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ABSTRACT

A method of approximately doubling the energy of the SLAC Accelerator
by recirculation of the beam and reinjec;cion into the machine for a second pass
is described. The recirculator could also be used for high duty cycle (up to 6%)
experiments at the recirculating energy by storing the beam and extracting about
1% of the electrons per revolution. Recirculation will initially occur at an
energy of ’17.5 GeV. Beam losses of ~ 125 MeV due to synchrotron radiation
would be compensated by 2 sectors (666 ft) of standard accelerator sections
operating at the accelerator frequency (2856 MHz). These sectors will be pulsed
at a repetition rate of 43, 500 pulses per second corresponding to the recirculating
period of about 23 microseconds. The beam will be stored for 2.8 milliseconds
(approximately 122 revolutions around the 6900 meter storage path); this is the
time interval between the normal pulses of the accelerator. Using this method,
the energy of the SLAC accelerator could be increased initially to about 42.5 GeV.
The recirculator is designed to permit later increase of the storage energy to
25 GeV by the use of superconducting accelerator sections to restore the synchro-
tron energy loss. Then, assuming that a proposed program to replace the pre-
sent 3¢ MW klystrons powering the accelerator with 60 MW models has been
completed, the maximum beam energy would become 60 GeV.

Upon completion of the proposed recirculation system the increased beam
energy and duty cycle will greatly enhance its utility in particle physics re-
search. A discussion of some of the physics opportunities which would become

available is given.
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I. INTRODUCTION

Various methods of upgrading the energy and duty cycle of the SLAC accel~
erator have been studied during the past two years. These schemes have included
the simple (in principle) procedure of adding more rf power to the existing accel-
erator, the complex and still speculative idea of replacing the present accelerator
with a superconducting machine operating at 1. 85°K, and the Recirculating Linear
Accelerator (RLA) scheme described in this report.

The first method, based on adding rf power, suffers from the basic fact that
beam energy in a linear accelerator increases only as the square root of the input
power. For example, suppose that the goal is to double the present beam energy.
This objéctive could be achieved only by increasing the input rf power by a factor
of four, a costly undertaking in terms of both initial and operating costs. For this
reason, the practical, or ''realistic, " versions of this method which have been
recently envisaged, have been limited to potential energy increases of 40%.

The superconducting accelerator is a promising method of obtaining a large
increase in linac duty cycle and energy. Studies at SLACl have projected beam
energies almost 5 times that of the present machine and duty cycles 100 times as
high. However, up to the present time, the gradients required for this achieve-
ment have been obtained only in a few carefully prepared test cavities; actual
operation of even very short accelerétoré at these high gradients has not yet

been accomplished, Work continues in this field at several laboratories but
many technological problems remain to be solved before a muiti-GeV super-
conducting linear accelerator could be built. Thus, even if the conversion of
the SLAC accelerator to a superconducting machine becomes technically feasible,
it is not clear that it could happen early enough to make such an endeavor com-

petitive from the Physics point of view.
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The advantage of the Recirculating Linear Accelerator (RLA) described in this
report is that it provides a relatively inexpensive way of approximately doubling
the beam energy of the SLAC accelerator, bringing it into the 46 GeV range. In
another mode of operatioh, it perfnits operation with ~ 100 times the present duty
cycle at the present level of beam energy. This method of upgrading the SLAC
machine is relatively less costly because it achieves the energy increase by uti-
lizing the presently available accelerator and rf system for two successive accel-
eration passes. The beam is stored in a recirculator for the time interval (2.8
milli-seconds) between the normal pulses of the accelerator. Storage is followed
by the reinjection of the beam into the machine for a second acceleration.

New accelerator sections are required in the recirculator to restore the energy
lost by synchrotron radiation during beam storage. Initially, two sectors (666 ft)
of conventional accelerator structure will provide sufficient energy to permit
storage of a 17.5 GeV beam. Later, the energy of the stored beam can be increased
to 21 GeV by providing two additional accelerator sectors or to 25 GeV by the use
of superconducting accelerator sectionsz’ 3 in place of or in addition to the conven-
tional accelerator structures in the loop.

As discussed later in this report, the recirculation system can be accommo-
dated on the SLAC site without serious difficulties. Estimated construction time
is reasonable and the installation of the recircqlator can be accomplished with
only a-few months loss in beam operation of the present SLAC accelerator. Upon
completion of the recirculation system, the increased beam energy and duty cycle
of the SLAC machine will greatly enhance its utility in particle physics research.
Some of the physics opportunities which become available at these higher energies

and duty cycles are discussed in the next section.



II. HIGH ENERGY PHYSICS OBJECTIVES

A. Introduction and Summary

The potential impact of an increase in energy and duty cycle of the two-mile
accelerator can be understood by considering SLLAC's research program of the
past four years. This program has made it abﬁndantly clear that the study of par-
ticle physics via electron and photon scattering experiments plays an essential
and unique role in the investigation of the structure of the hadrons. The impor-
tance of such experiments derives from the fact that the electromagnetic interaction
is well understood, can be well treated in the formal analyses and exhibits a local,
point-like nature. The known electromagnetic field generated during the electron's
scattering which interacts with the electromagnetic current of the hadron target
can thus probe the structure of the nucleon at arbitrarily small distances. This
is in sharp contrast {o hadron-hadron scattering, in which the basic interaction
between the target and beam particles is both unknown and diffuse, so that it is
difficult to isolate the target particle.

The measurements of inelastic electron scattering performed at SLAC in the
past few years have given evidence of a scale-invariant behavior of the proton and
- neutron structure functions which strongly hints at a rich substructure within the
nucleon itself. Complementary to these processes are the other electromagnetic
probe experiments such as hadron production in electron-positron annihilation and
wide~angle pair production in hadron-hadron collisions. The present exciting re-
sults from all these areas of electromagnetic interactions confirm that the detailed
study of electron and photon scattering plays a vital role in developing an eventual
understanding of the elementary particles.

Electron or muon scattering experiments can be looked at as (virtual) photo-

production experiments in which the photon mass can be controlled by varying the
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energy and angle of the scattered lepton. This possibility of "tuning' the photon's
mass is a unique feature of lepton-induced reactions. In addition, the polarization
of the incident photon (real or virtual) may also be controlled experimentally. The
scattering experiments performed at SLLAC to date are inclusive measurements in
which the scattered electron is detected and all available hadron channels are
summed over. They are in effect total cress section measurements in which the
virtual photons have a particular mass and polarization. The projected increase
in energy obtained with the RLA will greatly extend the kinematic range covered
by these measurements and more than double the energy that can be transferred
to the target hadron. In particular one is anxious to learn if the proton continues
to scatter as if individual point-like constitutents are contributing incoherently.
The high-intensity electron beam (up to 106 times more intense than the corre-
sponding muon beams currently proposed at NAL) will allow detailed, precise
measurements of the electroproduction cross séctions and will be a necessary
complement to the gross measurements possible at NAL at still higher energies.

The increased duty cycle will make feasible more complex experiments using
coincidence techniques in which individual final-state hadronic channels can be
explored in much the same way as in present hadron-hadron experiments, but,
again, as a function of the virtual photon mass. The detailed information that
can be obtained in this way is analogous to the study of differential cross sections—
momentum distributions, muitiplicities, etc., in hadron physics relative to total
cross section measurements.

A study of the correlations and distributions of the final hadronic particles in
these processes will be essential to the understanding of the observed scaling laws
and of the fundamental structure of the proton — whether, for example, the proton
scatters as a "liquid” medium with long-range internal order or as a ''gas" medjum

with none.



The study of reactions in which strongly interacting particles are produced
by high-energy gamma rays (photoproduction) has been a major field of research
at SLAC. These experiments ha{re contributed directly to our understanding of
the dynamics of the strong interaction, both in their own right and because they
complement experiments done at other laboratories, such as Brookhaven or CERN,
with incident proton and meson beams. The improvements proposed here for the
SLAC machine will allow a great extension of this work. An increase in the duty
cycle of the accelerator in the 15 to 20 GeV energy region by a factor of about 100
should provide an increase of the same factor of 100 in the amount of data already
obtained on multiparticle momentum and angle correlations in photoproduction
reactions. Most of the work to date in this multiparticle field has been devoted to
the various vector-meson production reactions which have relatively large cross
sections. The increase in data rate allowed by the improvement in duty cycle will
allow experiments to be done on reactions with smaller cross sections, and hence
broaden the spectrum of experiments which complement the work done in the same
energy range at Brookhaven and CERN.

At the higher energies the approach of total photon cross sections to their
asymptotic limits as well as their ratios for different targets can be studied with
great accuracy and detail. Recent Serpukhov results on the increase of K" total
cross sections between 20 and 60 GeV emphasize the importance of accurate and
detailed studies of the approach to Pomeranchuk limits in this energy range. As
another example, very inelastic photoproduction of massive p-pairs can be studied
for scaling laws similar to those found in deep inelastic scattering of electrons by
protons. In comparison with the production of massive u-pairs in proton-proton
collisions, it is possible to learn about the fundamental photon structure. Also,

it will be possible to study Compton scattering — both elastic as a probe of Regge



and of vector dominance predictions, and inelastic scattering in inclusive experi-
ments at large momentum transfers, viz., vy + p—s»7y + anything, in order to test
predictions based on point-like constituents in the proton.

In photoproduction the use of ‘a polarized photon beam is important because it
provides the only practical boson beam with spin. Consequently, it is a unique
tool in the study of the spin dependence of meson processes. SLAC has been very
successful in developing such a beam and experiments with it have shown that p °
photoproduction tends to conserve the s~channel helicity of the photon; i.e., the
spin of the rho is along its direction of motion. The polarized photon beam also
allows a clean separation of the interactions due to exchange of natural and un-
natural particles or "trajectories'’; in this case only one beam is necessary as
opposed to the hadron beam case Where cross sections from different types of
reactions are needed to make the separation.

Many interesting hadron experiments have also been done at SLAC. This has
been especially true for processes in which the cross sections are high enough so
that the experiment is limited by the rate capabilities of the particular data-
acquisition system (including the off-line computer as well as the detector itself)
rather than the secondary beam intensity. SLAC can continue to be a very impor-

-tant source of secondary hadron beams to supplement and complement the proton
accelerators.

In particular, the high repetition rate at SLAC permits application of an im-
portant new technology in the area of fast-cycling bubble chambers operating in
a triggered mode. Also, the secondary hadron beams produced by photons at
SLAC have characteristic compositions which can be put to favorable use. For
example, the neutral kaon beams are much more free from background neutrons

than similar beams from proton accelerators; furthermore, at higher electron



energies one expects to also produce anti-neutron beams in the forward direction
with a favorable Ti/n ratio. Finally the study of low cross section hadron processes
induced by pions, such as ba}:kward—produced pion resonances, quasi two-body
final states involving high-mass nﬁcleon resonances, etc., will be possible for

the first time at SLAC since the full pion intensity (105/ sec) in the energy range
10-20 GeV will be utilized.

