m) ~ 220 MJ,
BNL's compressive load is estimated at 30 000 tons; scaling gives (roughly) for
our large coil a load of
30 000%(33/30)%%(35/24) = 50 000 tons.

Figure 10 presents some program-calculated numbers which give a crude
idea of the stress variation (force per unit length on the individual winding) for
the race-track coil. Note that there is a net attractive force between upper and
lower coils, but that it is greater at the curved ends than along the straight
sides, Further, the total force appears to be roughly only one-half the load

estimated above,

CONCLUSION

A bubble chamber with an aspect ratio of 3 to 41 favoring the beam direction
has many advantages over a chamber more nearly equal in all dimensions, in
experiments involving both neutrino interactions and strong interactions, Although
the cost per cubic meter might be greater for the former chamber, none of the
engineering problems appear to be unsurmountable., More detailed engineering
and cost comparisons are certainly necessary; in view of the possible advantages
to the physics program, these should be made before any final decision is made

on the configuration of the large chamber,

Footnotes and References

1. Of course, an upright cylindrical chamber is ideal only if all interactions
occur near the center; products go out isotropically, and decaying particles are
at rest in the laboratory system,

2. BNL's proposed chamber has a total volume of about 65 m3 and a useful
volume of 46 m”™,

3. W. Chinowsky, Monster Bubble Chamber Document, in UCRL-16830, Vol. 2,
p. 53 (1966); and M. L. Stevenson, Bubble Chamber Physics at the 200 GeV
Accelerator, in UCRL-16830, Vol. 2, p. 85 (1966).

4, T. E. T_oo;;g, The Influence of a Line Source of Neutrinos on the Configura-
tion of Experimental Apparatus, this volume.

5. E. G. Pewitt, Innovations in Bubble Chamber Devices, IEEE Trans. Nucl.
Sci., 12, 149, August 1965,

6. 1:Foot Cryogenic Bubble Chamber Project, BNL 9695, Dec, 1965,

7. R. Watt and P. Hernandez (Lawrence Radiation Laboratory), private
communication,

8. For interesting material on the Taylor coil and others, see the report,

Meeting on the Design of Large Superconducting Bubble Chamber Magnets,
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edited by Laverick on the Argonne Conference, ANL-7192 (March 25, 1966),
See also R. B. Meuser, The Potential of Superconducting Magnets for Use in

the Experimental Areas: Preliminary report, this volume.
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ON THE USEFULNESS OF KINEMATIC FITTING AT HIGH ENERGIES
IN A MONSTER BUBBLE CHAMBER

R. J. Plano

INTRODUCTION
An attempt has been made to gain some quantitative insight into the appli-
cability of standard kinematic-fitting techniques, using a giant bubble chamber

]
at incident momenta of 150 BeV/c. Events of the type 1r+ +p—+N tt + p°,

%
N L

niques, and then fitted with the assumptions of various mass combinations. A

+ p, p° - 'rr+ + 7, were generated with standard Monte Carlo tech-

detailed description of this general-purpose Monte Carlo program, called
MOCK, is available. !

‘Systematic errors due to such factors as turbulence in the liquid, and
imperfect knowledge of the optical constants and magnetic field, were ignored
throughout, although they may well be the major source of errors.

Trilling, % as well as others, 5.4 has considered this problem, but without

making detailed simulations.

ERROR EQUATIONS
All error estimates are based on three-point measurements of the tracks.

2

These are derived in numerous places and are reproduced in Table I for
easy reference. Units are radians, BeV/c, meters, and webers/mz (104 gauss),
so p = (0.3 HR)/cos N\. The general forms are given and then evaluated for
a = 0.0001 m (4100 microns), b = 0,00036 m, XO

Note that although &p decreases monotonically as £ increases, the angular

=410 m, and H = 2><104 gauss.

errors have a minimum (when the multiple-scattering error is twice the meas-

urement error). In order to determine the optimum length, £o for the

pt’
measurement of ¢, let

-;2—+B£

. =1.38 (AB
min

2 1/2
BRIt

Then lo = 1.26 (%)2/3 and 6¢ 2)1/3.

pt
By substitution from Table I, we find

0 =105 (a VX, o812/ 3 = 0.5 (pp)2/ 3.

_0.085 [ a 1/3  0.0018 -2/3
¢ min = cos X (X p2ﬁ2> ~ “cos (pR) ’
0
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Table I. Forraulae for measuring and multiple-scattering errors.

General With specified values of parameters

) Mu1t1p.1E- Multiple=-

Measuring scattering Measuring scattering
Error error error error error

3262 pl 0.0572 p 161073 p2  8x10-3

bp Heos% (1) cos X\ (IE ) % P
Hﬁo BNT cos \ BNT cos A
5 5.1a 0.0069 [12 5x107% 2x1073N7

fcos\ pB cos X -X-O fcos X\ PP cos Xk

-4
™ _1_.%2 o.(I))osb 3%0 5X10 2.55%10"3 %
H - Magnetic field (assumed parallel to Z axis) (20 000 gauss)
a - Measurement error in XY plane in chamber (100 microns)
b - Measurement error in Z coordinate in chamber (360 microns)
Xo - Radiation length (10 meters)
B - Velocity of particle (v/c)
6p - Error in momentum p
68X - Error in dip angle \ (angle between track and XY plane)
8¢ - Error in azimuth angle ¢
2 - Length of track
R - Radius of curvature of track

It is also of interest to find the ratio of measurement error to multiple-

scattering error. This is given by

&p &9

‘meas _ pB meas _ pB
— =7 =0,2 377 and o 0.25
apms £ ms }-3-/2

From these results, we construct Table II.

From this table it can be seen that most secondary tracks will be meas-
ured with an accuracy not too far from optimum in a chamber large enough to
allow 5 to 10 m for each track. Longer lengths will not improve the situation
greatly, as the mean free path for a strong interaction (which would probably
produce neutral secondaries) is about 10 m.

Although these error equations are fairly rough approximations, they are
useful for gaining insight and give usefully accurate results. Measuring many
points along each track would of course decrease the errors, but this advantage

would be offset by the contribution to multiple scattering by small-angle strong-
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interaction elastic scattering and, of course, by systematic errors and dis-

tortions. A more detailed set of error equations is now being developed.

Table II. Table of errors for tracks of different momenta.

pp (BeV/c) 8 64 125 216

12 18
lopt(m) z 8

.07 0.05
8¢_ . (mrad) o 0.45 0.11 0.0
2 (in meters) for —p—meo> = 1.3 5.2 8 12
6pms

&p (£ = 4m)(BeV/c) 0.33 0.49 1.7 4.7
8¢ (2 = 4m)(mrad) 0.51 0.14 0.13 0.13

GENERATION OF EVENTS

The N and p® masses are randomly selected from a Breit-Wigner dis-
tribution. The production angle is then randomly selected on the basis of a
one-pion exchange model, and the N* and p® are allowed to decay isotropically
in their c. m. systems.

The length of the incident track is randomly selected from a flat distribution
between 1 and 4 m. The other track lengths are determined by the resulting
coordinates of the production vertex and the individual direction and momenta
of the tracks, unless a Monte Carlo procedure indicates that the particles inter-
acted before leaving the chamber, but with at least one m of track length. The
interaction mean free path was taken to be 10 m. Errors are then generated
for each track and the ''measured quantities moved from their exact values
by an amount given by a Gaussian random variable times the error. The
square of the missing mass, (MM)Z, and its error, 6(MM)2, are calculated,
for all permutations of the masses consistent with conservation of charge,
baryon number, and strangeness, assuming the mass of each particle is known
as well as for permutation of the masses., The apparent mass of each track is
also calculated on the basis of the ""measurements'" on the other tracks,

The event is then fitted as a four-constraint event by means of standard
mathematical techniques. 7 It may be of interest to note that the least-mean-
squares fit did not converge properly on either a 36-bit or a 60-bit computer
using single precision. Both word sizes were more than adequate when
double precision was utilized for the vectors and matrices used in the fit.

The question as to whether all numbers generated by the program are, to
some extent, random is an important question. The number of checks made

make it highly unlikely that the results are wrong to any great extent. In
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addition, the following checks gave additional assurance:

1. Events were generated in which the '""measurement' errors were set to
zero. These fitted the input quantities with zero chi squared and exactly con-
served energy and momentum.

2. The calculated errors in the measured quantities agreed with hand
calculations.

3. The chi-squared distribution for the correct mass assignment followed
(at least very roughly) a chi-squared distribution. This somewhat unrealistic
simulation of real life was doubtless due to the neglect of systematic errors.

4, Finally, the errors and chi-squared discrimination showed a reason-
able dependence on the measurement accuracy, radiation length, and magnetic

field.

DISCUSSION OF RESULTS

Perhaps the most surprising result is that considerable discrimination is
indeed possible at this energy. This is greatly aided by the fact that the proton
is normally quite slowl (p = 1.5 BeV/c), but the conclusions remain unchanged
for p as high as at least 10 BeV/c. Mass assignments which misidentify the
proton have chi squares normally greater than 100 and often much greater than
1 000, when 4 is expected. On the other hand, it is impossible to discriminate
against the possibility that the two fast pions from the p? (p = 10-140 BeV/c)
are really kaons, even for measurement errors as small as 50 microns.

It seems feasible to detect missing neutrals, as momentum conservation
is typically good to = 400/MeV/c along the beam and = 40 MeV/c transverse
to the beam. This is buttressed by the fact that the error in the missing-mass
squared (if no particle is actually missing and the charged tracks are correctly

identified) is typically 0.1 to 0.5 mn_z. If a pion is actually missing and at high
2

proton

be detected by the large nonconservation of momentum.

momentum, the error in its MMZ is = m = 50 m‘n_z, but such w°'s can

A problem arises because if the charge tracks are misidentified and the

resulting chi squared is very large, the error in the missing-mass squared
jumps to 5 to 100 times m“_2 (= mpz). This does not appear to be serious, as
the large chi squared will signal trouble.

If a fast pion interacts in less than 3 m, or if the measurement error
is increased to 200 microns, the error in the missing-mass squared increases
to @ 2 to 5 times m 2'. This increase indicates that a chamber much smaller
than 8 m or a measurement accuracy much larger than 100 microns would
very strongly decrease the usefulness of the chamber for strong-interaction

physics.
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Table III gives a very rough summary of the results for a few sets of

initial conditions based on about 5 events in each case.

Table IV refer to the following mass assignments.

The hypotheses in

Table III. Summary of the results of MOCK II fitting programs.