For their present role in probing the hadronic structure, electrons and muons
are well understood as point particles with known electromagnetic interactions.
Whether there are just two such point leptons as the muon and electron, identical
in all properties except for their masses and separately conserved lepton numbers,
or they are members of a larger family, is one of particle physics' greatest puz-
zles. Can one identify any differences in their interactions with hadrons? All
new accelerators probing new energy and mass domains will have as a high pri-
ority the search for new heavy leptons, and SLAC's unique contribution to this
search will be the electromagnetic production modes. Anything with charge and/or
magnetic moment can be pair-produced and with higher energies at SLAC one can
extend the search for new and more massive particles. No one can anticipate the
results obtained from new particle searches and, in particular, a priori no one
knows the dominant and identifiable production modes and their fundamental signi-
ficance for understanding the structure of elementary particles and their interaction.

The key beam parameters of the RLA are summarized in Table I. For a de-
tailed explanation of this table, the reader is referred to Section IMII. The beam
intensity will be of the order of 1014 electrons per second. By contrast, the esti-
mated muon flux from the 500 GeV NAL proton beam will be approximately 106
muons per second at 100 GeV; this limit is set primarily by the beam halo of other

secondary particles. The electron beam attainable from neutral pion decay at NAL



is expected to be between 1()7 and 108 electrons per second. Thus, for purposes
of electromagnetic physics, there is an intensity ratio of at least six orders of

magnitude in favor of the recirculating SLAC accelerator.

B. General Areas of Research

Deep Inelastic Processes:

The deep inelastic electron scattering results at SLAC have clearly shown that
there are very large reaction rates as well as many cc;n’cributing channels. To be
more specific, consider the process shown in Fig. 1 in which an electron scatters
inelastically and is detected after tra.nsferring'energy v and invariant four-momen-
fum square q2 to a target nucleon (hadron of mass M). For values of y/M > 1 and
q2/ M2 > 1, i.e., the deep inelastic region, the data indicate cross sections much
larger than the partial cross sections to individual nucleon ground and resonance
states shown by Fig. 2. With increasing qz, the resonance bumps disappear info
the large continuum tail and the scattering behaves as if it occurs from point-like
constituents (anticipated by Bjorken and called ""partons” by Feynman) in the pro-
ton, each contributing independently of the othei's, just as the individual electrons
add incoherently to make up the atomic cross section for highly inelastic scattering
from atoms.

The structure functions for the inelastic cross sections, which are the analogues
of the rapidly decreasing elastic form factors, are observed to behave as universal
functions of the dimensionless variable 2My/ q2 as first conjectured by Bjorken and
to remain large in the presently accessible range of v and qz. With a higher energy
beam in the 40-50 GeV region, it will be possible to greatly extend the range of v
(from 18 to ~ 40 GeV) and to explore far into this deep inelastic scat{ering range.
What new happens as we explore this unknown region? Does "scaling'' remain

valid? Quantitative measurements to test the extension of this universal behavior
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with all its implications for point-like currents or "partons! within the nucleon is
of enormous importance. What will also be very important to measure, and to
begin to understand, is the detailed structure of the deep inelastic process and to
learn what the properties (number's, charges, types) of these partons are. For
example the separation of G'L(v, qz) and ch(v, q2) (the scalar and transverse total
inelastic virtual photon cross sections) is important in order to determine the par-
ton spin. It requires large angle lepton scattering and puts correspondingly severe
requirements on the event rate. Thus this experiment can only be done with SLAC
intensities. To find additional clues for answering these questions, one needs to
study the distribution and multiplicities of secondary particles emerging from the
proton in Fig. 1, as well as the dominant individual final-state channels, their
mass distributions and dependence on momentum f{ransfer. These are the analogues
of the richly rewarding studies with incident baryon and pion beams that have paced
the understanding of hadron dynamics and are the processes that the recirculating
accelerator with a higher duty cycle would first open to our view.

The present single arm experiments have already uncovered much of interest.
With good duty cyele in the 15-25 GeV region at SLAC, one could explore this region
without expensive and major new developments in the experimental areas. Indeed,
the inelastic electron scattering technique for exciting or pionizing the proton to
individual final channels has several unique charms. For example, by varying
the kinematics of the scattéred electron in Fig. 1, the broad regions of q2 and v
can be mapped out. In contrast, the hadron processes allow only variation of the
incident energy but not of the mass of the incident particle. Polarization informa-
tion can also be obtained from inelastic electron scattering, since the polarization
of the "virtual’' exchanged photon in Fig. 1 can be controlled and varied by the

scattering kinematics. The improvement of the duty cycle by a factor of roughly



100 at present energies means that the event rates can be increased comparably.
This will allow measurement of smaller cross sectiéns to specific channels.

Very inelastic scattering of real photons will also shed important new light
on the constituent structure of both protons and photons. The very inelastic Comp-
ton effect, v + p— v + X at very large transverse momentum transfer as illus-
frated in Fig. 3, may be large and observable, and its behavior can extend the
ideas of the parton model to very virtual parton states in the proton. This will
cast light on the validity of the model in this new application. It is predicted to
be a large and measurable process at high energies. Also, very inelastic photo-
production of massive i pairs in the reaction ¥ + p — () + X is predicted to be
large and observable (see Fig. 4). This is a measurement that requires good duty cycle
for detecting the muons in coincidence. Conditions foravoiding the Bethe-Heitler
peak have been studied, for the first time, and observed scaling propefties in
this cross section will probe the parton structure of photons themselves.

Comparison of u~p and E-p Inelastic and Elastic Scattering:

The recent SLAC experiment on muon-proton inelastic scattering showed no
experimentally significant qz dependent difference between muon-proton and elec-
tron-proton inelastic scattering. However, within the overall normalization un-
certainfy the muon cross sections are systematically lower than the electron cross
sections. An identical effect has been found in the comparison of muon-proton
and electron-proton elastic scattering. Thus, it would appear to be very fruitful
to carry out a new careful comparison at moderate qz values (‘0. 1to 2.0 (GeV/ 0)2)
of muon-proton and electron-proton inelastic scattering, as well as extending these
comparisons to as high a q2 as possible (8-10 (GeV/c)z). Particular attention must
be paid to normalization questions such as the relative normalization between the

muon and electron experiments. Finally, the muon statistics should be improved
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by a factor of twenty. Such an experiment can be carried out with a good duty
cycle at SLAC for which the muon beam would be an improved high intensity ver-
sion of thé small phase space muon beam already used at SLAC. The electron
beam would be the SLAC primary electron beam. The same apparatus would be
used for the muon eﬁperiment and the electron experiment. Such an experiment
can only be carried out at SLAC. First, the primary electron beam is necessary.
Second, it is necessary to hé.ve a rﬁuon beam with a small phase space, sharp
cutoff and low halo. It appears to be very difficult, if not impossible, to make
such a muon beam at a proton machine.

In the recently completed comparison of muon-proton and electron-proton in-
elastic scattering, all hadronic channels were summed together. However, if one
wishes to test the speculation that there may be a special interaction between the
muon and hadrons, then a channel-by-channel comparison of muon-proton and
electron-proton inelastic scattering is needed. Such an experiment obviously
requires at least partial identification of the hadronic states produced in the in-
elastic interaction. Again, this requires a good duty-cycle accelerator and small
phase space muon and electron beams.

Another possibility is to work with "virtual' muon beams, where the muons
are produced by the Bethe-Heitler process from a photon beam (see Fig. 5). The
event is triggered on the spectator muon. It is expected that the number of u pairs

5 at 42.5 GeV. The observation

per incident particle, per GeV, would be ~10
of wide angle muon pairs (including inelastic processes) will also be a test of
QED since highly-virtual muons are involved.

New Particles and Heavy Lepton Search:

There will be great interest in experimental searches for new particles (or

objects'") that are electromagnetically pair produced. An obvious way to search
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for heavy lepton pairs is to use e e’ colliding beams, but these experiments should
be complemented by real photons. In addition, the center-of-mass energy of a
42.5 GeV electron beam is 9 GeV higher than any colliding beams now being built.
At the lower energies, searches for these leptons at SLAC have in the past been
hampered by the difficulty of separating these presumé.bly short-lived leptons from
the copious background of pair produced electrons and muons. A good duty cycle
will considerably reduce this problem and enable coincidence techniques to be

used in the search. Using wire spark chambérs and scintillators, the search can

be carried ouf by looking for either charged or neutral particles from the special
decay modes of the heavy lepton.

_Vector Boson Searches:

A further possibility is to observe intermediate boson production by measuring
the spin of the produced muons, and taking advantage of the time structure of the
SLAC beam. This is done by capturing a muon into a dc magnetic field and meas-
uring the time distribution of the decay electrons. This technique, combined with
the high intensity of the SLAC accelerator, can be used to investigate a number of
highly fundamental questions such as:

1. Production of virtual W pairs leading to muon pair production via exchange
of a neutrino. The diagram shown in Fig. 6a should interfere with the g pair pro-
duction by conventional Bethe-Heitler processes and shouldalso result in characteristic
correlations of the polarizations of the two produced muons. The counting rates are
high enough at intensities attainable with the RLA to make these investigations worthwhile.

2. A single u meson can be produced through the diagram shown in Fig. 6b.
Since in this diagram only one of the W's is real, the cross section of such a proc-
ess will hold up to a measurable value for W masses higher than those subject to
investigation at other accelerators, using other processes. Again, the polarization
of the u produced in this process should yield a characteristic signature. |
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High q2 Experiments on Lepton Conservation:

The conservation of .lepton numbers is based primarily on experiments in
which the four-momentum transfer to the lepton is small. For example, the four-
momentum transfer to the leptons in the forbidden reaction ,u——-r- e + v is very small.
Therefore, one may speculate as to how well lepton number conservation will be
maintained when the four- momentum transfer to the lepton is large, so that the
,internal structure of a particle can be probed in detail locally. Electron-positron
colliding beams are beginning to provide large, time-like, or energy-like four-
momentum transfer tests of lepton conservation. Tests with large space-like mo-
mentum transfers should also be made systematically and carefully. Below are

listed a number of reactions which would test lepton conservation in its various

forms:
l+p—e+p q2 > 1((?reV/c)2
e+p—sp+D q2 > 1(GeV/c)z
e + p —hadrons only
i + p—hadrons only
i + p—e + hadrons (no u)
e + p~+ + hadrons (no e)
Photoproduction:

A full experimental program on photoproduction to study quantitative details
of momentum and angular distributions will complement analogous studies at CERN
and Brookhaven with incident protons, and with incident mesons in the secondary
beams at SLAC and elsewhere. (It is worth noting that the steep energy dependence
of-secondary particle yields at BNL and CERN makes it difficult to do experiments
with secondary beams near the maximum possible energies. Thus, while these

proton machines have peak energies of around 30 GeV, almost all of the meson .
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induced reactions studies have been at energies less than or equal to 16 GeV.) A
15 to 20 GeV good duty cycle SLAC machine is thus a good complement in photo-
production to meson physics at a 30 GeV proton machine. Many of these experi-
ments can be done with polarized photon beams produced by coherent bremsstrah-
lung on diamond crystals or by selective attenuation in oriented graphite crystals.
By measuring azimuthal distributions of photoproduced particles relative to the
scattering planes defin_ed by the incident photon and the recoil target nucleon, one
can distinguish normal from abnormal parity exchanges in a £ (or momentum frans-
fer) channel description of two-body interactions like y + p— 7t n, 7+ p,

n+p, K+A, K+2X2, etc. This can be done in both the near forward and near
backward directions where meson and baryon exchange, respectively, should domi-
nate.