6x (W)

X, (m)

P, . (BeV/c)

H (b/m?)

Diameter (ml)/length (m)
s(MM%)/m 5

5p (long. }(MeV/c)

6p(tra.nsverse)(MeV/c)

100

10
150£0.15
4,0
4/8
% 0.05-0.3
~ 400
~ 40
> 100
> .8-400
~ 2-40

> 50

50
20
150+0.15
4.0
4/8
=~0.02-0.1
= 250
= 20
> 250
13-800
4-100

> 100

200

10

150+0.15

4.0
4/8
2-4
= 500
~ 50
> 60
>5

> 2

100

10
10.0+0.15
4.0
0.4/2
0.01-0.05
=~ 250
= 20
> 600
> 50
> 100

> 200

Table IV. Hypothetical mass assignments tried in the ﬁtting procedure,

Hypothesis A (true)

B

C
D
E

'n'++p—>
N . 0
-rr++p 1r++-rr-
p+-n-Jr 17++11-
'rr++'n'+ ptmw
= +p K+ K"
o+ KT p+ K

Columns 1, 2, and 3 (Table III) show the effects of varying the measuring

accuracy and the radiation length, For comparison column 4 shows the

results with a 2-meter chamber similar to those presently used at much lower

incident beam momenta (10 BeV/c).
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CONCLUSIONS

These results strongly indicate that kinematic fitting will be a valuable tool
in a monster bubble chamber at the 200-BeV accelerator, at least for the sub-
set of four-constraint events. To the extent that gamma rays can be converted
and 7% momenta reconstructed with accuracy comparablé to charged tracks,
the usefulness of fitting will, of course, be extended.

This and similar programs can be extremely useful in the detailed design
of large bubble chambers. Information on the effect of different chamber size,
aspect ratio, magnetic field, and measurement accuracy can be readily ob-
tained and easily evaluated. It will probably be particularly useful to simulate
the effect of optical resolution, local variations in the density of the liquid, un-
certainties in the optical constants, and the effect of large-scale liquid motions
if adequately precise approximations can be made to these effects. These
checks would, of course, require a considerable but not overwhelming modifica-

tion of MOCK and possibly more general programs.
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100 M3 CRYOGENIC BUBBLE CHAMBER -

EXTRAPOLATED COST
H. Paul Hernandez

The cost of a 100 m3 liquid~hydrogen bubble chamber, I believe, is esti-
mated to be in the range of 30 to 50 million dollars.

A cost of $30 million for a 100 rn3 chamber was extrapolated from the
Brookhaven 14-ft cryogenic bubble chamber costs (Ref. 1) December 1, 1965.
The 30-kG BNL superconducting magnet does not have a steel return path, and
the coils are placed in a common vacuum tank with the chamber. The 14-ft
chamber has a visible volume of 46 000 liters and a total volume of 68 000
liters.

A cost of $50 million was extrapolated from the ANL 12-ft hydrogen
bubble chamber costs (Ref, 2}). The 18-kG magnet has a steel core and the
superconducting coils have a separate vacuum system. The visible volume
is 20 000 liters and the total volume 26 000 liters.

The cost estimate for the 3.5-m diameter CERN bubble chamber is very
preliminary and was obtained from R. Florent at CERN. The CERN chamber
is similar in arrangement to the BNL chamber; it has a visible volume of
20 m3 and a total volume of 30 m3. The magnetic field is 35 kG and the super-
conducting coils have a separate vacuum system. The magnet core is used
for shielding and has the shape of a large cubic room of about 12 m.

The details of the extrapolations are summarized in Table I and are given
in detail on the work-sheets of Engineering Note M3810(3). These total costs
are for complete installations, but do not include the beam line equipment
from the accelerator to the bubble chamber. Escalation was not considered.
The costs of cryogenic bubble chambers are plotted on Fig. 1 along with an
extrapolated cost for a 100 m3 bubble chamber. Figure 2 shows how the cost
per unit volume decreases with chamber size.

Taking another approach, we see that for 35 million dollars, a bubble

chamber can be built that is reasonably close to 100 m3.

There is also a cost
optimum between size and quality. The overall optical accuracy of such a
chamber is expected to be about the same as today's chambers. The most
uncertain problem in a large chamber is assuring that the temperaturé gradient

remains within tolerance over the visible region of the chamber.
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Table I. Extrapolated costs of liquid-hydrogen bubble chamber for 200-BeV
accelerator (summarized from Ref. 3).

Costs (thousands of dollars)

BNL? 100 m> ANLP 100 m?>
14 ft BC 12 1t BC
Chamber body 739 1 460 699 2 690
Expansion system 612 1 296 221 850
Opticai system 447 1 222 323 1 240
Magnet system 2 860 4 700 1 860 7 160
Vacuum system 1 008 1.860
Refrigeration 1 336 2 690 3 126 12 000
Instrumentation 280 726 282 804
and safety
7 282 13 954 6 511 24 744
Bldg. and facility 2 920 3 780 2 110 5 170
Total manpower 2 993 4 030 3 384 12 690
Contingency (16.3%) 3 110 3 550 2 040 7.246
16 305 25 314 14 045 49 850
Research and
development (18.2%) 2 990 4 610 --- Cmee
TOTAL 19 295 29 924 14 045 49 850
(30 000) (50. 000)

a. See Ref. 1.
b. See Ref. 2,

The 1966 Summer Study specified the 100 m> chamber generally as a hori-
zontal cylinder of 4-m diameter by about 8 m long and having a vertical mag-
netic field of 40 kG. The 100 m3 magnet would almost certainly have supercon-
ducting coils. Preliminary studies by R. Yourd and M. Green at LRL in the
Summer of 1965 showed that it is more economical to omit the steel flux
return path; however, a steel core may be required for magnetic shielding or
for improving the field uniformity. To date, bubble-chamber magnetic fields
have not had strict uniformity requirements, but the uniformity may have to
be controlled to allow more freedom in the design of moving parts of the ex-

pansion system.
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The 12-ft ANL and the 14-ft BNL bubble chambers should be sufficiently
complete before the final design of the 100 m3 chamber is fixed so that the more

accurate extrapolations of quality and costs should be possible in the future.
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A CONSIDERATION OF SUPERCONDUCTING EXPERIMENTAL MAGNETS
FOR USE WITH THE 200 BEV ACCELERATOR

A. Abashian

INTRODUCTION

During the past few years, rapid strides have been made in the development
of super-conducting magnets of appreciable size. Quite naturally, the question
is raised as to the role they may play in the experimental facilities available at
the 200-BeV accelerator. Some of the questions one should consider include the
following:

1. For what type of experiments is the super-conducting magnet unique ?

2. How do factors such as beam intensity, particle separation, and particle
energy affect the choice of type of magnet?

3. What are the relative merits of super-conducting and conventional
magnets ?
Each of these questions is expanded upon below. The conclusion reached is that
it is still too early to decide whether to use super-conducting magnets, conven-
tional magnets, or both, Very little information is currently available on the

costs and problems of super-conducting installations.

FACILITIES REQUIRING UNIQUENESS OF SUPER-CONDUCTING DEVICES
Hyperon and Other Very Short-Lived Beams

As already calculated by Longo, 1 the decay length of 100 BeV/c hyperons
varies from 6.5 to 23.3 feet. Dekkers et al. 2 have found that at about 20-BeV
incident proton energy, almost all K" production proceeds via N* production
followed by K+ v decay. This indicates that A and Z production may each
occur with an abundance of about one quarter the K+ production. Therefore,
fluxes of the order of 105 A's or Z's (per 1% dp/p, 10"6 steradian and 1013
interacting protons) may be produced at the target. Quite obviously, it is im-
perative that if hyperon beams of reasonable intensities are to be useful for ex-
periments, the length of the beam transport must be kept small, perferably less
than 50 feet in length. This indicates that focal lengths must be typically about
10 feet. Conventional iron magnets are completely incapable of providing suf-
ficient magnet-field gradient to focus a 100-BeV/c beam in such a short distance.

A super-conducting magnet pair of about 10 feet total length comes close to

providing the required focussing.
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Long-Spill rf Separated Beams

With available fluxes of K and p greater than 106 per pulse, it becomes
important to seek ways of producing separated and enriched beams for counter
and spark-chamber experiments. Not only is this desirable from the standpoint
of reducing count rates in the counters, but it becomes necessary when elec-
tronic techniques fail. At momenta < 50 BeV/c, differential Cerenkov counters
may be successfully employed to achieve separation. - At momenta > 50 BeV/, the
use of threshold Cerenkov counters is being contemplated. The threshold coun-
ters will not always be able to achieve beams of high purity because they are
typically hundreds of feet long, and decays of the wanted particles may occur after
tagging. For example, a typical beam might have two = threshold counters 300-
ft long, followed by a single 7 + K threshold counter 100 ft long. 3 If a K’ meson
decavyed into p++v in the third counter, the |J.+ meson would simulate a K meson,
would enter the detection apparatus, and thereby would give improper results.

At 100 BeV/c, approximately 5% of the K-meson beam would be © and p mesons.

Because of these factors, methods of achieving physical separations of par-
ticles is desired. Electrostatic separators of reasonable length are inadequate
beyond 20 BeV. The rf cavity technique appears to be most promising at higher
energies. Lach has designed a 100-BeV/c rf separated beam for use with a
hydrogen bubble chamber. 3 The power required to drive the cavities is of the
order of a few megawatts, but the pulse duration is only of the order of few
microseconds. The beam is therefore not useful for counter experiments.

Work is currently underway at SILAC to develop superconducting cavities
with Q's of the order of 108. Such cavities would require only tens of watts to
be driven and could therefore have duty factors approximating one. Further,
higher frequency rf sources could be employed, thereby reducing the inter-
cavity space and also reducing the need for a long transport system. Should
cavities of the sizes needed at these high energies prove to be feasible, they

would provide probably the best overall means of particle separation.

Switching and Separating Magnets

One of the features of large synchrotrons has been the ability to use several
secondary beams from the same traget. This is easily done because production
cross sections remain reasonable out to about 30 . At 200 BeV, about half the
particles are emitted within an angle given by 6 = 0.5/p, where p is the par-
ticle momentum in BeV/c, which for 100 BeV/c corresponds to 5 milliradians.
This places rather severe restrictions upon the relative closeness of beams
which '"look back' at the same target.