The rates of data gathering in the 15-20 GeV range will be roughly 2 events/
second/ub — a reputable rate since most cross sections are in the .01 - ub range
(with the exception of diffractive Po production which is ~10 ub). This could lead
to very efficient photoproduction survey work by the streamer chamber in which
4 pictures per second (each having an event) could be taken with only a 2% ee pair
contamination. It also opens up the use of large wire chamber spectrometers to
photoproduction studies.

The use of high intensity polarized beams 'which can now be tagged so as to
obtain precise energy information on the incoming photon will be of great importance.
Using 0. 003 in. diamond crystals, the multiple scattering is low enough so that col-
limation equivalent to a AE/E ~ 6% is achievable without tagging and 0.2% with
tagging. Calculations show that for a 20 GeV electron beam, one can obtain
3 x 108 photons/sec of 15 = 0.9 GeVwith a 45% polarization. This is ~ 104 times
the intensity of all photons (unpolarized) between 100 and200GeV in beams proposed
for NAL. |
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At the higher energies the back scattered laser technique can be used to pro-
duce photons having up to one-half of the electron energy. With the development
of high repetition rate lasers, the experiments on vector meson photoproduction
can be extended using the streamer chamber technigue.

This facility should also make possible a further polarization dependent meas-
urement, the evaluation of the Drell-Hearn sum rule which relates scattering of
photons and nucleons with parallel and antiparallel spin to the nucleon magnetic
moment. This measurement which requires polarized photons and a polarized
proton target, will test the high energy behavior of the scattering amplitudes to-
gether with their analyticity (through unsubtracted dispersion relations) not avail-
able in any other process.

To illustrate the value of higher energy photon beams, a few examples of
interesting experiments to do are listed below:

1. The total photon cross sections on protons and neutrons have been ob-
served to approach each other and both to approach a constant asymptotic
value. This situation is similar to our knowledge of meson total cross
sections before the Serpukhov measurements were made. It is of great
interest to extend the energy range of these experiments and to study
coupling to Regge trajectories as well as vector dominance models.

2. Compton scattering experiments also test the Regge hypothesis for the
couplings to the nucleon andthe photonas well as vector dominance. Present
experiments at energies up to 18 GeV indicate some disagreement with
current models. The real part of the Compton scattering amplitude can
be measured via Bethe-Heitler interference measurements. All these

experiments will profit greatly from higher energies.
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Pseudoscalar meson photoproduction experiments have indicated a great
deal of regularity in the energy and momentum transfer dependences of
the cross sections. These regularities are obtained in some theoretical
models by balancing many terms with different dependences to get the
relatively simple energy and momentum transfer dependence observed.
This balancing act cannot be done presently over a greatly expanded
energy region, and hence it is important to extend these studies to higher
energies, and especially important to do them with polarized photons.
Observed vector meson production cross sections decrease slowly if at
all with incident energies. Measurements of these cross sections at
higher energies and in nuclei provide a crucial test of models such as
vector dominance.

The search for new vector mesons by their diffraction production and

for other natural spin-parity mesons (Regge recurrences) initiated by
photons can be extended. This is complementary to similar searches
using pion or kaon heams which diffraction-produce unnatural spin-parity
mesons. The reaction v + p—>V + N* with detection of the vector meson
can similarly be used to study baryon resonances.

S-channel helicity conservation in vector meson photoproduction can be
tested out to large values of |t|. Very little is known about this in the
case of mesons because at the lower energies one-particle exchange seems
to still play an important role. As mentioned before, it would be of great
importance to see how far in |t| this rule applies to p*'s. If the present
|t| dependence is maintained, exploration out to |t| - 2(GeV/ 0)2 can be

carried out.

- 16 -




Hadron Physics:

The RLA will also be a copious and effective source of second-
ary hadron beams as shown in Table II. While the improved duty cycle will allow
some experiments with pion beams‘ which cannot be done now, the greatest interest
will lie in the 25-45 GeV region. This is beyond the reach of the CERN-PS and
the BNL-AGS proton synchrotrons. Also, the variety of experiments will be en-
hanced over the present ones by the introduction of useful K~ , p and n beams. The
neutral K° and Tl beams at SLAC are exceptionally clean compared to those at NAL,
being relatively free of neutron backgrounds. Reasonable momentum measurements
of these neutrals can be made up to energies of 7 GeV by time-of-flight methods
based on the intrinsically short rf bunches (10-11 sec) in the SLAC pulse.

The interest in hadron beams in the high energy regionis that they will provide
present knowledge of the energy dependence of specific processes, the isolation
of diffractive from exchange processes, the search for new diffractively produced
resonances, the search for exotic exchanges, the search for heavy mesons, etc.
Current theoretical ideas of duality, factorization, etc., have predictions in this
energy range which will be tested. SLAC's experiments would serve as a very
important supplement to the hadron physics at NAL.
| The yields given in Table II are for secondary momenta of 10-40 GeV. These
yields are lower than NAL's (by a factor of 10-100 for 5 X 10%2 protons/sec).
However, for reasonable cross sections where fluxes exceed or match the capacity
of data handling systems, SLAC will be a valuable complementary facility to NAL —
as it now serves to Brookhaven and CERN.

For processes having reasonable cross sections, wire chamber spectrometers
with huge event rate capabilities and reasonable acceptances for high mass reso-

nances can be used quite profitably at SLAC. The large aperture solenoid system
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now being built at SLAC, can be used at these higher energies without extensive

modification.

Bubble Chamber Physics:

SLAC has unique characteristics with respect to bubble chambers, namely:

a)
b)
c)
d)

High repetition rate
Cha.racteristically short pulses
Internal phase bunching

Pulse~by-pulse beam switching

They have all led fo a very productive program of high statistics experiments,

mostly in hadron physics, but also to a significant series of investigations into

photoproduction.

In addition, a number of unique applications, developed at SLAC, have

broadened the scope of the bubble chamber technigue. Thus, fof practical purposes,

the physics proposed at SLAC at the higher energies will not be attainable at other

Iabhoratories.

These are:

a) Time-of-flight measurements of the momentum of neutral kaons and

b)

c)

neutrons (extendable to antineutrons at the higher energies) by counters
surrounding the chamber.

Fast cycling (10-20 pps) of large (1-2 m long) hydrogen chambers; the
lights are flashed only when a very fast forward particle is observed
and its momentum is measured by spark chambers placed behind the
bubkle chamber.

Rapid cycling chambers of target size (45-90 pulses per second and
30-60 cm long) with thin beam windows all around. When tﬁe lights
are triggered by counter-spark chamber arrays, the chamber becomes

a visible hydrogen or deuterium target.
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An important feature of these techniques is that, because the chamber has 47
geometry, many biases can be turned off for part of the experiment by running in
an unfriggered mode. A second feature, peculiar to SLAC, is that when the pro-
posed system operates at 20-50 GéV, the number of beam particles per pulse ac-
ceptable to a bubble chamber (15-20) exceeds that acceptable to a spark chamber
(5-10); thus the bubble chamber as a target is more than matched to its counter
spark chamber system. As would be expected, most of the benefits to bubble
chamber physics from this proposal will accrue at the higher energies.

Keeping these points in mind, one can see that there exist a large class of
experiments in the 20-50 GeV range that can be done at SLAC in a highly competi-
tive and perhaps unique manner. Among these are:

a) Studies of energy dependence and differential cross sections for highly
peripheral quasi two-body reactions involving backward nucleon reso-
nances. These are excellent experiments for the fast cycling chambers;
one such experiment has already been completed at 14 GeV using the
SLAC 40 in. chamber.

b) Studies similar to (a) except where the final state involves a backward
hyperon resonance. These are particularly suited to the rapid cycling
target chamber because of the short life-time involved. |

¢) Studies of nucleon-antinucleon resonances suchas R+ —» np by trig-
gering on a fast forward 1 in a reaction 7' p—»Tpp.

d) Studies of antilambda proton elastic scattering by triggering on fast
forward protons in K X—» AX'p and observing the Ap scattering in
the chamber.

e) Studies of exotic exchanges by triggering on fast forward nucleons and
looking in the chamber at backward produced mesons. These stu&es

would be especially unique for backward going K's.
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Conventional use of a 2-3 meter chamber (with good optics and high resolution)
will still be available, with its small demand (1-2%) on machine intensity, for
studies of high mass resonances and multiple particle final states. Neon-hydrogen
mixtures will extend these to states with several neutral m's. A chaﬁlber of this
size with a field of 25-30 kG is quite capable of the resclution needed.

Conclusijon:

To summarize this section of the report, there is a large, quite unique and fun-
damentally important class of high energy physics experiments which would consti-
tute the exclusive territory of the Recirculating Linear Accelerator: these are the
investigation of the structure of the nucleon at very high momentum transfers and
the study of strong interactions by means of the polarized photon. In addition, a
~ large, competitive and quite fruitful series of experiments in hadron and weak
interaction physics would further enhance the general desirability of achieving the

objectives of this proposal.

- 20 -



ADDENDUM TO SECTION II

Since the RLA description and physics program (Section II above) was
written, approximately seven months ago, several new experimental techniques
have been proved out at SLAC which would lead to an even more interesting use
of the RLA, especially at the higher energies, than was described in Section IL
The purpose of this addendum is briefly to describe these technigues and the
consequent experiments and to amplify on the role of wire chamber spectrom-
eters in studying lepton and photon interactions. There is also a comparison
of single arm spectrometer inelastic electron scattering event rates in the two
versions of RLA vis-a-vis in a similar experiment using muons at the National
Accelerator Laboratory. In addition, there is included a theoretical remark

on the importance of wide angle Compton scattering.

Superconducting Tube to Reduce Bethe-Heitler Background

The use of such a tube to create a field free region for non-interacting
beam particles has been under investigation at CERN and SLAC for more than
a year., Such a tube is particularly needed at a poor duty cycle electron accel-
erator because the most severe limitation on the useful number of electrons
or photons per pulse into a large solid angle device is the ete” background.
Because of the inherently small production angle for the pairs, this background
(in a field free region) travels undeflected along with the beam. The hadrons,
produced at larger angles escape into the region of the field and are bent into
a detector.

An experiment detecting electroproduction of po mesons at fairly large q2
values has had a successful checkout run at SLAC where, using very large
optical spark chambers as detectors, a flux of 5 ><1G‘4 e /pulse [~107e_/ sec)
was achieved. In this case the tube was placed in a field of 15kG and the field
inside the tube was less than 50 gauss. The success of this method depends
very much on a very tight electron beam (spot size of ~2X2 mm) and angles
of ~10"6 radians. This technique can easily be used in experiments at the
highest RLA energies.