If one uses a conventional iron magnet of 20 kG, it would have to be 50 feet
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long to achieve a separation between the 100-BeV/c positive and negative beams
of about 5 feet., It would be difficult to place quadrupoles downstream from the
switching magnet much closer to the incident beam line without running into
problems with the incident proton beam striking the quadrupoles. The angle
subtended by a 4-in. -diameter quadrupole magnet, placed 50 feet from the
production target, is 2 in. /600 in. = 3 milliradians. Clearly, the full produc-
tion angle of 5 milliradians is not being employed in this case and a loss of in-
tensity results.

A super-conducting magnet (or set) 10 feet long with a field of 60 kG would
provide a separation of > 7 feet between positive and negative beams at a dis-
tance of 30 feet from the production target. The ability to fan out rapidly the
secondary beam makes the possibility of using a super-conducting magnet as the

switching magnet an attractive one.

PARTICLE-BEAM PARAMETERS AFFECTING CHOICE OF MAGNET

In the design of a particle beam, the main concerns are with particle sepa-
ration and intensity. They determine the type, quantities, and arrangements of
the magnets in the transport system. Listed below are three general classes of

beams, along with the primary methods of separating particles.

Bubble-Chamber Beams

Almost all of these beams will be rf separated beams necessitating generally

hundreds of meters of drift space between rf cavities. 3 The focal lengths of the
focussing quadrupoles are large, and the momentum band accepted is small be-
cause of the long focal distances involved. Rarely is intensity an important fac-
tor in the design.

Should the circularly polarized cavities become practical, savings in the
intercavity spacing can be achieved. 4 This may allow for substantial reduction
in the total length of the beam-transport system and make super-conducting

magnets more desirable.

Long-Spill Beams Below 50 BeV/c

These beams use differential Cerenkov counters as their main means of
separating particles. This unfortunately limits the maximum intensity because
of instantaneous pulse rates from unwanted particles jamming the electronics.
Intensity is usually a prime factor in the design, and care is usually taken to
keep the beam length short so as to reduce decay of unstable particles in flight.
Electrostatic separation is unfeasible for all but the lowest energy beams.

Current rf separators suffer from the very short duty cycle. If the super-
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conducting cavities become feasible, they will probably become the preferred

mode of separation.

Long-Spill Beams Above 50 BeV/c

Above 50 BeV/c, the angular separation between Cerenkov radiation from

m and from K mesons becomes too small to be useful. Threshold-type Cerenkov
counters several hundred feet long can be used. Inflight decays of wanted par-
ticles limit the ability to separate particles, and high rejection efficiencies are
not easily attainable. Super-conducting rf cavities and methods employing
transition radiation which separate particles according to yz = EZ/l\/I2 appear to
show most promise at this stage. > v

The motivation for describing the beams above is to point out that for both
bubble-chamber beams and counter beams greater than 50 BeV/c, particle
separation already dictates that the beam transport must be hundreds of meters
long. There is no need for small-focal-length lenses or high dispersing magnets.
Below 50 BeV/c, this is not true. The increased decay in flight along with the
ability to use short detecting devices would prompt a short-beam design. The
lower momentum, however, means less field gradient is needed for focussing,
and less magnetic field for dispersing.

The choice between super-conducting or conventional iron magnets for these
beams does not appear to depend strongly upon such parameters as beam length,
optics, and intensity. KEither will fulfill most needs. The decision rests more
directly upon considerations of cost, ease of maintenance, and reliability. Some

of these items are discussed in the following section.

RELATIVE MERITS OF SUPERCONDUCTING AND CONVENTIONAL
IRON MAGNETS

Cost of Building and Operating Magnets

This item is always one of the prime factors considered and is always the
most difficult to estimate. One reason is the rapid improvements in cable
fabrication and increased competition which lead to lower costs of super-
conducting material. Another factor is inexperience in maintaining a large
number of super-conducting magnets operative over long periods of time. Be-
cause any estimates made today will undoubtedly change by large factors within
the next 10 years, no further consideration will be given to the subject current-
ly. One must assume that SC magnets will be somewhat comparable in cost to

the conventional iron magnet; otherwise the problem is academic.

Problem of Maintaining Operation

The conventional iron magnet has a very distinct advantage in ease of
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operation. This is because it is an inherently simple device and because opera-
tional experience has removed many of the bugs. Maintenance to keep the magnet
operative is more demanding, primarily because of the need for operating at 4°K,
There is, for example, the question of how to supply liquid helium to the magnet.
Concerning this problem, it appears that the following techniques might be em-
ployed:

1. Have a central liquefaction plant where liquid helium is placed in large
dewars., Transport the dewars to the magnet to maintain liquid helium in it,
Collect the helium gas in tanks or a line returning tc the liquefaction plant.

2. Have a central liquefaction plant and run semi-permanent transfer lines
to the magnets. Return cold or hot gas back to the main plant through insulated
or non-insulated line.

3. Alongside each magnet place refrigerators which will circulate the
helium liquid through the magnet after the magnet has been cooled down. He-
lium for cool-down would be provided initially from the central liquefaction
plant and dewars.

As can be easily seen, prospects 1 and 3 would require a crew of technicians
checking periodically on the status of the dewars and refrigerators. The last of
prospect 2 could easily become very large, depending upon the cost of very low
heat-loss transfer lines which must convey liquid helium over distances of

hundreds of meters.

Susceptibility to Unexpected Occurrences

With a conventional iron magnet, the main disturbance to a magnet occurs
when the power supply trips out. Nothing serious happens to the magnet and
restoration to normal occurs in a matter of minutes. For the super-conducting
magnet, the problem of being able to handle large amounts of magnet power in
the event of a disaster is a serious one. A suggestion to remove the power-
supply leads so as to reduce the heat loss makes it imperative that a safe shunt
be provided to handle the current, should the magnet go normal for any reason.

Another problem is that of minimizing the beam heating should particles
strike the windings of the magnet and thereby lose large amounts of their ener-
gy. Should even 1010 particles per pulse lose an average energy of 10 BeV
through multiple interactions in the cold part of the magnet, more than 5 watts
of power would be developed. If the entire external proton beam were inad-
vertently diverted into such a magnet, large amounts of liquid helium would be
immediately boiled off. Also, the effects of radiation damage to the coils for

extended periods may affect the super-conducting properties of the magnet.
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Size and Cost of Experimental Areas

For low-momentum beams below 50 BeV/c, and for which separation
techniques still exist, the length of a beam may be dictated by the ability of the
magnets to focus and to disperse. There is no question that an enclosed building,
if economically feasible, is a desirable structure. Crane coverage, ease of
obtaining electrical power, and permanence of the experimental floor area are
all desirable features. If the average length of many transport systems can be
reduced substantially, fewer buildings will be necessary. Or, for the same
funds, more experiments and other functions can be carried out in the same

space.

SUMMARY AND CONCLUSION

Most of what has been considered herein has been of a very speculative
nature. We are still in the infancy of development of large super-conducting
magnets. None has yet been built of the type considered here. We have no
experience to fall back upon and very few ideas as to the problems on the hori-
zon with super-conducting magnets.

From the physics standpoint, they would be attractive to use because of
their ability to do all that the conventional magnet can do and more. As to
compelling reasons for going to super-conducting magnets, there appear to be
rather few; of these, two are hyperon-beam construction and high-field switch-
ing magnets. Usually other factors dictate the magnetic fields required to be
those obtainable with conventional magnets of reasonable size.

Generally speaking, one concludes that the time is premature by about two
years to consider seriously the possibility of making the experimental magnets
super-conducting. A serious evaluation could certainly be made more prof-

itably at that time.
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THE POTENTIAL OF SUPERCONDUCTING MAGNETS FOR USE
IN THE EXPERIMENTAL AREAS: PRELIMINARY REPORT

Robert B. Meuser

INTRODUCTION

It has been estimated that 164 general-purpose dc magnets, bending mag-
nets and quadrupoles, will be needed by the experimenters three or four years
after turn-on, ! The magnets together with their power supplies and cooling
systems will cost $11 million, and the electricity for a 10-year period will
cost $5 million. 2 More than 30% of the peak electrical load of the Laboratory
is used by these magnets.

Recent advances in superconducting (SC) magnet technology have raised the
possibility of replacing all of the dc magnets, except for a few of the smaller
ones, by SC magnets. The SC magnets themselves would be quite expensive,
and they would require costly refrigeration systems. The savings in the costs
of electricity, power supplies, and cooling systems, however, may make the
SC magnets cheaper than conventional magnets in the long run. An additional
benefit is that SC magnets can produce higher fields, * possibly resulting in
shorter beam-path lengths, hence savings in costs of vacuum systems, shield-
ing, and building space. Perhaps the higher fields will permit more experi-
ments to be performed, or better experiments. It is impossible to evaluate
such benefits on an economic basis, but at least they should be viewed as a
valuable bonus.

The experimenters' magnets will not be needed until the accelerator is
completed. Nevertheless, the amount of electric power and cooling capacity
required for the experimental areas must be known rather early in the design
process. Therefore, a decision about whether to rely heavily on SC magnets
must be made early if a costly mismatch is to be avoided.

The ultimate goal of our study is to decide whether to go almost entirely
to SC magnets. We are not yet ready to answer that question.

In this report we will discuss various ways of making SC beam-transport

elements and various problems related to their use.

w0
Conventional magnets can produce dc fields of over 200 000 G. For beam

transport magnets, however, it is not economical to go over 20 000 G. It will

be practical to make SC bending magnets that produce 50 000 G or more.
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STABILITY AND CURRENT DENSITY

If a SC solenoid is wound from plain SC wire it will not carry as much cur-
rent, at a given field, as will a short sample of the same material. This phe-
nomenon is called "current degradation, ' and it is worse in large magnets than
in small ones, and worse in split-pairs than in simple solenoids. As the cur-
rent is increased, the flux penetrates the superconductor in discrete steps,
called '"flux jumps.' Energy is liberated as the flux jumps occur, and local
heating results in a small region's losing its superconducting property—it
""quenches'! or '"goes normal.'" The normal region propagates rapidly through-
out the whole coil.

If an attempt has been made to reduce the current degradation, the magnet
is said to be '"'stabilized.' The terms ''stabilized" or ''fully stabilized'" have
no precise, universally accepted meanings, and most people who use these
‘terms are careful to define them when they use them.

In a sense, a magnet is ''stable' if it can achieve the short-sample charac-
teristics of the material. If the current exceeds the short-sample value, how-
ever, the magnet will quench, and the current must be reduced to a fraction
of its rating for the superconducting property to be regained. The BNL quad-
rupoles (described in the Appendix) have this kind of stability,

Some magnets have a large quantity of copper bonded to the SC, and very
good heat transfer between the conductor and the liquid helium. The normal
conductor can carry the full current without the temperature exceeding the
critical temperature of the SC. If the current exceeds the short-sample
critical current, the current is carried by the copper and a dc voltage appears
across the winding. When the current is reduced to the short-sample value,
the SC property is regained and the voltage drops to zero. The AVCO magnet
(described in the Appeﬁdix) has this kind of stability.