Monochromatic-Polarized High Intensity Photon Beams Using Diamond Radiators

Recently an rf sputtering technique has been successfully used at SLAC to
thin diamond crystals at the rate of 1 mil/day. Using this technique one expects

to get 3-4 mil pieces. With collimation one can achieve 45% polarization and
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have ~50% of the photons inside a AE/E of +2% for intensities of 107 photons
per pulse (2 ><109/ sec) at a photon energy equal to 3/4 of the incident electron.
Using the superconducting tube technique mentioned above this beam can
be used in the same way as the electron beam with roughly the same intensity.
In addition, it can be used at full intensity with single arm spectrometers as

was briefly mentioned in Section II.

Well-Defined ¢ Beams

Two new p beams have recently been developed at SLAC in connection with
proposed u-p inelastic experiments using triggered bubble and streamer cham-
bers as detectors. The u beam for the bubble chamber has been completed
and tested with the following results:

Energy ~16.5 GeV/c

Momentum spread +2% [only 0. 02% lie outside this bite]

Intensity 100 p/pulse for Eﬂ =19.5 GeV

Size (matched to B.C.)  1"X8"

Halo 2% of the particles lie outside the 1''X 8" beam
. -6

m/u ratio 10

With this beam it has proved quite easy to separate single 7° or neutron from

multiple neutral events.

The experimental-possibilities of these techniques are:

A. Lepton and Photon Interactions Using Wire Chamber Spectrometer

The LASS spectrometer, under construction at SLAC, can, when coupled
with the superconducting tube, now be considered as an important future tool
in the study of lepton and photon interactions. Using the fluxes quoted above
the following typical rates are expected:

(1) Photoproduction

Experience with superconducting tubes, plus the trapping effect of the
solenoidal field in TLASS, indicates that 2000 q per pulse can be run through a
1-m liguid hydrogen target for the poor duty cycle conditions and about 100

times more for the good duty cycle configuration.
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These assumptions lead immediately to the following event rates:

20 GeV, good duty cycle 100 events/sec/ub cross section
40 GeV, poor duty cycle 1 event/sec/ub cross section

Typical event rates would then be:

{(a) Study of rho photoproduction on H,
{0 ~10ub)

3.6 ><106 rho events/hr at 20 GeV
40 Ge

3.6X 104 rho events/

i i J 1L

(b) Imelastic Reaction Channel (single process)
(¢ ~ 0.02 ub at 20 GeV, 0.005ub at 40 GeV)

700 events/hr at 20 GeV
2 events/hr at 40 GeV

These rates can be obtained with polarized or unpolarized photon beams
and are sufficient for very detailed and systematic study of the s~ and t-
dependence of photoprocesses in the 10-20 GeV range.

The rates in the 40 GeV region are such that present-day-type experi-
ments will be accomplished with modest amounts of machine time (e.g., 100
hours).

(2) Inelastic Electron Scattering

Again from experience with the superconducting tube 2X1 04 e;“ per pulse
in poor duty cycle conditions and about 100 times more in the good duty cycle
mode can be used. Using this flux figure and reasonable estimates of the deep
inelastic electron scattering cross section, the following counting rates may
be obtained.

Tahle A
Counting Rates per hour at q2 =2, 4 GfeV2 and
W22, 3, 4 GeV in intervals of qu =0,1

50 GoV 10 Gev
(good duty cycle) (poor duty cycle)
W>
| (o) 2 3 4 2 3 4
q>=2 GeV> 4100 3400 1600 70 40 50
a=4 GeV> 800 510 250 20 15 10.
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Table B

Counting Rates per hour for various cuts in

q2 , W variables

E,6 = 20 GeV (good duty cycle)

W3 2 GeV 3 GeV 4 GeV
(X 103/hr.) (X 103/hr. ) (X 103/hr. )
4®>0.5 Gev? 390 230 110
q°>1.0 GeV? 160 100 50
¢%>1.5 Gev? 85 55 30
4%>2. 0 GeV? 40 35 15
q°>2.5 GeV? 30 25 12
a%>3.0 GeV® 20 15 10
a%>4.0 GeV? 10 10 5
Ee =40 GeV (poor duty cycle)
a%>0.5 GeV* 6 4.5 3.0
a%>1.0 GeV? 3 2.2 1.5
a®>1.5 GeV> 1.5 | 1.3 0.9
a%>2.0 GeV? 1.0 0.9 0.6
a®>2.5 GeV? 0.7 0.6 0.4
a2>3.0 GeV’ 0.5 0.4 0.3
a®>4. 0 GeV? 0.2 0.3 0.2




B. pup Scattering Using Track Chamber Techniques

Actual results achieved in an ongeing experiment at SLAC, using the 1
meter chamber operating at 8. 5 pulses per second, where the chamber lights
were triggered by external counters, can be extrapolated to a 40 GeV pu beam
into a 3.5 meter chamber operating at 10 expansions/second and 200 u 's/pulse

with the following rates:

For W>2 (mass of virtual photon)

qz > Rate/hour
0.5 42

1.0 20

1.5 10

2.0 3.0
2.5 4.0

2

or ~2000 events/day for ¢~ >0.5 W>2 (deep inelastic). These experiments
can also be done in deuterium and, if interesting, in neon. Using a streamer
chamber one could expect rates 5 - 10 times as great.

The superconducting tube technique may also be considered for a hydrogen
bubble chamber where as many as 105 electrons per pulse could be contemplated
in which case one inelastic event would be produced every 3 - 5 expansions, or
a rate of 50-60, 000 events per day.

Comparison Counting Rates for Single Arm Inelastic Electron Scattering in a

SLAC Spectrometer with an NAL Single Arm Muon Scattering Experiment

It is interesting to compare these counting rates because they show that,
even though the NAL experiments encoinpass values of the kinematic variables
beyond the reach of RLA, the range of useful rates makes the effective range
of these variables greater for RLA. In Fig. A the ep single arm results are
shown for the 20 GeV incident electron case, and in Fig. B for the 50 GeV
case. These tables cut off at 200 events/hour, which from experience at
SLAC is what is needed in order to make radiative and other corrections.

The muon events shown in Fig. C are cut off at 10 events per hour, on
the assumption that an order of magnitude less counting rate is tolerable both

because it is a good duty cycle machine and because the particles are muons
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rather than electrons. The result is that the only place where the NAL muon
experiments become competitive with SLAC is for low q2 and very large hadron
mass states. For all other values the RLA rates are many orders of magni-

tude greater,

Hadron Physics

There are several experiments of a programmatic nature which require
long running times, but are nevertheless important. From past experience at
proton machines not many of these are completed per year and SLAC could
make significant contributions in this field. Examples are: polarization param-
eters in 7p and Kp elastic scattering; detailed examination of multineutral
final states; and low cross section states in mp and Kp interactions in the 5-
10 GeV region. Examples of the latter as would be measured by LASS are
backward processes, exotic exchanges and large t processes. The good duty
cycle will allow ~2 ><105 m/sec intensities to be used so that backward mp —px
which have 1 ub cross sections will yield 2500 eV/hour while large t events in
the same process having cross sections between 0. 01 - 0.1 pub will still give
25 - 250 eV/hour/GeVz.

The Compton Amplitude

The complete Compton amplitude of the nucleon is basic in the study of the
electromagnetic properties and structure of the hadrons. Compton scattering
and Bethe-Heitler interference measurements may be one of the most sensi-
tive areas for tests of parton models, current commutator theories, and other
theoretical ideas which account for scaling in electron-proton inelastic scatter-
ing. The extended capabilities of RLA in duty cycle and higher energy are
essential for performing many of these tests. For example:

(1) Bethe-Heitler interference experiments (electron-positron wide angle
bremsstrahlung or asymmetric pair production on a proton target) give direct
measurements of the interfering real part of the Compton amplitude with one
virtual proton, Extrapolated to photon mass q2 =0 and t =0, this supplies
a fundamental test of the Kramers-Kronig (Gell-Mann,Goldberger) dispersion
relation. A critical question will be the confirmation of the constant real
term in the high energy forward amplitude (as conjectured by Drell, Creutz,

and Paschos, and analyzed from G'yp data by Gilman and Damashek).
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(2) Recently it has been found that the existence of the above "J =0 fixed
pole' term in the forward Compton amplitude is a necessary consequence of
parton models and gauge-invariance (Brodsky, Close, Gunion), The behavior
of this real energy-independent term in the complete Compton amplitude is
rather surprising: For fixed t, it is independent of either photon mass; its
{-dependence is similar to the Dirac proton form factor Fl(t)' These predic~
tions of a parton medel can be tested rather cleanly by wide angle bremsstrah-
lung measurements, which should be possible with the improved duty cycle of
RLA.

(3) Parton theories also account for a breakdown of vector dominance
relations connecting p-photoproduction and Compton scattering in both normaliza-
tion and t-dependence. In particular, the Compton amplitude is predicted to
fall slower in t than the rho photoproduction amplitude due to the presence of the
fixed pole term (with dipole dependence) in the two photon amplitude. Also,
the photon polarization is predicted to satisfy spin conservation rather than s-
channel helicity conservation at large t. Higher SLAC energy will be important
for clear tests of these parton ideas. Finally, on purely experimental grounds,
Compton scattering is a very important process to measure independent of any
models.
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II. GENERAL DESCRIPTION OF THE RLA

A. Functional Concept

The project described in this report will boost the energy of the SLAC two-mile
accelerator to the 40 GeV range. This energy increase will be achieved by recir-
culating the electron beam to accelerate it through the accelerator twice instead of
only once as at present. The proposed system also makes it possible to produce
beams up to 17.5 GeV (initially) with duty cycles 100 times as high as presently
attainable.

The implementation of this proposal involves the acceleration of a beam
through the two-mile accelerator to an energy of 17.5 GeV followed by storage of
the heam for approximately 122 revolutions around a 6900 meter storage path (see
Fig. 7). The storage path consists of two transport lines carrying the beam in op-
posite directions through two tubes parallel to the accelerator inside the accelerator
housing. The direction of the beam is reversed in magnet loops located at the ends
of the accelerator. Beam storage is limited initially to 17.5 GeV to keep the syn-
chrotron radiation energy loss in the loops (which varies as the fourth power of the
energy) to a reasonable value. During each revolution in the storage system, a
17.5 GeV beam loses a total of 125 MeV due to synchrotron radiation. This energy
is restored by means of two conventional 333 ft. accelerator sectors. The gradi-
ent in these sectors is high enough to reéult in an energy gain of 125 MeV while
permitting off-crest positioning of the beam for synchrotron phase stabilization
purposes. The design of the recirculation loop and the magnets will permit later
increase of the storage energy to 2 maximum of 25 GeV. Increasing the energy of
the stored beam to 21 GeV can be accomplished by doubling the length and power
of the rf system (from two to four 333 f{. sectors). Increasing the stored energy

to 25 GeV appears to be economically feasible only by the use of superconducting
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accelerator sections. The development of such superconducting structures is now
underway at several laboratories.