All stabilizing methods entail a reduction in the space factor of the coil,
and therefore, a reduction in the allowable bulk current density. * The degree
of stability that is appropriate for a magnet depends on several factors:

1) The severity of the consequences of accidental quenching,

2) The probability that the current could accidentally exceed the rating,

3) The penalty paid for a low space factor,

4) The existence of factors tending to aggravate the stability problem:

large size, split pairs, conductor permitted to move, and so on.

* By "bulk current density' we mean the total amp turns divided by the gross
cross section occupied by the coil, including superconductor, normal conductor,

interleaving material, fluid passages, and the like.

vy
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In a large bubble-chamber magnet, all of these factors tend toward a low
power density. In a small quadrupole, the coil can quench with nothing more
severe happening than a small burp of helium.

For beam-transport magnets, we should strive for high-current densities.
The size, weight, cost, and mass to be cooled down will all benefit. With the
variety of usage that experimental magnets experience, it is a virtual cer-
tainty that sometime, somewhere, when we least expect it, the current in a
magnet will exceed its rating. It is absolutely essential that excessive current
not endanger personnel, and it would be highly desirable that a moderately ex-
cessive current not damage the magnet. There seems to be no reason, how-
ever, to demand that the magnet not quench when it exceeds the rating; one
should expect to pay some penalty for such a goof. No magnet, however, con-
ventional or SC, can be made completely idiot—proof. An extreme over-
current will wreck either one. For the largest bending magnet on our list,
both Stekly> and Laverick® have told me they thought 10 000 A/cm?® would be
appropriate. For the smaller magnets and especially the quads (less stored

energy for their size), we should be able to go much higher,

MECHANICAL STRESSES

It is quite common to make SC solenoids with no structure to resist the
magnetic forces except the conductor itself. In a solenoid the magnetic pres-
sure is uniform and radial and results in simple tension in the coil, analogous
to a pressure vessel. With bending magnets, and to a lesser extent with quad-
rupoles, the magnetic pressure is concentrated, and large bending moments
are developed. To resist the bending moments, the AVCO transverse-field
magnet (see Appendix) has structural rings 10 inches deep surrounding it. For
fields at least as high as 50 000 G, the structural problem is not insurmount-

able, but it is difficult.

SIZE EFFECT

It is interesting to see how the various magnet parameters vary with the
size of the magnet. This variation depends strongly on what we chose to hold
constant. We might be tempted to hold the current density constant, but, as
we showed earlier, blarge magnets will probably be limited to much lower
current densities than small ones, so to be realistic we should adopt some
relationship between current density and size. We can't say with great cer-
tainty what the relationship is, but we would probably be more nearly correct
if we assume the current density to vary inversely with the characteristic

linear dimension, L, of the cross section rather than to assume that it is
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independent of L. In the table that follows we show how the magnet parameters
vary for both constant current density and current density proportional to 1/L.
Furthermore, we compare magnets having geometrically similar cross sec-
tions -- the thicknesses of the coil and mechanical structure are proportional
to the aperture dimension.

Variation of magnet parameters with magnet size for two cases:
Case A; Constant current density
Case B; Current density proportional to 1/L

Case A Case B?
Current density, NI/LZ Constant 1/L
Total current, NI L2 L
Field strength, B L Constant
Field gradient, B/L Constant 1/L
Stored energy L4 L2
Mechanical stress L2 Constant

a. L is characteristic linear dimension of magnet cross section.

For the constant-current-density case, we see that the field increases as
the size increases, which seems to be in direct violation of Murphy's Second
Law. We also notice that the mechanical stresses increase drastically with
increasing size. For the more realistic 1/L-variation of current density,
however, we see that the field and mechanical stresses are both independent

of size.

NATURAL VERSUS FORCED CONVECTION

The earliest SC coils were merely dunked into a dewar of liquid helium,
and the helium was allowed to permeate the coil.

Heat transfer would be enhanced and therefore stability would be im-
proved if the liquid were forced through the coil. If one scratched his head a
little, he could probably figure a way to force the fluid through passages spe-
cifically designed to provide an optimum solution to the heat-transfer prob-
lem, and this might be hailed as a great improvement over the crude coil-in-
a-pot designs that have evolved. But then we would need a circulating pump
which must be bought, wired, interlocked, and maintained, and if it failed,
or the power to it were shut off, the magnet would quench. Perhaps we will

be seeing the decadent coil-in-a-pot design for a while yet.

MAGNET CONFIGURATIONS

There are an infinite number of ways to produce uniform or quadrupole
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fields. Some have real advantages, such as reducing the total current required
or avoiding saturation effects — others are merely ingenious, or amenable to
mathematical manipulation. The ability of the superconducting coil to attain a
high current density makes attractive many configurations which, in a con-
ventional magnet, would require unreasonably high quantities of electric power.

When considering various configurations, we must bear in mind that the
experimenters will not willingly tolerate a beam-transport magnet which pro-
duces a large stray field.

The ''picture frame' design can produce uniform fields as high as 20 000
gauss. The largest magnet on our list has an aperture 8 by 16 inches and is
160 inches long. A conventional magnet of this design is shown in Fig. 1. The
coil is shown 15 inches wide, about the economic optimum for the expeéted
operating conditions. A SC coil to replace the copper one has to be only 0.8
inch wide for a current density of 10,000 A/cm (Fig. 2), Tension members
passing above and below the useful aperture tie the two sides of the coil to-
gether. If the 300-ton magnetic force on the coil were allowed to bear direct-
ly on the yoke, the heat leak through the supports would be 100 times too high-
the forces must be balanced internally. This is true for all magnet configura-
tions.

The iron-yoke design can be pushed as high as 30 to 40 000 G without
saturating the iron by using the diamond-shaped apertures recently analyzed
by Leeb and Umstatter4‘ (Fig. 3). A current sheet in the form of a circular
cylinder will produce a uniform field inside it if the current follows a cosine
distribution. The uniform field is retained if such a coil is c‘losely surrounded
by iron, but then the field is limited to 20 000 G. However, if one desires a
higher field, an annulus of sufficient width to reduce the field in the iron to
20 000 G can be placed between the coil and the iron. A real coil cannot have
the mathematically infinitesimal thickness of a '"current sheet, ' but a finite
thickness can be built up of thin layers, each of which has a cosine distribution.

One arrangement that has become popular is the intersecting-circle cross
section shown in Fig. 4. Its chief virtue, it seems, is that its magnetic
properties can be mathematically described without the use of calculus. The
current density is uniform within the current-carrying region, but it is by no
means unique in this respect. Surrounding the coil with iron probably destroys
the uniformity of its field, but the boundary of the current-carrying region
could be modified to regain it.

A variety of configurations are also available for producing quadrupole
fields. One can surround almost any shape of aperture with a suitable dis-

tribution of currents, with or without the use of iron.
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Fig. 1. Conventional picture-frame magnet, capable of about 20,000 G.
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Fig. 2. Superconducting picture-frame magnet having the same use-
ful aperture size and field as that shown in Fig, 1, Current density
is 10,000 A/cm?,
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Fig. 3. High-field iron-core magnet design analyzed by Leeb and
Umstatter (Ref. 3). For the design shown, the field in the iron
is 20,000 G when the field in the aperture is 40,000 G.
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MUB14135

Superconducting bending magnet employin; intersecting -

circle coil cross section; 50,000 G, 5000 A/cm*.
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Of particular interest are the configurations recently investigated mathe-
matically by R. A. Beth. >

circular or elliptical cylinder will produce uniform or multipole fields if the

He shows that a current sheet in the form of a

currents have a cosine distribution, with the proper number of cycles. Fur-
thermore, around the first coil and spaced some distance from it, one can
place a second coil that exactly cancels the external field produced by the first
one. This configuration provides magnetic shielding, admittedly at some
extra cost in superconductor, but without the weight and bulk of the iron

shielding necessary for a high-field magnet.

REFRIGERATION SYSTEM AND ITS COST

One can invent many schemes for refrigerating the magnets, for example:

a. single refrigerator for each magnet or small cluster of magnets,

b. central refrigerator, with insulated transfer lines to and from each
magnet, ’

c. central liquefier, with distribution of liquid either by transfer lines or
by transport dewar; boiled-off gas returned by uninsulated piping. Within each
of these classes there can be many variations. The selection of the ""best
system'" is worthy of considerable attention by the best people in the field. We
have arranged for the NBS(3 to make a preliminary study of the problem and to
produce rough cost estimates. I will not attempt to abstract their report ex-
cept to say that three of the 12 systems they investigated have 10-year total
costs (capital plus operating) of $7.0 to $9.5 million for the refrigeration of

the 164 magnets.

SUPERCONDUCTING VERSUS CONVENTIONAL MAGNETS: WHICH ARE
LEAST EXPENSIVE IN THE LONG RUN?

That is the question we are trying to answer, but we aren't ready to yet.
A list of superconducting beam transport elements, past, present, and

future, is presented in the Appenix.
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APPENDIX: LIST OF SC BEAM TRANSPORT ELEMENTS

Brookhaven

W. B. Sampson and R, Britton have built several interesting quadrupoles.
The first was a Panofsky square-aperture type. The second, a 3-in. bore
cosine-current-distribution magnet, produced 8.5 kG/cm, equivalent to an iron
quad with a 32.4-kG pole-tip field. In the shop is a 4-in. bore by 60-cm long
quad having a gradient greater than 8.5 kG per cm and intended for use on a
beam line.
Argonne

Joseph Peerson at ANL is in the early stages of planning a SC quad.
AVCO
Z, J. J. Stekly et al., 7 AVCO-Everett Research Laboratories, have built

a large magnet of the overlapping-circle cross-section type which, except for
the fact that its axis is vertical, would make a passable bending magnet. Its

specifications are:;

Field strength 40 kG
Useful aperture diameter 12 in.
Outside diam of magnet and

structure, not including dewar 33 in.
Effective length about 6 ft
Current 800 A
Conductor 9 wires imbedded in copper strip
Liquid helium for cooldown 1500 liters

= $5000

Current density based on >
gross coil volume 3000 A/cm

Rutherford
M. N. Wilson and Bryan F, Colyer, 8 Science Research Council, Ruther-
ford Laboratory, England, are in the detail-design stage of a bending magnet

of the overlapping-circle cross-section type. Pertinent data (very similar to

Fig. 4) are:
Field strength 50 kG
Useful aperture diameter 12 cm
Effective length 150 cm
Current 1000 A
Conductor Cable

Current density based on 2
coil envelope dimensions 5000 A/cm
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Conductor cost ’ $ 60 000
Total cost $400 000
Completion date Mid 1967

CERN
A. Asner, CERN, is reported by Wilson to be building or planning to

build a SC quadrupole.

Siemens (Germany)

Sampson says Siemens is making an iron-core bending magnet.
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DUTY FACTOR FOR THE dc EXPERIMENTAL MAGNETS
Robert B. Meuser

As an aid to cost estimating and design optimization of the dc experimenters’
magnets, one would like to know what their duty factor will be. An early esti-
mate of the total initial-plus-operating cost of these magnets came to 20 million
dollars, so it is not a trivial matter. Then, too, we are currently studying
the possibility of making those magnets superconducting, and the relative costs
will be the major factor in deciding the superconducting vs conventional mag-
net question.

I made an estimate of the duty factor with the help of Denis Keefe early
in the summer. The method involved estimating a number of individual factors

which enter in the final ''duty factor."

Later, when the Summer Study group
arrived, I showed it to some of them and urged them to change the numbers as
they saw fit. The psychology of this approach was probably all wrong--I should
have given them an outline and asked them to fill in the blanks--but I think the
end result would not have been much different.

Another approach would have been to rely more heavily on data concerning
the experience at other accelerators. Such data are not easily obtained and
one would still have to use judgment in applying the data to the 200-BeV machine.
We have since obtained some data from the Bevatron and the AGS--no serious
disagreements are apparent.

Although the details varied from person to person, the end results were
in substantial agreement. The average overall duty factor was 0.197 against
my original estimate of 0.235.

Subsequent to the Study Group's departure, some of the people at LRL had
expressed the feeling that a factor of 0.9 for fi [(number of magnets installed)
divided by (number owned)] was too high, and that a figure of 0.8 would be
more appropriate.

In the numerical work which follows, my original guesses are shown,

together with the average of all the estimates (which are shown in [ ]'s).



-286-

Time accelerator is on _ ..
Total time t
Total shifts in one year = 3X365.24 = 1096
Shutdowns; 6 wk/yrX21 shifts/wk = - 126
Maintenance; 2 shifts/wkX (52 - 6) = - 92
Accelerator development;
1 shift/wkX (52 - 6) = - 46
832

£, = 832+1096 = 0.76 [0.70]

No. of magnets installed
No. of magnets owned

= £,=0.9 [0.9]

No. of magnets under power _ No. of active beam lines
No. of magnets installed Total no. of beam lines

=f, = 0.7 [0.63]

Average power - £
Maximum power used during experiment p1

Let current, i, vary linearly with time,
or in sawtooth fashion, between maximum
and minimum values I and KI in the time
interval T.

i=[K+(1-K)t/T]1
T

. [y i®Rat 5
fp1= F/pmax: + = _?R—_ = (1+K+K")/3
For K=0.5; £p1= 7/12=0.58 [0.58]
Max. power used during experiment _ £ .
Max. power rating of magnet T tp2’

.
£ = iMax. current...

pZ | Current

2 2
} = (0.9)%= 0.81 [0.78].

When the accelerator is turned off, some of the beam-line magnets re-
main on for tune-up, because it is too much trouble shutting down and starting
up. For this condition, there will be corresponding f values as previously
defined:

£ =0.9 [o0.9]
£ =0.2 [0.4]
ff  =0.6 [0.6]

p1
fpz = 0.8 [0.75]
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The time fraction associated with this mode of operation is taken as 50% of

the accelerator off-time:

£, = (1-0.76)X0.5 = 0.12 [0.06].

Finally, then, the duty factor is

duty factor = (Energy used in given time)~ (Energy that would be

used at rated power)

Pogtopetoot ol
ftfi fe fp 1fp2+ ftfi fe fpifpz

T6X.90X ., 70X ,58X.81 +.,12X.90X.20X.60X.80

0.225 + 0,010
0.235 [0.197]
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E. THEORY
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ELASTIC SHRINKAGE AND POMERANCHUK DOMINANCE

W. Rarita

The shrinking of diffraction peaks has had a curious history. The hypothesis
that cross sections are dominated at high energies by the exchange of Regge poles
in a cross channel leads to a simple expression for the =N elastic differential

cross section:
a.-1

990 L) me(rFrntalmhal ¢ elely () (2
dt Gi,j i 2 eV 'NTN NTN'" s 50 !
and similar expressions for other cross sections. The sums are carried over
all contributing poles, ;i is the ''signature factor,' the n's and ¢'s are anal-
ogous to coupling constants, and the ai' s are the Regge trajectories of the ex-
changed particles. Each of these parameters is only a function of t, the momen-
tum transfer, so that the dependence of do/dt on s (the energy squared in the
c.m. system) is explicit. If one expands a(t)=a(0) + t a'(0), and then assumes
that the energy is so high that only the pole with the largest a is important, he
immediately finds that for increasing s, the cross section becomes more and
more narrowly limited toward the forward direction. The first indication of this
Regge-pole behavior was found in the shrinking of pp elastic scattering (line 4,
Table I), but later it was found that the wp scattering had no shrinking (lines 1 and
2, Table I) and that pp showed antishrinking! The usual explanation was that in
the above cases in which we have several Regge poles contributing, we have no
definite shrinking or antishrinking over a limited energy range. Since each pole
has several adjustable parameters, it is possible to fit the energy dependence of
the elastic scattering. 1

We now give a simple model to account for the effective Pomeranchuk slope,
a' P’ also called the "effective one-pole slope' for the several reactions listed
in Table I. This parameter is the value needed for a' p to fit do/dt in various
reactions if a one-pole approximation is used in an attempt to fit the data. In
the various reactions, this pole has the quantum numbers of the vacuum, is
assumed to have o.P(O) = 41, and is designated as the "Pomeranchuk pole. "

We assume that the Pomeranchuk (P) trajectory dominates the other Regge
poles in the reaction. Alternatively, we may say that the partial contribution,
0p due to the Pomeranchuk, P, is large compared with the contributions, 0 pr
and Oy due to the next known vacuum trajectory (like P) and the vector meson
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Table I. Values of @' P deduced from various experiments.2

Reaction a' P (BeV/c)
L Tp>TPp -0.062 + 0.068
2 ' p - ntp 0.103 + 0.074
_E PP > PP -0.914 + 0.376
4 PP ~ PP 0.685 = 0,051
5 Kp—=Kp -0.398 * 0.322
III . s
K'p - K'p 0.50 + 0.16

a. Data from S. J. Lindenbaum, Oxford International

Conference, Sept. 1965, p. 113,

+
of largest a(0). The latter includes the p for w p and the « for pp and pp. It
then turns out that a' P is mainly given by the interference term between P and
V. Treating the V contribution as small, one can deduce that the correction to

the a' in the effective a' ) from the V is given by

Aya'p=*[ag(0) - a (0)](oy/0p) Ep-ay) =apy - (1)
Here 51 is the total width of the ith pole and includes an energy-independent
part a; and an energy-dependent term a', In E. In Eq. (1) the sign of Aa' P
changes as charge conjugation is applied to the incoming particles. We observe
that Eq. (1) has only one parameter, (Ep - gv), which is not fixed by total cross-
section information, and determines two experimental numbers. For example,
(EP— SV) can be determined in 'n-:hp scattering (I or lines 1 and 2 of the table), so

that Eq. (1) gives A =+ 0.08. The remainder 0.02 will be discussed in

v a 'P
Eq. (2) below. The entries II and III give similar results.

The part of a' , which does not depend on V is given by P alone and the

P
interference of P and P!

Ap @' = (ap-ap ) (05, /0p) (@5-35 )= app, (2)

~ ! — ~ ! ~!
a aP+AP,aP+AvaP

As noted above, Tl‘:bp gives a' p - 0.02. We see that the data for II (or pp and pp)
are consistent with a' P- 0.0 in Eq. (2) and an effective slope determined en-
tirely by the P-V interference. We may note that as s - », only a' P remains.
The initial expectation concerning the slopes of Table I based on one-pole
theory was that they would all be the same -- roughly about 1. If the interfer-

ence terms in Egs. (1) and (2) were small, this expectation would have been
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correct. Otherwise stated, a' _ should be much larger than a and a

P PP PV This

. . ~ 144 ]
is not the case. In fact, we find that ap + aPP' 0. In addition, a ) can be

given a range of values from 0 to 0.4, and the parameter (SP - EP' ) can be
adjusted to make up the difference.
The described qualitative features have been tested in detailed calculations

performed by Phillips and Rarita. 2
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SOME w-N AND N-N REGGE-POLE PREDICTIONS AT HIGH ENERGIES

W. Rarita

The Regge-pole hypothesis has had some success in correlating the known
high-energy data (6 to 25 BeV/c). 1,2,3

ments, and in this report we provide predictions for other interesting quantities

We have compiled the known measure-

to be measured at present accessible energies as well as at planned energies
for future accelerators. In this way the fruitful exchange between theory and
experiment will be continued.

The present 7N situation is summarized in a recent paper by Chiu, Phillips,
and Rarita, 4 There, total cross sections, O differential cross sections for
elastic (w:hp - -n'ip) and charge-exchange (v p — 7°n) scattering, do/dt, the
ratio of the real to imaginary part of the forward elastic amplitude, Re/Im, and
the n p elastic polarization were used in the determination of the Regge param-
eters for the system. These data are from 6 BeV/c upward and refer to
momentum-transfer squared |[t| <1 (BeV/c) .

For the NN system, we have the following data: do/dt and Or for both pp
and pp scattering, the Berkeley polarization data from 5 to 7 BeV/c, and the
ratio Re/Im for pp scattering.