The recirculating period is about 23 microseconds. The number of revolutions
is adjusted so that the totél storage time, 2.8 milliseconds, is equal to the normal
interpulse time interval of the accelerator when it is operating at 360 pulses per
second. At the end of this storage interval, the beam is reinjected into the accel-
erator and is accelerated a second time, gaining 256 GeV (when conversion of the
present 20 MW klystrons to 30 MW models is completed) resulting in a final energy
as high as 42.5 GeV. Other modes of operation are also feasible as discussed
later.

The main bend rings contain an array of alternating-gradient magnets. To
adapt to the configuration of the SLAC site, the bending radius of the rings has been
limited to 95 meters. By reducing the gaps between magnets to the practical mini-
mum, the resulting radius in the magnets is 88 mefers. The sum total of all the
bends around the loop is 480°.

At the west (injector) end of the accelerator, the recirculating loop will be lo~
cated almost on the surface of the existing grade. At the east (research) end, the
recirculating beam passes through the wall of the accelerator housing beyond Sec- .
tor 30. Thus, the beam will be recirculated through the entire length of the accel—.
erator housing. This results in the maximum increase in energy while minimizing
modification of the existing facility. |

The ultimate energy which can be reached increases as the single-
pass accelerator energy becomes greater. In this discussion, it is assumed that
during the next few years the accelerator energy will be .increased gradually from
the present maximum (~ 22 GeV) to a higher level (25 GeV) by conventional means,

i.e., increasing the rf input power to the accelerator by installing 30 MW klystrons.
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Even higher power (60 MW) klystrons are under development; with a full comple-
ment of such tubes, the single-pass accelerator energy would be 35 GeV and the
maximum output beam energy using the recirculation technique would become

60 GeV (assuming that the storage energy has been increased to 25 GeV).

Modes of Operation:

Various modes of operation will be possible with the RLA. The modes differ
with respect to maximum beam energy, beam current, repetition rate and duty
cycle (values of which are given in Table ). A brief discussion of these various
ways of operating follows:

1. High Energy Mode (25~42.5 GeV)

After accelerating to 17.5 GeV (initial maximum) energy, the beam is stored
for 2.8 milliseconds in the recirculating loop. The beam is then reinjected into
the accelerator for a second acceleration passage which increases the energy by
25 GeV (maximum). The final energy is then 42.5 GeV. To operate at full 360 pps
rate, a new beam pulse is injected into the accelerator at the same time as the
stored beam is injected for the second passage. Both the high and low energy
beams are accelerated at the same time. To allow the energy gains during the
first and second passages through the accelerator to be different,say 17.5 and 25
GeV respectively, while retaining the full 360 pps capability, an off-axis injector
will be provided. This injector will be located along the accelerator at a position
determined by the ratio of the energy gains of the first and second accelerating
passages. In the beam switchyard the two beams dre separated by magnets. The
amount of rf power and accelerator length initially provided in the loop is based
upon storage of a 10 mA beam at an energy of 17.5 GeV. At lower recircuiating
energy, the recirculating current can be increased until beam loading in the loop

accelerator system begins to affect beam stability. Depending on the final design
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parameters of the accelerating structure, this limit will probably be about 25 mA.
As discussed above, the recirculation system is expandable to an energy of 25 GeV
and the accelerator energy can be increased to 35 GeV by the future installation of
60 MW klystrons. Thus, the maximum energy of the high energy mode could later
be increased to 60 GeV.

2. High Duty Cycle Mode (17.5 GeV Maximum)

The present accelerator beam has a duty cycle of ~6 X 10_4. By slowly '"peel-
ing off" a portion of the stored beam during each transit around therioop, the recir-
culating scheme described above can provide a duty cycle two orders of magnitude
higher ( ~ 7%) at energy levels up to 17.5 GeV. This increased duty cycle is the
ratio of pulse length (1.6 microseconds) to the recirculating period (23 microsec-
onds). Assuming 10 mA circulating beam current and 360 pps, the average output
beam power in this operating mode is ~ 100 kW. As described above, the recir-
culating current can be significantly higher at a lower value of the storage energy.
The recirculation energy is expandable to 25 GeV as noted previously.

3. Accelerator Only Mode (25 GeV Maximum)

This mode is essentially identical to the present way in which the accelerator
is operated except that the beam energy (up to ~ 25 GeV maximum) is higher as
a result of increasing the rf power output at each klystron station to 30 MW. The
maximum beam current will be as high as presently achievable { ~ 82 mA) or even
slightly higher. By later replacing the 30 MW klystrons with 60 MW models, the
accelerator energy could be increased to 35 GeV. The repetition rate of the higher
power tubes would be reduced to 180 pulses per second to keep the total power re-

quirements within reasonable limits.
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B. General Layout

A general layout of the entire recirculation system is given in Fig. 7. The
beam is extracted from the end of the accelerator, upstream of the present colli-
mators and pulsed magnet system,‘ and inflected into the recirculator. The east-
end loop starts out with a 12° bend to extract the beam from the accelerator housing.
Following this bend, the trajectory consists of a 198° circular loop witha 95 m
i‘adius. The beam then goes through a straight section followed by a 30° reverse
bend. Reentry into the housing takes place at Sector 26.

Following the beam direction, the west-end loop takes off from the accelerator
housing at Sector 4 and reenters it upstream of the injector. It consisis of a 30°
reverse bend, a long straight section and a 210° circular bend, also with 95 m
radius. In order to conform to the local terrain, the plane of this loop is tilted down
towards the south at 4% grade. Reinsertion is accomplished by a fast pulsed mag-
net which is only activated on the last pass through the recirculator.

The rf system which supplies the energy lost by synchrotron radiation in the
loops is located in Sectors 21 and 22. It consists of two regular sectors of SLAC
accelerator powered by sixteen 220 kW klystrons operating at ~ 10% duty cycle.
This initial system is capable of supplying up to 150 MeV per turn. At a later
date, it may be possible to increase this energy, either by adding more conventional
sections or by installing some superconducting sections operating CW. With a
standing-wave gradient of, for example, 6 MV/m in a 13 m long superconducting
structure, the beam would gain up to 75 MeV per pass. By having the beam trav-
erse the structure in both directions, the total energy gained in each cycle could
be as high as 150 MeV.

High duty cycle beams at the recirculator energy are extracted by a septum

magnet system which "'spills!’ some of the electrons into the beam switchyard by
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"peeling off" a fraction of the beam on each turn. When operating in the energy
doubling mo'de, this system is turned off and the beam proceeds around the loop
122 times. On the last turn, the pulsed magnet at the injector is turned on and
the beam is reinserted into the two-mile accelerator for a second pass.

The beam dynamics in the RLA are described in detail in Section IV. Only a
brief functional description is included here. Assume an electron beam with energy
E (between 12 and 17.5 GeV) emerging from the accelerator and being inserted into
the recirculating system. Suppose that this beam consists of a 1.6 usec pulse
train of ~5° bunches (~ 1.5 mm long) with energy spectrum E/EO =+0.2%. As
these bunches are bent by 210° in the east~end loop, the characteristics of the mag-
netic transport system cause them to grow to a length of about 6 mm. This happens
because the bend is not entirely isochronous; fhus the high energy electrons have a

ionger trajectory than the ones with the exact energy E.. The function of the 30°

o
reverse bend is to return the beam to the accelerator housing and to restore the
bunch to approximately its original length. This feature is achieved by dispersing
the beam in momentum with a set of bending magnets. Following this dispersion,
there is a quadrupole doubiet which causes the high momentum rays to cross over
and enter a second bending system. Because of this cross over, the trajectory of
the higher momentum electrons can be made shorter than that of the eQuiIibrium
orbit in the second bending system. Thus, when the bunches reenter the accelera-
tor housing, quasi-isochronism is reestablished. The degree of quasi-isochronism
is adjustable. It determines the momentum compaction of the loop and the period
of synchrotron phase oscillations. As the beam goes through the straight sections
parallel to the accelerator, a periodic focusing system keeps its cross section
within acceptable bounds. In the west-end loop, the steps just described for the

east-end loop are now reversed.
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It is essential that the six-dimensional phase space of the bunches as they go
through the recirculator be controlled in such avway that the beam can be reinserted
into the accelerator. In particular the bunch length must stay within 10-20° in
order to keep the energy spread éfter the second acceleration within acceptable
limits. Details of these problems including damping, beam loading, tolerances

and instabilities are discussed in the section on beam dynamics.

C. Components and Facilities

1. Magnets and Powér Supplies

The magnets for the recirculating system can be divided into several categories:

a. Alternating-gradient 3° bending magnets for the circular loop arcs (65 mag-
nets for the east-end loop and 69 magnets for the west-end loop). Each cell will
consist of a focusing magnet with index n = -900 and a defocusing magnet with index
n = +700. Each magnet will have a mean field of 6.58 kG at 17.5 GeV. A total of
11 power supplies will be available, one power supply powering an average of 12 to
14 magnets. The power supplies will be of the conventional silicon controlled recti-
fier type. Since the beam loses energy around the loop, successive power supplies
will run at slightly decreasing values of current. The question of whether a separated
function lattice would be superior has been discussed at some length. Tolerances
would probably be easier to meet in such a system but the radius of the loops would
have to be increased to accommodate the extra quadrupoles. The limitations of
available real estate and tunnel construction costs make this solution less appealing.

Four magnets of similar design but with zero-gradient will be used in the 12°
bend.

b. Zero-gradient 2. 5° bending magnets for the 30° reverse bends. There will
be 12 such magnets in each bend. The first three of each group are the energy dis-

persing magnets, the last three are the energy recombining ones; the middle six are
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those which cause high energy electrons to have a shorter path length. One power
supply will be used per loop.

¢. Zero-gradient 1. 59 bending magnets for n-function matching between the
circular loops and the straight sections. There will be 4 such magnets, each
powered by one power supply.

d. Each of the above 1.5° zero-gradient magnets will be accompanied by a
quadrupole singlet, each supplied by its own power supply. Two doublets using
identical quadrupoles will be used in the 12° inflection system.

e. As described earlier, each reverse bend will contain two sets of doublets
for a fotal of 8 quadrupoles and 8 power supplies. Sixteen very similar quadrupoles
will be used for phase space matching along the long straight sections in the loops,
each with its individual power supply.

f. The long straight sections parallel to the accelerator will use 66 quadru-
poles. For ~100 m long sectors, this will mean one quadrupole per sector. Each
quadrupole will have its individual power supply. Two of the same quadrupoles will
be used as symmetry quads in the reverse bends.

g. In addition, there will be a number of special magnets, some to extract the
beam from the accelerator and to inflect it into the recirculator, some to reinsert
it into the accelerator, some for the 'long spill, ' and some to upgrade the existing
switchyard. Some of the inflection and reinsertion magnets will have to be pulsable
with 2 pusec flat top and less than 21 usec total rise and fall time so that the mag-
netic field is off when the beam returns after traveling around the loop (~23 psec).
The power supplies for these magnets will be line-type pulsers. In addition, there

will also be a number of small steering magnets.
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2. Tunnels, Buildings and Roads

As shown in Fig. 8, the beam transport coﬁnponents will be installed in under-
ground cylindrical pipes (precast concrete storm drains). Additional concrete will
be poured into the bottom of the pipes to create a flat surface for easier movement
of personnel and small vehicles. Joints at the ends of the pipes will be tongue-and-
groove and will be sealed to keep out ground water. The pipes will be 8 ft. in di-
ameter (I.D.) and 8 ft. long. This diameter is large enough to house the magnets
and other beam components and still allow room for passage of personnel.