All these data have been analyzed simultaneously. This procedure is a
most exacting test of the factorization of Regge poles. First, there is the in-
ternal factorization in NN itself, and second, the factorization between the com-
bined 7N and NN. A detailed report describing this procedure is forthcoming. >

In the accompanying figures (1-20), determinations and predictions for in-
coming momenta at 10, 25, 70, and 200 BeV/c are given. The first momentum,
10 BeV/c, is in the middle and the second momentum, 25 BeV/c, at about the
highest part of the range of present accelerators. The third value, 70 BeV/c,
is the designed Russian momentum and the last, 200 BeV/c, is the designed
American momentum. We also show some typical curves which indicate the
agreement of our calculations with present experimental data. Besides the
quantities already measuyred, we include predictions for CNN’ Arecoil’ and

Rrecoil 3
ured only for pp scattering are extended to pp scattering.

for pp and pp scattering. 6 Also the quantities which have been meas-

The best parameters for the 407 data points used in this analysis lead to a

xz of 443. Among the parameters thus determined, the trajectories have
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generally been of greatest interest. For these we find aP(O) = 1.0, a' P(O) = 0.2,
ap (0) = 0.7, and aw(O) = 0.2,
Finally, we note that we are engaged in a similar study to include the KN

system as well.
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70, and 200 BeV/c, Also shown is the 10-BeV/c prediction

for Solution 2.
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SPECULATIONS CONCERNING LARGE-ANGLE MESON-NUCLEON
SCATTERING AT HIGH ENERGIES*

G. Domokos and R. Karplus

INTRODUCTION

Some time ago Wu and Yang1 made an interesting conjecture that related
the asymptotic behavior of electromagnetic form factors at large-momentum
transfers to the behavior of the proton-proton scattering amplitude at large
energies and momentum transfers. Roughly speaking, Wu and Yang assumed

that as s and t tend to infinity, the pp scattering amplitude becomes
A(s,t)~sY [ (0]? (1)
b Ep ’

where vy is some fixed power, and GEp is the electric form factor of the
proton.

As a further consequence of their essentially statistical reasoning, Wu
and Yang conjectured that the dependence of G on t must be essentially gov-
erned by a Boltzmann factor, so that G(t) ~exp(-B~Nt). It is by now well known
that such a form of the amplitude fits the experimental data fairly well. Other

2,

theories emphasized either the statistical aspect of the problem, or tried

to motivate the exponential behavior of the amplitude, starting from different
assumptions. 4

The purpose of the present note is to emphasize and investigate the per-
haps most startling features of Eq. (1), namely, thatas s, t, and u go to
infinity, (a) a scattering amplitude factorizes into a (simple) function of the
energy, and (b) the factor depending on the momentum transfer is related to
a form factor. For the sake of simplicity, first we consider the scattering of
spinless particles and further indicate how the result can be generalized to
pion-nucleon scattering. We find that both (a) and (b) are satisfied under some
rather specific conditions. '

The plan of the paper is the following. In the next section we make it
plausible that the factorization property as described above is obtained if the
Regge poles of both the t- and u-channels retreat to (at least) £ = -1, Finite
contributions come from those poles which go to £=-1. In the next section we

describe the application of our conjecture to pion-nucleon scattering at large
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momentum transfers. We guess the form of the equal-time commutator of the
pion source and derive a relation for charge-exchange scattering; the elastic
differential cross section can be expressed directly in terms of the isoscalar
magnetic form factor of the nucleon. We then devise a simple method of com-
paring measured differential cross sections with asymptotic formulas of the
type derived in this paper, and find that experimental data at least do not con-
tradict our predictions (following section). Finally, in the last section we
summarize the basic ideas and try to understand them on the basis of a simple

intuitive picture.

SINGULARITY OF THE COMMUTATOR OF THE SOURCES AND
ASYMPTOTIC BEHAVIOR OF THE SCATTERING AMPLITUDE

Assume that a particle of mass p and isospin index o is scattered on
particle B of mass M, and there emerges the same kind of particle (p')
with isospin index B and particle B' of mass M. The invariant scattering
amplitude can be written as the Fourier transform of a retarded commutator

of the sources5

Aaﬁ(v’ t) = -2i(21r)3(B'BZ+ M2)1/2(2B2+ Mz)i/2 [ az ein

X 9(Z°)<Bl[ja(z/2),jﬁ(-z/z)] IB'). (2)

Here v equals (4M)'1(s-u), and Q equals 1/2(q+q'), where q,q' are the four-
momenta of the particle of mass p in the initial and {final states, respectively.

In the Breit frame (BF), we have with Pp = -B'B = p:

Q°=v; Qp=0; IQl = (V2+t/4+p2)1/2; 22= -t/4.

Consider now the function

00 . 0
Foplvz) = [, a2°0 ) (BIj, (2/2), jg(-2/2)]IB") ™ 3)

with Im v>0.

If the equal-time commutator (ETC)

(B[ (0,2 /2), igl0, -z/2)11B")

is finite, then® for Iv|—w the leading term of F reads as follows : '
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F(v,2)~ o (BIl54(0,2/2), (0, -2/2]IB") (4)

Covariance and locality of the theory require that the right side of Eq. (4) be
proportional to a polynomial in §(z), 8k6(z_), ... etc. Assuming that the

strongest singularity is 6(5_), we see that Eq. (4) becomes
F(v,2) ~ = G_,(t)6(z)
’_ iv Q.ﬁ il t]
and inserting (4) into (2)

v, 1) ~-Zm P -1/40G 400 (5)

Aa[S B

where Gu.[S is in general a function of the momentum transfer and antisym-
metric in a, 8. Equation (5) already shows essentially the desired factorization
property of the amplitude. Depending on the form of ja and jp, Gaﬁ is pro-
portional to some kind of a form factor of the particle B.

As a generalization of the previous considerations, it is instructive to
consider the following example. The matrix element of the commutator can
depend on the invariants: t, zz, Q.z, prz, and K.z, where P= 1/2(pB+pB.),
and x=qg-q'. Inthe BF, of course, E= 0. Let us now assume that as z° -0,
the commutator has a power~type singularity, but otherwise is proportional to
5(z):

(BIf_(2/2)ig(-2/2))I By~ (°) Y"1 G__(0)6(2). (6)
a\?/%Ng ap

(The power y may depend on t.) Inserting (6) into Eqs. (3) and (2), and
remembering the integral representation of the I'-function, one finds that

A gV, 1) ~VYT(y)G o (6) exp(-i v) (M2 <t/4).

g
If y depends on t, this is a Regge-type behavior as v+, (Actually, this
example is not as artificial as it might look at first sight: Computing the com-
mutator in the ladder approximation, one obtains a behavior precisely of this
type for small relative times.) One obtains a finite ETC for y= -1 only, as

could have been expected. We are thus led to conjecture that if a scattering

amplitude has a Regge-type behavior and the Regge poles retreattof = -1 at

high-momentum transfers, then asymptotically the scattering amplitude obeys

Eq. (5), where qaﬁ is computed from an ETC of the sources.
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Evidently, such a behavior as described by Eq. (5) can be obtained if the
Regge poles of both the t- and u-channel retreat to the negative half of the £ -
plane so that the leading term in the amplitude is O(v'i).

Presumably this condition is met if one considers scattering at a fixed
angle in the c. m, system (around 90°), so that both t and u go to infinity
together with s.

We remark in passing that the amplitude necessarily behaves as v-i for
large energies and momentum transfers if there is an essential singularity in
the angular momentum plane at £ = -4, as conjectured by Gribov and Pomeran-
chuk some time ago. 8 At present, it is not clear whether this is just a coinci-
dence of if both phenomena are connected. Such a connection seems, however,
quite plausible; in fact, as the previous example shows, the coefficient of vl
(i.e., the ETC) gets a finite contribution from Regge poles which go to £ =-1
only. On the other hand, it is unlikely that the exchange of a few Regge poles
would describe large-momentum-transfer scattering; one expects rather that
an infinite number of poles (plus the residual integral) contribute. This is,

however, just the situation described in Ref. 8.

PION-NUCLEON SCATTERING

In order to be able to compare our conjecture with experiments, we have
to treat some realistic scattering process. Due to its relative simplicity, we
choose pion-nucleon scattering. The reasoning outlined in the preceding sec-
tion can be repeated step-by-step in this case as well, so the complication is
essentially kinematical only. We follow the notation of Chew et al. 9

Write the invariance amplitude as

F= gZE(p')(-A +iyQB)u(p). (7)
We can accordingly decompose the matrix element of the retarded commutator:
R (=)= (p'Ilig(z/2),,(-2/2)]Ip) 6(2°)
= E/I_ E(p')[-l(zz, Zep,zZeK,t)+ iyz~B(z2, z+p, 2+K,t)]u(p)f(z?) (8)
with x=q'-q, i.e., t=Kz; here ja’j[3 are the sources of the incoming and

outgoing pion field, respectively, and g~ is the pion-nucleon coupling constant.

In the BF we find after a short calculation that




-320-

[ dz ein R(z) = XI -fdz eiQZG(zo)z
(9)
t g v+ TreXe)-Ql g faz e %0(2)B px

and

”}=x; {-‘E/I—:A(v,t)+[-v-I\i/I-(RXg)-g]B(v,t)}Xi , (10)

where X; g are the (two-component) nucleon spinors in the initial and final
states, respectively,

On comparing (10) with (9), we obtain
iQz

A(v,t) 0(z%)A

—l\é-fdze

M

B(v,t) = -i g o [dz &'®

6(z°)B
Using this last equation, we finally arrive at the desired relation expressing the

matrix element of the retarded commutator through the invariant amplitudes in
the BF:

[ az % Rz) = X { B AW, 0-[v 4 (pX0)-QIB(V, 1) px;.  (11)

[We omitted isospin indices in Eq. (11).] Here E is the energy of the nucleon
in the BF, i.e., E-= (Mz—t/4)1/2. Remembering the dispersion relations

satisfied by the even and odd amplitudes, 9 we see that

2B,y - %_/’p+t/4M av'afdw,y (v St o

(%) _ 1 1 1 1 [ 1o () 1 1
B (V;t)-—rM T}—BT;-FV]?F; +;r- ].L+t/4:MdVBV 'v"_.Tf*'v"Tv",’

with
Vg =z WO 4F)

We see that--assuming sufficiently rapid convergenceio--as v —>x, we have

AP, = ov?)
A,y = oY
B, 1) = ov?)
B, 1) = opv7?).
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%A(')+ vB{™) are the possible candidates to be related to an ETC.

Thus B(+) and
We now have to compute the ETC of the sources. Assuming a form

j(1 = é—%{ 5'r°'¢ for the source of pions, one can try to take perturbation theory

as a guide to guess the ETC of the pion sources. Various models (quarks

coupled to an isosinglet scalar meson, pseudo-scalar meson theory up to fourth

order) suggest that we assume the following form of the one-nucleon matrix

element of the ETC in the BF:

(-P_S,A" [ja(o’ _z_/Z), Jp(O-E_/Z)]l_ESA) = 6(5-)60.[3\1< -Bs'A' |Vg(0) |P_SA>

(12)
+iga 8, 8(2)8 g(-ps'A" IV, (0)IpsA) .