Each loop will contain 3 equipment penetrations (8 ft. in diameter) and 3 man
accessways (3 ft. in diameter). These penetrations will be offset from the beam
centerline in order to minimize the radiation escaping from the tunnel.

The only special buildings required are 5 small (16 ft. x 32 ft.) structures lo-
cated at each end of the recirculator to house the dc power supplies.

An access roadway 14 ft. in width will be constructed along the east and west
end loops. This will allow two-way traffic for service vehicles. The general lay-
out of the plant is shown in Figs. 9, 10, and 11,

3. Support and Alignment

Supports must be provided for the magnets in the bends at the ends of the re-
circulator and for the beam transport pipés and accelerator sections in the accel-
erator housing. Other devices such as beam monitors, collimators and steering
dipoles must also be supported at various positions in the loop. The problem of
supporting magnets, etc., in the bends is complicated by the fact that the plane
of the west-end loop is tilted with respect to the horizontal plane by a 4% slope.

The beam transport pipes in the Accelerator Housing will be 2-1/4" OD stain-
less steel tubes. The pipe transporting the eastbound beam will be located 29 in.

above the present accelerator centerline (see Fig. 12). The second pipe, which
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transports the westbound beam, will be at the same elevation but 24" farther to
the south. Both pipes will be attached to the present‘40 ft. support girders of
the accelerator at 20 ft. intervals.

Bending magnets and quadrupéles in the loops will be supported by simple
metal stands which extend to the floor of the housing. Horizontal and vertical ad-
justing screws will be provided. Adjacent ends of neighboring magnets will be
held by a single common support.

Alignment of the transport elements in the loops will be accomplished by pre-
cision surveying techniques. The centerlines of the various devices will be ac-
curately referenced to targets {(e.g., "tooling balls'’) mounted on their exterior
surfaces. A large fraction of the sur\}eying will be'a.ccomplished above ground
and the alignment criteria will be translated to the transport elements by off-set
techniques similar {o those used in the alignment of the SLAC Beam Switchyard
components.

4. Radiofrequency System

The radiofrequency system will consist of two conventional accelerator sectors
capable of providing 150 MV per turn at a repetition rate of ~43.5 klz. These
extra sectors will be installed parallel to the present Sectors 21 a;nd 22, For the
accelerator proper, use will be made of spare disk-ioaded waveguide and surplus
Mark III sections from the Stanford High Energy Physics Laboratory. As discussed
above, the new accelerator sections will be installed in the present housing, above
the existing accelerator, high enough to clear all eicisting components (see Fig. 12).
A total of 64 ten-foot sections mounted on 16 girders will be used.

The rf power will be supplied by 16 klystrons located in the klystron gallery.
Each klystron will supply 220 kW of peak pulsed power to four sections on a girder.

The klystron repetition rate will be ~43.5 kHz, i.e., one pulse every 23 usec,
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corresponding to the revolution frequency of the beam. As in the present accel-
erator, each pulse will be 2.5 psec long giving a duty cycle of 10.9%. The average
rf power per klystron will be ~24.2 kW. Each klystron will be powéred by a modu-
lator using a tetrode switch tube and a 1 pf, 45 kV storage capacitor. The wave-
guide feed system from the klystrons to the accelerator sections will be very simi-
lar to the existing rectangular waveguide system and will use the same vertical
penetrations. The drive and phasing systems will conceptually resemble the exist-
ing systems but will have to accommodate the higher repetition rate and lower
drive power. The entire radiofrequency system will require about 1 MW of addi-
tional electrical power.

5. Imjector and Positron Source

The present SLAC injection system uses two electron guns, the first on axis,
the second off axis; both are located upstream of the first accelerator section in
Sector 1 and are operable interchangeably on a pulse-to-pulse basis. In the pro-
posed layout for the recirculation system, the on-axis gun will be removed so that
the beam can be reinserted directly into the accelerator. The off-axis gun will
remain at its present location and operate as usual. For reliability purposes, the
present on-axis gun might be remounted off-axis in the same area.

In addition to these modifications, a new off-axis injector will be installed in
the first third of the accelerator, at about Sector 6. The beam from this injector
will be used when a 17.5 GeV beam is desired on the first pass. On the second
pass, 2.8 msec later, this beamwill then receive the full acceleration of ~25 GeV
for a total of 42.5 GeV. Simultaneously, a new‘ beam will again emerge from the
off-axis injector, thereby preserving the 360 pps repetition rate.

By reversing the magnetic field in all the recirculator magnets, it should also

be possible to store and double-accelerate a positron beam. Since the present
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maximum energy of positron beams ( ~14 GeV) is lower than the maximum recir-
culating energy, the maximum final positron energy will also be lower (~ 39 GeV).
Furthermore, since the positrons are produced by means of a primary electron
beam in Sector 11 and a 180° phasé reversal beyond that point, it will not be pos-
sible to have positrons and electrons simultaneously in the accelerator and the
maximum repetition ré.te will be 180 pps.

6. Vacuum System

The vacuum system envelope will follow the general outline of Fig. 7. The
design of this system seems fairly straightforward except for one uhcertain factor:
the outgassing rate of the vacuum chamber due to synchrotron radiation. Indeed,
the ~100 kW of power transferred to the beam by the radiofrequency system will
reappear as synchrotron radiation in the loops.

The present design is expected to maintain an average pressure of 5 X 10-7
torr during storage time. The vacuum chamber will be made of aluminum in the
curved sections and of stainless steel in the straight sections. The aluminum
chamber will be extruded and have an elliptical cross section to conform to the
A.G. magnet poles. Approximately 95 small ion pumps (~9 liters/sec) will be
appropriately distributed along the recirculator so as to provide the required

average pressure.

7. Electrical Utilities

The total additional power requirement for the recirculation system operating
at 17.5 GeV is~6.3 MW. The capacity of the main substation is more than ade-
quate to supply this incremental load.

Taps will be provided at Sectors 3 and 5 to divert 12 kV power to 4 new sub-
stations located around the west-end loop. These substations will be of the outdoor

type and will transform the power from 12 kV to 480 V. At the east end, power
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will be taken from the beam switchyard substation and distributed to 4 outdoor-type
substations located around the east-end loop. The 12 kV cables will be buried
underground.

Power to the radiofrequency System (~ 1 MW) will be supplied from the 12 kV
line at Sectors 21 and 22.

Power supplies for the magnets will be located in small above-ground shacks
at each loop. Penetrations will carry dc power from the power supplies to the

magnets located in the tunnel.

8. Cooling Water

Cooling water for components in the east-end loop will be supplied from the
existing 1701 cooling tower (located nearthe beam switchyard). Water for components
in the west-end loop will be supplied from cooling tower 1201 (located opposite Sector 9)
whichwill be up-graded. The cooling of components in the two-mile accelerator housing
in Sectors 21 and 22 will be handled by cooling tower 1202 (located opposite Sector 22).
9. Extraction, Inflection, Reinsertion, Long Spill, and Modified BSY Systems

The general principles of these syste'ms have been illustrated in Fig. 7. For
beam storage, once at the beginning of each 1/360th of a second, the 12-17.5 GeV
beam must be extracted from the accelerator and inflected(by the Inflection system) into
the east-end loop. At the end of this period, for energy doubling, it must be re-
inserted into the injector end of the accelerator(by the Reinsertion system). For long-
duty cycle operation, reinsertion is of course not needed hut a "long-spiil" mag-
net system will be installed close to the end of the‘a.ccelerator.r By building all
these systems upstream of the existing BSY, the modifications in the BSY can be
kept reasonably simple. Of course, a number of BSY magnets will have to be up-

graded to accommodate the higher energies.
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10. Shielding and Radiation

The shielding problems are concerned mainly with limiting the flux of neutrons
and muons at the shield surface and at the project boundary. The shielding configu~
ration {combined with operational ‘interlocks and procedures) will limit the radiation
at the project boundary to 5 mrem per year. An upper limit of 1.5 rem per year
will be maintained for the radiation workers (this is 1/3 of the allowable level set
by the AEC).

_At the present time, it is planned to use about 15 ft. of earth shielding over
the entire recirculation loop. Radiation measurements will then be made and any
"hot spots" which are found will be remedied by realignment of the beam transport
components, by changes in operating procedures, or by addition of localized
shielding. The protection system must be designed with the capability of shutting
off the beam within 1 to 2 pulse intervals (2.8 - 5.6 msec) in case the beam moni-
toring devices detect an out-of-tolerance radiation condition or in case the beam
fails to complete its programmed recirculation schedule.

Calculations have been made for a 17.5 GeV, 10 mA, 100 kW beam. They indi~
cate that the shielding and protection systems briefly described above should be
able to maintain tolerable radiation levels for a continuous 1% beam loss (~1 kW)
uniformly spread around the loop. Neutron dose should be extremely small while
muon contribution should be entirely negligible. The calculations have also been
extended to a 25 GeV, 10 mA, 150 kW beam. The averé.ge doses at this higher
level will also be negligible. Additional localized shielding might be added if
measurements detect any "hot spots.™
11. Instrumentation and Control

Experience at SLAC with such systems as the injector, the positron source,

sector control, etc., has shown that the best principle for good instrumentation
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and control is to provide local controls for initial setup and troubleshooting but to
centralize all the essential operational beam controls in the Main Control Center
(MCC). In this manner, the local controls need not be manned on a full-time basis.
The construction of the RLA will follow this general principle. There will be
several subsystems to instrument: '

a. The two new sectors with their 16 klystrons, modulators, drive and
phasing systems in Sectors 21 and 22.

b. The two~mile long double-transport and beam guidance system.

¢. The east and west-end loops with their magnets, power supplies, utilities,
pumps, beam current and position monitors, personnel and machine protection
systems, and radiation monitoring.

d. The loop inflection, reinsertion and long-spill systems and the modified
BSY switching system.

Subsystems (2) and (b} will require controls very similar to existing accelerator
instrumentation. The loops (subsystem (c)) may just have a few local instrumenta-
tion "alcoves." Subsystem (d) will be combined with present injector I/C and BSY
I/C respectively.

The I/C system which will require the greatest ingenuity and innovation will
be the beam guidance console display in MCC. This consc:;le display might be pat-
terned after existing machine displays such as the lin Q, x, y, displays at SLAC
or similar systems at other labs. The main difference -between the new system
and the existing one is that the beam will come around every 23 usec and will have
to M"survive 122 revolutions. Diagnostics will have to be devised to follow the
beém arouxid and to pinpoint not only at what point but also on what turn a particular
beam parameter has been exceeded. Ovbiously, some sort of computér assistance
will be required. Hopefully, the existing PDP-9 and SDS-925 computers will be
adequate for this purpose. |
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IV. BEAM DYNAMICS

A. General Characteristics

The beam dynamics of the RLA generally resemble the dynamics of the
Cornell Electron Synchrotron4 with a few outstanding differences:

1. Since the energy and all the magnetic fields are held constant, the problem
of moving the beam through the transition energy does not exist. The electron
bunches will normally be located on the falling side of the rf wave.

2. Because the recirculator contains about 6000 meters of straight drift
length wiﬁh fairly closely spaced quadrupole lenses, it is possible to make adjust-
ments in the betatron tune without affecting the bending system.

3. The reverse bends provide a continuous adjustment on the momentum

81 Eo

compaction, o = 7 e Here 6£/¢ is the fractional change in path length in the

entire system due to the fraétionai change in energy €/E o E 0 is the nominal energy
of the stored beam. Normally o would be very small, i.e., 10%ca<zx107?,
The low value for « is necessary to keep the short bunch length which must be
preserved if the beam is to have a reasonable energy spectrum after the second
acceleration pass.

4. The long drift length reduces the rf power required by reducing the rela-
tive time the beam spends in the bending magnetic field. Since the storage period

is only 2.8 msec, the effect of the long path is to reduce the number of revolutions

to the relatively small value of about 122.

B. Recirculating Lattice

1. Main Bends
The main bend lattice is expected to consist of alternating gradient cells. In

order to reduce the driving of radial phase space blow-up by synchrotron quantum
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fluctuations, it is desirable to reduce the rms value of the n~function. The -
function defines the off- momentum equilibrium orbit. This reduction is achieved
by using magnets with high gradients. This yields a short betatron wavelength,
resulting in short cells, each containing only two magnets.

Numerous alternative cells héve been investigated by means of the TRANSPORT5
and SYNCH6 computer programs. Theproperties of a promising looking main bend
lattice are summarized in Table OI. Each cell contains two 3° bending magnets:
one focusing with index n=-900and one defocusing with index n=+700. The mean

fieldis 6.58 kG at 17.5GeV. Figure 13 shows the function, and the betatron functions
Bx and ‘By' The rather high gra:dient index of 900 has been shown by calculations to be within
the practical upper limit imposed by magnet design at fields up to 9.4 kG. This is the high-
est equilibrium guide field proposed, corresponding to 25 GeV recirculation.
2. The m-Matching Sections

The matching of the n-function between the main hends and the adjacent straight
sections is accomplished by a system consisting of a2 bending magnet which dis-
perses the beam and a quadrupole which focuses the dispersed off- momentum
rays. 7 With proper choice of spacing of the elements and quadrupole strength,
the proper values of 1 and »' in the bending ring are matched to the condition
= ﬁ' = 0 in the straight sections. The overall transformation through the main
bend is then achromatic, and 772 is minimized within the bending lattice. The pro-
posed system as designed by use of TRANSPORT is shown in Fig. 14. Note that
the main bend terminates in a full-length D-magnet (radially defocusing) at each
end. The 1.5° bending of each n-matching magnet- then makes the total bend of
the system an integral multiple of 6°.
3. Reverse Bends

The reverse bends, in addition to their obvious function of bending the beam

into and out of the main accelerator housing, serve the additional purpose of
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providing a continuous adjustment of the momentum compaction. The reverse
bend layout is shown in Fig. 15. The four 7. 5° bends each consist of three 2.5°
magnets. The system is symmetric about the central 'symmetry'" quadrupole.
To understand the momentum eonipaction adjustment, refer to the dispersion ray
diagram in Fig. 15. The off-momentum ray is focused by the doublet and passes
through the central bend with negative dispersion — i.e., inside the mean ray.
The symmetry quad symmetrizes the off-momentum ray, thus making the overall
system achromatic. By varying the horizontal focal length of the doublet, the
total path length difference given by

sU(e/Ey) = fx(e/EO) &

may be varied over a finite range. Each of the main bends contributes about 1.1 m
to this matrix element. Thus, for a design value of (3¢|€/E 0) = 0.7 m for the
entire recirculator, the matrix element for each reverse bend should be

(&1 Ie/EO) ~ -0.75 m. This corresponds to a momentum compaction of & =

{52 |e/E0> /L= 1% 1074 (where L =~ 6900 m is the total path length). By using
TRANSPORT, solutions have beenrfound which are variable over a range of -0.75 +

0.25 m, giving a net momentum compaction which may be varied within the range
3x10° < a<17x107°

"The vertical focal strength of the doublets may be varied to keep the vertical trans-
port properties of the system nearly constant.

Table I summarizes some of the transport properties of the entire recircu-
lator. The numbers of betatron wavelengths are given in round numbers; in op-

eration Vo and Vy will actually be set to avoid integer and half-integer resonances.
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4. Damping Rates for Quantum-Fluctuations
The calculation of damping rates employs the damping factor D, defined by

Sa.nd58 as
. Frr6es) [as)” + 2K ()] ds
fG(s)z ds

where the integrals are to be taken along the complete beam path. The function

G(s) is

G(s) = 1/1(s) = 2= B(s)
0 .

and the function Kl(s) is the focusing term

ec (dB(s
e =5 (582,

evaluated on the design orbit, x = 0. The function n(s) is the equilibrium orbit for

an off~-momentum particle:
x(s) = M(s) €/E,

In terms of the gradient index n(s),

. S8 G @1 - 2n(s)] ds
$ Gz(s)ds

The damping rates are gix.ren by @, = Ji(fU /2E) where f is the circulating fre-
quency and U is the energy lost per turn fo éynchrotron radiation. The coefficients
Ji are the damping partition numbers given by J 5= 2 + D for synchrotron phase
oscillations and I+ Jy = 2 - D for the horizontal and vertical oscillations. As
long as the Ji's are positive, the motion is damped. In the absence of x~y coupling,
Jy = 1 and JX =1 - D. The recirculator will, however, have x-y coupling because
of the tilted plane of the west loop. Thus, the damping partition number JX will

become less negative due to the x~y coupling. However, for the small values of
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Jx that are anticipated, the antidamping rate is so slow as to be negligible during
the 2.8 msec storage period for the energy range being considered. If the energy
range of the RLA is increased in the future, it is possible to modify D by intro-

ducing special magnetic elements.

C. Rf System
1. Phase Stability

Phase stability in the RLA is achieved by placing the bunches of electrons on
the falling side of the rf wav-e just as in a conventional synchrofron operating above
the transition energy.

The farther the beam is phased off crest, the stronger the phase focusing be-
comes, but also the more peak rf voltage must be supplied. The synchrotron phase
oscillations which result from quantum fluctuations in electron energy tend to be
smaller in amplitude and more rapid as the bunches are phased farther off crest.
However, the phase oscillations also depend on the momentum compaction parame-
ter; the lower values of & result in smaller amplitude phase osciillations for the
same energy excursion, but at a lower synchrotron oscillation frequency. These
inter-relations are shown in Table IVQ for the case of 17.5 GeV. Since the initial
spread in phase and energy (¢ 0/ Ey =~ 0.3%, quo & 40) will likely be less than the
damped values shown, and since the storage time is comparable to the synchrotron
damping period, it is probable that the resultant phase and energy amplitudes will
be less than those shown in Table IV.

2. Beam Loading

The steady-state beam loading voltage induced in a constant gradient accelerator

section, with length £, voltage attenuation parameter 7, shunt impedance per unit

length r, and peak current ip, is10



For a SLAC section with 7 = 0.57, {= 3.0 m, r = 53 megohms/m, the beam loading
voltage is calculated to be 0.037 MV/mA per section. For a conventional rf system
using two sectors of SLAC structure (64 sections), the total beam loading voltage
is 2.37 MV/mA. This steady-state value is attained after the 0.8 usec transient,
i.e., the structure filling time. It is possible to compensate for this transient by
delaying the rf pulse of some of the klystrons during the filling time. This method
is similar to the technique used regularly on the two-mile accelerator. If compen-
sation for transient beam loading is done imperfectly, the bunch centroids will
execute phase oscillations whose amplitudes must be added to the amplitudes of
the phase oscillations within the bunches to determine the effective bunching of
the stored beam.

The amount of current that can be recirculated is maximized if, after the
transient effects have died out, all the klystrons are identically phased. From
Fig. 16, the expression for the synchronous phase angle is
1/2

2 2
Vg-(Vb+VS)

V2

S

tan ¢ =

where Vg is the amplitude of the unloaded voltage produced by the klystrons, Vb
is the amplitude of the beam induced voltage and Vs is the voltage required to re-
place synchrotron radiation losses. The effective rf voltage is the vector sum
Vit
By solving for vy yielding

= Vg +V,ata phase angle ¢ from the electron bunch so that V= Vg €08 b .

1/2
(2 2 2
Vm[Vg-VStan qbs] -V

it is possible to calculate the maximum amount of beam loading for any phase angle.

b s

The last column in Table IV lists the peak recirculating current for the 17.5 GeV

case assuming Vg‘ = 150 MV. It shows that for a reasonable quantum lifetime of
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~ 1 second, about 7 mA can be recirculated at @ = 0.5 X 10_4. At a lower recir-
culating energy, using the full 150 MV of rf voltage, it is possible to recirculate
considerably more current up to the point where loading in the main accelerator
becomes the limitation. Thus, fof example, at 17.0 GeV, over 10 mA can be re-
circulated and at 15. 0 GeV, over 30 mA can be recirculated. This latter value
approaches preliminary estimates of the threshold of beam breakup in the recir-

culator.

D. Tolerances
1. Alignment Tolerances

Alignment tolerances have been calculated for the main bend loops with the
assumption that the design consists of a 48 0° ring of A. G. magnets as described
earlier. Since steering is neglected,this approach should be conservative. More
detailed calculations of the actual configuration are in progress.

The most sensitive tolerances are for beam position due to transverse errors
in the magnet position (Ax and Ay) and for rotation of the magnet about the beam
axis (A¢Z). As compared to the tolerances calculated for the lower gradient struc-
ture built at Cornell,4 the tolerances for Ax and Aqbz are tighter by a factor of less
than 2, i.e., more than half the allowable error. The_ tightest tolerance is the
vertical displacement Ay, which is almost three times tighter than the Cornell
tolerance for the circular model. Special care in mounting adjacent magnets to a
common stand is expected to satisfy this tolerance requirement which is approxi-
mately 0.1 mm; the actual numbers remain to be determined. Vertical steering,
which can be provided in the main bend loops, will substantially relax the vertical

alignment tolerance.
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2. Magnet Tolerances

Magnet tolerances, including field and gradient tolerances, have been calcu-
lated using the same model ring. The tolerance on gradient errors needs to be
determined on the basis of the second order isochronous (sextupole) correction
to the pole face of the gfadient magnets. The tolerance on $Bdl can be met by
grouping magnets of similar $Bdl on the same power supply; Each power supply
is expected to péwer about twelve to fourteen 3° gradient magnets. The regu-
lation required of the power supplies is 0.1%, which is substantially less than

the expected momentum spread of =0.3%.