In Eq. (12), Vg»is the time-like component of the vector-isovector current; Vk
are the space-like components of the vector-isoscalar current; and p, s, A
stand for the momentum, spin, and isospin indices of the nucleon. The factor
Z is model dependent; therefore, it is hard to predict its exact value, One
expects, however, that Z~= 1, The first term on the right side of Eq. (12) is
what one obtains from the canonical commutation relations; the second term is

an "induced'" one. We have in the BF

<p”S”A”|Vg(O) IP‘S'A1> = XTSHAII %TYX s'A' GE1(t) (13)
<p”s”A” 'X(O)‘p's'A'>= -1 I\%XZHAH (ng)XS‘N G&(t)’ (14)
1,0

where the X's are the spin-isospin wave functions of the nucleon, and GE M
»

are the isovector, isoscalar, electric, and magnetic Sachs form factors of the

nucleon, respectively. Using now Eqs. (11) to (14) and taking into account (5),

we find the following asymptotic relations:

1
~iG(t)
Ni-t/am? A, 94+ v, ~ £ (15)
G2 (t)
8w, 1 ”—i% M
APy ~ow 3y | (16)

On writing the scattering amplitude in the ¢, m. system as
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(¢q)(@9)
TR TgTTEr 2

we find the following relation between the charge-exchange amplitudes:

-iGg (1) v 2.1/24,(-)
= ~ TR [v +(W+M)(1-t/4M%) ]fi'
+ ey -(W-M)(i-t/4M2)1/2]fg') ) (17)

Here € is the energy of the nucleon in the c.m.: €exM= (ZW)-i[(W+M)Z-p.2] ,
and W = Ns. Unfortunately Eq. (17) can be tested only if both f1 and fz are
known separately, e.g., one measures both the differential cross section and
polarization of the charge-exchange scattering.

Equation (16), however, completely determines the differential cross sec-

tion of the elastic scattering, Neglecting the mass of the pion, we find

0 2
a0t 3 (Z}Z (gz )2 [Gppt®)] - Mt 2 M2+t . (s
T " zlT & oo T3

Asymptotically there is no polarization as f1 is proportional to f2 with a
real coefficient. Our next task is now to compare (18) with the available ex-

perimental results.

EVALUATION OF EXPERIMENTAL DATA

Pion-nucleon scattering has a relatively complicated structure due to the
many excited states of the nucleon. It is not our purpose to give a detailed
anaiysi’s of the experimental data (in particular, we shall nowhere compute
errors) but rather to propose a simple method of testing Eq. (18) and to illus-

trate the procedure on some data available in the literature. We use the fol-

lowing fit to the form fa,ctor11
0 1 N -t
GM(t) =5 (Hp"' b, )exp(- Nt (19)

which is sufficiently accurate for our purpose; further, we shall put M=1,

At s =25 (plab= 12 BeV/c), the variation of the rational factor in (18) is negli-
gible up to -t= 7, Therefore, on inserting s =25 into Eq. (18), we can write

in approximate form the equation

_G‘.[“% ~ % v, 1073 exp(-3.337F)
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where 212

ooz%[%?

up+ [
-2 =

2 1, 2
z .
Inserting’ g2/41'r =~ 43.5, and the magnetic moments of the nucleons, we find

2
_395 ~105 (%) exp(-3.33N=t)(ub/sT)

Adopting this formula, we see that f(t)= In do /4 + 3.33N -t = const. We
take the observed values of do/dQ at Plab = 12 BeV/c and plot £(t); extrapola-
ting f(t) to t - -« we hope to find the value of Z. As a further test, we can take

the difference quotients Af/At and see if they tend to zero. Using the data of
Orear et al., 12 we arrive at the numbers summarized in Table I. We see that
the data are not incompatible with the expression (18) of the differential cross
section. In particular, Af/At (except the first point, which is at too small mo-

mentum transfer anyway) seems to decrease monotonously. In order to

Table I. w p—7n p at Pp = 12 BeV/c.

t{BeVv /] 1.20 1.50 2.0 2.40 3.50
’ ]
do pb a
T | exp LIJ 21.1 12.1 1.35 0.21 <0.06
£(t) 6.69 6.56 5.01 4.60 <3.41
Af
Xt 0.39 3.10 1.03 <1.09

a. Observed cross section, from Ref. 12, Table 1.

determine the constant Z, we make a crude analytical fit to the function 1(t):
f(t) = a - ?— s

which gives a=1.85. Hence, comparing the last expression with the theoreti-
cal value f(®)=a=1n 105(2/4)2, we find Z=0.96. We consider this a reason-
able agreement, in view of the several experimental and theoretical uncer-
tainties. (Evidently, the exact value of Z should not be taken too seriously.
What we mean by saying that there is a ''reasonable agreement' between Eq. (18)
and the observed cross section, is that Z turns out to be of the order of unity

and not, say, 1/100.) A real test would be, of course, to carry out the pro-
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cedure described in this section on experimental data at higher energies and
momentum transfers, and see if they are consistent with each other and with
Eq. (18).

DISCUSSION

To summarize, we emphasize the following points of our previous con-
siderations.

If at high energies and momentum transfers, a scattering amplitude be-
haves as v-1, then plausibly the coefficient of 1/v is an ETC of the sources.
Put in another way, the mechanism sketched here may provide a way of measur-
ing equal-time commutators of source densities. Adopting a Regge-pole pic-
ture for the amplitude at finite momentum transfers, one can say that the
situation described in this paper occurs if none of the Regge poles stays above
£ =-1as -t—>9 and at least some of them tend to (-1), in order to get a finite
contribution. (Evidently, the ghosts at{ = -1 must be killed somehow.) From
the experimental point of view, it would be desirable to test the relation (15)
[or, equivalently, (17)] for the charge-exchange amplitudes; in a sense, this
is the relation which is the ''safe'' one, viz no model-dependent assumption is
needed to its derivation. Nonetheless, we feel somewhat encouraged by the
result of the analysis performed in the last section; in our opinion it is unlikely
that coupling constants, magnetic moments (i.e., low-energy parameters), and
kinematic factors would reproduce an asymptotic cross section '""just by acci-
dent. "

To draw a (necessarily loose) intuitive picture, we can imagine that if both
the energy and momentum transfer are large, the meson is re-emitted immedi-
ately after being absorbed. By covariance then, the re-emission must take
place at the same point where the meson had been absorbed. Thus a meson
pair asymptotically probes the local structure of the nucleon, just as a photon
does in ep scattering. This intuitive picture is useful in further understanding
the conditions of applicability of the present considerations. The mechanism
described in this paper can dominate the scattering amplitude if the excitation
spectrum in the s-channel is a ''mild" one, so that at infinite energy there is
no appreciable contribution from ''compound'' reactions. Our theory thus de-
scribes asituation just opposite to the one in which the application of a statistical
model is justified.

Roughly speaking, a statistical model assumes that the spectrum in the
s=-channel is infinitely complicated, i.e., ''compound nucleon' formation per-
sists up to the highest energies. Whereas, according to our basic assumption,
ours is (if not the best), in a sense, the simplest of all possible worlds. It

remains to be seen whether this is indeed the case.
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SYMMETRIES AT HIGH ENERGIES
Gino C. Segr}e

We shall discuss only strong-interaction processes, considering the rele-
vance to them of certain recent theoretical investigations. To begin with, let
us comment that there is no compelling reason for the breaking of SU(3) to
decrease with energy, e.g., assuming that the total cross sections of pion-
nucleon and kaon-nucleon interactions both tend to a constant; there is no
reason why this has to be the same constant. The Pomeranchuk theorem pre-

dicts that asymptotically
+ -
0(K'p) =0 (K p) (1)

o(r'p)=0o(=Tp) ,

and SU(3) symmetry would suggest that asymptotically all four cross sections

are equal. This does not seem to be the case, as differences of the order of

10 to 20%, presumably due to SU(3) breaking, appear to persist at high energies.
Several models have been proposed for explaining some of the features of

high-energy scattering. We shall discuss only two of them.

QUARK MODEL

This assumes the existence of a fundamental SU(3) triplet of particles
with baryon number equal to 1/3, and fractional charges 2/3, -1/3, and -1/3
(Refs. 1 and 2). Let us label this triplet as qp, qN, and dp» where the first
two form an isotopic-spin doublet and the last is a strange-isospin singlet.
Baryons are assumed to be composed of three quarks, and mesons of a quark-
antiquark pair.

If we now assume that in some sense the quarks (which must have a mass
of several BeV in order to have escaped detection) act as light particles when
bound together to form a hadron, hadron-hadron scattering may be treated in
the impulse approximation as having a scattering matrix equal to the sum of
the quark-quark transition amplitudes. If we further assume that quark-quark
and quark—antiquark amplitudes are equal, we arrive at the first and most

striking prediction of the model, namely
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2Rl - 372, 2)
o(m p)
This follows immediately from the fact that the incident proton has three quarks,
whereas the incident meson has only one quark and one antiquark. Experi-
mentally this relation is well verified.

Let us see what other predictions can be made regarding meson-nucleon
scattering; we do not wish to use SU(3) symmetry, however, as it would force
O (mp) = 0(Kp). Let us instead make the following ad hoc assumptions about
quark-quark and quark—antiquark scattering within the ''quasi-free light quark"

~model. Asymptotically
i, Deviations from the SU(3) limit are due to the strange quark
ii. Deviations from the Pomeranchuk theorem limit occur only in the
isospin-zero channel.
We may then describe the amplitudes by three parameters, which we call P,

S, and A, Labeling the qi-qj transition amplitude by (q.q.), we have

15
(@ a,) = (az9,) = (a,a,) = (qq) = P (3a)
(@yqy) = (99, = () = (g59,) = P-S (3b)
(aza,) = {aza,) = P+A, (3¢)

With these assumptions, we obtain the following additional predictions:

0 (K p)+20 (n'p) = 0 (KTp)+ 20 (v "p) (42)
0 (K p) +20 (K'n) = 0 (K p) +20 (K n) (4b)
o (K*p) = ¢ (K'n), (4c)

all of which are in excellent agreement with experiment.
The results are encouraging, but the justification for the model is, at best,
a very weak one., Several attempts to obtain these results without postulating

underlying quarks have been made; we shall briefly discuss one of them.