E. Instabilities

The following instabilities and special beam problems have been studied:
1. X-Y Coupling

An analysis has been made to study the effects of x-y coupling upon the damping
rates of the x-y oscillations. The results show that as the coupling increases, the
larger of the two damping rates decreases and the smaller of the two damping rates
increases. In the limit of very large coupling, the two damping rates become equal
and are given by the average value of the damping rates for the noncoupled case.
For the case of small coupling, the change in the damping rate is proportional to
the square of the coupling.
2. Tune-Shift Due to Energy Spread

The betatron oscillation tune shifts Avx and Avy for the off-momentum particles
have been calculated for the proposed magnet lattice. The calculations confirm that
it is important to include a sextupole correction in the alternating gradient magnets.
The effect is to make the betatron tune in the main bends independent of energy.
Similar corrections in the reverse bends, where zero gradient magnets are planned,

can be provided by small individual sextupole magnets.
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3. Head-Tail Effect

The growth rates for the head-tail instability have been calculated. In this
calculation the value of the coupling impedance and the chromaticity are assumed
to be comparable to those of Adone. The threshold for this instability depends on
the tune shift due to energy spread. Even without the sextupole correction des-
cribed above, the threshold appears well above the design current for the RLA.
4. Betatron Frequency Shift Due to Jon Neutralization

The betatron oscillation fféquency can be shifted by the neutralization of the
electric space charge forces by residual ions. Calculations assuming complete
neutralization, leaving the self-magnetic field of the beam uncancelled, show a
negligible shift in betatron fune. Thus for currents in the range proposed, i.e.,
10-30 mA, the vacuum requirements for the RLA are based on scattering of the
beam and are not made more stringent because of residual jons.
5. Synchrotron Frequency Shift Due to Space Charge

The synchrotron frequency shift from space charge has been estimated assuming
that the beam current density decreases quadratically with distance from the center
of the bunch. Under {ypical operating conditions of current, accelerator gradient
and phase angle, this effect was found to be negligible.
6. Effect of RF Amplitude and Phase Jitter

Pulse-to-pulse jitter in the amplitude and phase of the RLA klystrons will pro-
duce coherent stochastic growth of synchrotron oscillations, resulting in uncertainty
as to the final phase angle of the bunch. Linearized synchrotron dynamics have
been used to estimate this effect. On the assumption that the uncertainty in final
phase should be less than 50, the tolerances turn out to be about 1. 1% in phase and
1.1% in amplitude for jitter which is coherent in all 16 klystrons; or about 4. 5° in

phase and 4.5% in amplitude for jitter which is uncorrelated between klystrons.
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7. Beam Breakup Due to Transverse RF Mode Excitation
Beam breakup can occur in the RLA because of transverse interaction of the

beam with the HEM, . mode in the accelerating structures. The transverse inter-

11
action with the recirculator linac is cumulative during the storage period. However,
the recirculation time (23 usec) is long compared to both the decay time of the rf
fields (1 psec) and the beam pulse length (1.6 psec). Consequently, the structure
has no "memory" from one beam passage to the next; information is carried only

by the beam.

An approximate analysis of this effect has been made. A preliminary calcu-
lation indicates that the breakup threshold is on the order of 30 mA. In practice,
this threshold may be raised by selective detuning of the RLA accelerator structures
and by the phenomenon of Landau damping. Furthermore, ‘since the total storage
time is comparatively long, it would be possible to use feedback to control the

effect.
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V. SCHEDULE

The following Table displays the design, construction, installation and
testing schedule for the Recirculating Linear Accelerator. Note that the total
schedule extends over a period of three fiscal years from time of authorization

to operation.
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TIME SCHEDULE

RECIRCULATING ACCELERATOR

First Fiscal Year Second Fiscal Year Third Fiscal Year
.'
SITE IMPROVEMENTS o design .
BEAM STRUCTURES AND .
EQUIPMENT SHELTERS - construction -
design -
procurement and fabrication
g t : .
MAGNETS AND POWER SUPPLIES installation
—
design - .
- procurement and fabrication &
Ir ] -
VACUUM installation E
K
design - =
procurement and fabrication =
ot t — — E
RF installation b
design -
INSTRUMENTATION |- procurement and fabrication -
1
AND CONTROL installation
et .
design -
procurement
eet— o -
WATER AND ELECTRICAL o . mst%llatlorll

-F'ull Authorization Assumed
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MAXIMUM VALUES OF VARIOUS PARAMETERS FOR THREE OPERATING MODE!

High Energy High Duty Cycle A
Mode' b Mode

Output Beam Energy (GeV) 42.5 46 60 17.5 25
Recirculating Beam Energy (GeV) 17.5 21 25 17.5 25
Beam Pulse Repetition Rate (pps) 360 360 180 4% 104 4x 104 ‘
Beam Pulse Length (usec) 1.6 1.6 1.6 1.6 1.6
No. of Electrons per Pulse (X 1010) 10 10 10 0.10 0.10
Duty Cycle (%) 0.06 0.06 0.03 7 7
Average Beam Current (uA) 6 6 3 6 6
Average Beam Power (kW) 244 276 180 105 150 14
Peak Output Beam Current (M) 10 10 10 0.10 0.10
Recirculating Beam Current (mA) 0.7 0.7 0.7 0.7 0.7
Output rf Peak Power per Klystron (MW) 21 30 60 21 30
RF Pulse Repetition Rate (pps) 360 360 180 360 360 :

(1) Parameters are given for final energies of 42.5, 46 and 60 GeV.
(2) Parameters are given for 30 MW and 60 MW output peak power per station.



TABLE II

SECONDARY PARTICLE YIELDS

Particle ‘ Particles/sec
wi ~ 106
K+ few x 104
K~ ~10%

P few x 10°

p(n) ~10*

K° few x 104
L
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TABLE III

MAGNET LATTICE PARAMETERS

Number of Betatron Wavelengths (rounded to nearest integer):

Main Bends Straight Sections Total (including misc.)

Horizontal 11 each 6 total 31

Vertical 5 each 6 total 19

Beam Path Lengths (6900 m total including miscellaneous):

Main Bends Reverse Bends Main Tunnel
2x 37T m 2x 154 m 3090 m east
2230 m west

Recirculator Period Recirculator Frequency Harmonic Number
4

23 usec 43.5 kHz 6.6x 10

Estimated beam size: +0.7 em maximum radial and vertical.
Path length dispersion per 210° bend: <6£’6/E0> = 1.125 m.
Damping factor: D= 1.56
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TABLE IV
SYNCHROTRON OSCILLATION PARAMETERS FOR 17.5 GeV

U =125 MeV/turn Bo = 134 keV
ag = 157 sec™! ag = 550 sec™
Synchrotron damping period = 1.8 msec

Momentum spread (at damped equilibrium) = 0. 12%

VRF qbs Ts em/ E0 O—q.’) Tquantum 1p

(MV) (degrees)  (turns) (%) (degrees) (msec) (mA)
Momentum Compaction ¢ = 0.5 % 104

130 16 30 .33 6.8 1.1x 10} 8.8

135 22 26 .54 5.7 3.0 x 105 6.9

140 27 23 .73 5.1 6.6 x 10° 4.7
Momentum Compaction o = 1 x 1074

135 22 18 .39 8.0 3.1x 10} 6.9

140 27 16 .52 7.2 1.1x 108 4.7

145 31 15 .63 6.7 8.7 x 104 2.1

Momentum Compaction @ = 1.5 x 10~%4

140 27 13 .42 8.9 7.4 x 101 4.7
145 31 12 .52 8.2 1.2 x 103 2.1
150 34 11.5 .61 7.7 2.9 x 107 0.0

In this table, U is the energy lost per turn by synchrotron radiation and ., is
the critical energy of the synchrotron radiation. The damping rates are given
by ag = fU/ZEO, where f is the recirculator frequency, and ag = (2 + D)ay. VRF
is the peak value of the RF voltage, ¢4 is the synchronous phase angle and oy is
the standard deviation of phase angle. Ty is the synchrotron oscillation period
and em/ E( is the momentum acceptance of the system. The quantum lifetime
Tquantum i the expected lifetime of an electron due to the possibility that a
quantum fluctuation will excite phase (energy) oscillations out of the RF bucket.
For negligible losses during the storage period, the quantum lifetime should be
Tquantum >>100 Tg, i.e., several hundred milliseconds. It can be seen that
this condition is amply fulfilled for the higher peak voltages. The last column
shows the peak pulsed current that can be recirculated assuming that the maxi-
mum unloaded RF voltageis 1560 MV.
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FIG. 1--Feynman diagram for inelastic electron scattering on protons. The
laboratory energy of the virtual photon is ¥ =E-E', and q2 =4EE' sin? 9 /2
is the square of the virtual-photon four momentum.
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FIG. 2~-Structure function of the proton from SLAC inelastic electron-proton
scattering data. The horizontal scale is the square of the mass of the
final hadron state W22M3+ 2M,v -q%. The laboratory cross section,
in terms of the structure functions Wq(v, q4) and Wo(v ,q%) and the
electron scattering angle @, is

do  _ a2 cos2 6/2
-
dOdE' 402 (st /2

(W, + 2 tanZ §/2 W1) .
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FIG. 3--Inelastic Compton effect from the proton with transfer of
a large transverse momentum to the outgoing photon. The
Compton scattering is from a "parton'" constituent of the
proton.
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FIG. 4--Massive u-pair production in a photon-proton collision.
The mechanism is by annihilation of a parton-antiparton
pair to form a massive virtual photon.
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FIG. 5--"Virtual" muon beam for inelastic scattering. Events are
triggered on the unscattered (spectator) muons.
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(a) OBSERVATION OF W PAIR PRODUCTION BY
STUDYING p PAIRS

(b) OBSERVATION OF W PRODUCTION BY STUDYING
SINGLE o PRODUCTIONS

1963A6

FIG. 6
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FIG. 7--Schematic layout of recirculation system.
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FIG. 8--Typical cross section of tunnel in the loops.
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FIG. 9--Aerial view of SLAC showing RLA layout.
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FIG. 10--Layout of East loop.
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FIG. 11--Layout of West loop.
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FIG. 12--Schematic of Accelerator Housing showing cross sections of present accelerator,
666 ft new accelerator (east-bound beam) and return loop (west-bound beam).
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FIG. 14--Section of main ring showing »-matching section and one complete cell.
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FIG. 16--Vector diagram showing the addition of the generator
voltage V,, and the beam induced voltage Vy, to result
in the findl rf voltage V,f where ¢ is measured from
the wave crest.