"QUARK CURRENT" REGGE-POLE-RESIDUE MODEL

This model3 assumes that high-energy scattering is dominated by two nonets
of even intrinsic parity Regge trajectories. The nonets of 2t and 1~ particles
lie on these trajectories; the model further assumes the Pomeranchon, or
vacuum trajectory, to also lie on the same trajectory as the unitary singlet 2t

meson.,

S
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The residues of the Regge pole C, lying on the 2t trajectory between two
states A and B, which we denote by

A

B
Yo (B,

are then assumed to obey a pattern specified by the commutation relations of

scalar and vector integrated quark currents

s'= [qr'qax (5a)
vi= [ gyNqdx (5b)
where the \' are three-by~three unitary-spin matrices, and the quarks are
three-component spinners in this space. The commutation relations can be
computed as
tk yk (6ba)

tjk Sk . {6b)

(s, sd] = if

[st, V] = ¢

Specifically we require yéB to be given by the matrix elements of Si between
states A and B at rest. The latter are determined by consistency requiring
(6a) and (6b) to hold when examined between states,

This scheme has as consequences many of the good results of the first quark
model, including Eq. (2); it also makes some predictions that disagree with
experiment if we force the Pomeranchon trajectory to have an intercept of 1 at
t=0, i.e., ao(O) =1, To circumvent this difficulty, it has been suggested that
the data could be fitted if 0.0(0)z 0.925.

Recapitulating, the usual Regge-pole scheme has two nonets of even-parity
trajectories and one unitary singlet, the Pomeranchon, with ag(0)=1. This
scheme drops the singlet from the trajectory, whose recurrence is the 2t mesons,
replaces it by the Pomeranchon, or vacuum trajectory, and says that

0.0(0): 0.925. As, asymptotically, total cross sections behave like

o ~ sa(O)-i’

this model predicts decreasing total cross sections.
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WEAK INTERACTIONS AT HIGH ENERGIES:
NEUTRINO EXPERIMENTS

Gino C. Segre

Weak interactions may be studied over a wide range of energies with the
use of neutrino beams and, despite the experimental difficulties involved, will
probably produce interesting new results. 1 Let us begin by discussing purely

leptonic processes, e.g.,

v“+e' - v tp. (1)
At low energies this is described very well by an effective current-current

Lagrangian
+
L= -(G/\/?,JI{H) J/(f) + (Herm. conj.) (2)

where JA is the usual V-A current. If we call k and k' the initial and final
three momenta in the center-of-momentum frame, and cos 8 the angle between
them, we find the differential cross section for (1) is given by
1
Koy 2

do =[G?/n) — K

i d[cos 6) (3)

where

I,
@, = N/k'2+mi, wg = Jk2+m2 .
The scattering occurs through a J =0 state only, and therefore is bounded by

the uniéarity limit of -rr/Zkz. For k=300 BeV, this limit is exceeded by Eq. (3),
so we may expect deviations from (3) much below 300 BeV; these could be due
to an intermediate vector boson, to higher order weak interactions, or to some
new mechanism.

For semi-leptonic processes, high-energy neutrino experiments will con-
tinue to give tests for the AS/AQ = 1 rule, for the absence of neutral currents,
and for the suppression of strangeness changing currents due to the Cabibbo
angle. In addition, a test of time-reversal invariance can be obtained by

looking at the transverse polarization of the final state baryon.
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There are also very interesting predictions made by the algebra of cur-
rent components regarding high-energy-neutrino processes. For example,

in the limit of infinite neutrino energy we expect

do .  (V+p) do, . (v+p) 2
limit tOtZ - tOtz - & (cosz9c +2 sinzec) (4a)
E, - dk dk oo

- N

4o, (V4n)  do__ (v+n) 2
s . tot tot G 2 . 2
limit - = e (~cos”0_+sin0 ) , (4b)
E -~ dic? aw” " © c

where k2 equals (kv-ke)z, G is the constant in (2), and OC is the Cabibbo
angle, In order to obtain the above relation, it was necessary to derive a sum
rule by means of the algebra of current components and an unsubtracted dis-
persion relation for a given amplitude. Both assumptions are questioned, so

a test of the above relations would be of great interest.
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FURTHER ASPECTS OF WEAK INTERACTIONS

Barbara Barrett

Two other areas of weak-interaction physics may be investigated with
high-energy neutrino beams--direct lepton-lepton scattering, and the produc-
tion of intermediate vector bosons., A search for vector bosons may also be

made in strong-interaction processes such as wN and NN collisions.

LEPTON-LEPTON INTERACTIONS

The standard form of the weak current-current Lagrangian

L= & iy (G=107°/M)), (1)
where
J.)\ = ‘Jr‘p Y)\(1+Y5) “Pv + q}eY)\(1+Y5N"v (2)
" e

gives rise to direct lepton-lepton scattering processes such as

vH+e' - Ve+}.L- (3)
vV te” »Vv +e” (4)
e e
V te =V +e” (5)
e e

as well as to the observed decay w-*e+Vv+V. For reaction (3), the threshold
neutrino energy in the lab system is E = mi/Zmez 10 BeV. At energies well
above threshold, the cross sections for processes (3) and (4) are equal t;o1
2
2Gm _E
0 =——22 -1.6x10"*'E_ (in BeV) cm?;

the cross section for (5) is one third of this. The process (3) should show up
as a very characteristic event: a high-energy n emerging at a very small
angle to the v beam.

The same lepton-lepton interactions may contribute to neutrino scattering

off nuclei, i.e., to the process
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4 -
v +Z v +Z+p + , 6
" " Bt (6)

shown in Fig. 1, which has been considered by S’ca.nciu2 and by Czyz et al. 3
-41 2

For E_=10 BeV, Stanciu obtains ototz 10 cm” on aluminum and
o =3X10 4 cm? on copper. These cross sections are considerably smaller
than those expected if reaction (6) proceeds via an intermediate vector boson
(see below).

If the weak Lagrangian also contains products of neutral leptonic currents,
then as pointed out by Wu, 4 the cross section for the reaction

++e- (7)

vV +Z -V +Z+e
M M
is, apart from possible differences in coupling strengths, equal to that for

ve+Z —>ve+Z+e++e_ given by Czyz et al.3

W PRODUCTION

We now know that the intermediate vector boson, if it exists, must have a
mass MW z2 BeV. 5 Since theoretical estimates of W production involve
complicated integrations, computer programs would have to be re-run for values
of the W mass and neutrino energy appropriate to future experiments. Here
we quote the results for the largest values of My, and E | used in the various

calculations mentioned.

W Production by Neutrinos

The reaction
-t
VH+ Z -Z+p +W , (8)

shown in Fig. 2, has been considered by Wu et al., 6 who discuss much earlier
work on this process. For M, =1.5BeV, E=10 BeV, they obtain
-36 w -36

g=10 cmZ for an aluminum target, and =2X10 cm2 for copper.

The reaction
- + - +
vH+p—>p +p+W —p +ptvy +4 (9)
has been estimated by Dooher and Tausner7 for larger values of MW' Taking

T’(W —leptons)/T’(W->all) = 0.72, they obtain O = '10-37cm2 for My, = 3 BeV and
E = 20 BeV.
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I+

*FQ
T
+1

z Z

XBL 671-451

+ -
Fig. 1. Diagram of the reactionv + Z —->v + Z +p +p
{above). g M

Fig. 2. Diagrams of the reactionv + Z =+ 2Z +p + wt
(below). M
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W Production in Strong Interactions

Piccioni8 has described a study for an experiment to detect the W, with
mass as high as 6 BeV, by observing the missing-mass spectrum for the reac-

tion

p+p »~d+wt, (10)
He used the value 0 =1.5X 10'33cm2, which is based on theoretical esi:ima.tes9
discussed by him.

Chilton et al. 10 have made calculations of the reaction

N+N-—-N+N+W (11)

based on a double peripheral model. Their conservative estimates for E =30

A —7
BeV are 0 = 6X10"34cm? for My, =3 BeV, and 0 = 10 4

cm? for MW=6 BeV.

For nuclear targets they expect the cross section to increase roughly as A,
Lewisi'1 has pointed out that the W should be produced in nucleon-anti-

nucleon annihilation, and estimates that the production cross section would

show a resonance with natural width I" 250 keV and integrated area

Jo aE~3x1072%cm? MeV.

Bernstein and Feinberg12 calculated the cross section for
T+p > W+p (12)

via one-pion exchange; at the high energies presently under consideration, their

results should be modified by corrections for absorption.

Other Methods

For completeness we note that estimates of W production in e+e' col-

1isions13 and photoproduction14 have been made.

References
. See, for example, T. D. Lee and C. S. Wu, Ann. Rev. Nucl., Sci. 381 (1965).
. G. N. Stanciu, Phys. Rev. Letters 13, 288 (1964).
W. Czyz, G. C. Sheppey, and J. D. Walecka, Nuovo Cimento 34, 404 (1964).
. T. T. Wu, Phys. Rev. 147, 1033 (1966).
. R. Burns et al., Phys. Rev. Letters 15, 42 {1965); M. M. Block et al.,
Phys. Letters 12, 281 (1964); G. Bernardini et al., Phys. Letters 13, 86 (1964).

N obd W N~
.



-336-

6. A. C. T. Wu, C.-P. Yang, K. Fuchel, and S. Heller, Phys. Rev. Letters
12, 57 (1964).

7. J. Dooher and M. Tausner, Phys. Rev. 142, 1018 (1966).

8. O. Piccioni, Proceedings of the CERN Informal Conference on Experimental
Neutrino Physics, 1965, CERN 65-32, p. 181.

9. J. Bernstein, Phys. Rev. 129, 2323 (1963); J. Nearing, Phys. Rev. 132,
2323 (1963); M. Le Bellac, F. M. Renard, D. Schiff, and J. Tran Thanh Van,
Nuovo Cimento 34, 1096 (1964).

10. F. Chilton, A. M. Saperstein, and E. Schrauner, Phys. Rev. 21_8_, 1380
(1966).

11. R. R. Lewis, Phys. Rev. 137, B164 (1965).

12. J. Bernstein and G. Feinberg, Phys. Rev. 125, 1741 (1962).

13. Y. S. Tsai and A. C. Hearn, Phys. Rev. 140, B721 (1965), and references
given there,

14. H. R. Reiss and M. H. Cha, Phys. Rev. Letters 14, 399 (1965); S. M.
Berman and Y. S. Tsai, Phys. Rev. Letters 11, 483 (1963); A. C. T. Wu,

T. T. Wu, and K. Fuchel, Phys. Rev. Letters 11, 390 (1963).




This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.









