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Summary 

The Cambridge Electron Accelerator (LEA) 
has been devoted solely to electron-positron 
colliding-beam physics since 1970. By early 
1972 an operational system had been develo ed 

e 
with a peak luminosity of 2 x 102scm-2sec- . 
An experiment observing e+e-, yy, pi+p-, and 
hadron events was then completed at a beam en- 
ergy of 2 + 2 GeV and an integrated luminosity 
of 1.12 x 1034cm-‘. Since then, many improve- 
nents have been made to increase the average 
luminosity and to permit operation at higher 
energy. A cryogenic pumping system has been 
installed close to the interaction region re- 
sulting in a significant pressure drop and 
reduction in background in the luminosity 
counters. A final experiment is now in prog- 
ress at a center-of-mass energy of 2.5 + 2.5 
GeV, after which the colliding beam physics 
program will be terminated because higher 
luminosity is available from the Stanford 
storage ring SPEAR. 

Introduction 

This is a National Accelerator Confer- 
ence final report on the CEA bypass co11 iding- 
beam program. The progress of this program 
has been detailed in conference reports and 
CEAL reports over the years starting with the 
original concept’? ‘7 3 of converting a strong- 
focussing high-energy electron synchrotron 
ir,to a colliding-beam storage ring. 

The essential parts of this program have 
been the following developments: 

I . Low-beta insert ion (bypass)4 to en- 
hance luminosity and provide a lonq straight 
section for experiments. 

2. Damping system’ to counteract radia- 
tion anti-damping of radial betatron oscilla- 
t ions in the normal AG structure. 

Installation of a positron linac. 
Mul ticycle injection and accumula- 

tion system6p7 to reach large stored currents. 

5. Electrostatic separation system’ 
6. Ceramic vacuum chamber system,g new 

pumps, new foreline system, and bakeout sys- 
tem to reach a base pressure of “,, 4 x 13-3 
iorr , an operating pressure of 1, I x IO-’ 
Torr, and beam lifetime in excess of I hour. 

7. Fast switching system (ultraflector)” 
to divert the beam into the bypass. 

a. Devices to raise the threshold for 
betatron and synchrotron instabil itiesll*‘z,ls 
Jsextupoles, Landau cavity, high narmonic 

cavity). 

In addition, many other technical devel- 
optrents dere required suer as: 

1) A synchronizer timing system l4 to in- 
sure proper orbit filling of electrons and 
positron; and proper timjng of ultraflectors 
ar,c ocher devices. 

2) A p inhole camera 15 using synchrotron 
radiation x-rays to measure beam size. 

bear 
3) A programmable beam bump-l6 to move the 
into out of the damplnq meqnet at 

hilh energy during cycling and also-to main- 
tarn adequate damping durrng the transition 
to storage, and during storage. 

Other developments have been described in 
recent progress reports’7,18 

(I) A fiber mover to measure beam size 
and overlap at the interaction point. 

(2) A linac and injection control systen 
that allows rapid switching from positron to 
electron injection. 

(3) A low shunt-impedance rf system to 
reduce beam cavity interaction. 

All of this work culminated in a success- 
ful experiment,l’ which ended in early August 
1972. Typically the peak luminosity at the 
start of a run was “J 0.8 x 1028cm-2sec-‘. 
The best average luminosit during a l2-hour 
run was 0.4 x 1028cm-2sec-y. The integrated 
luminosity over the run was 1.12 x 103’cm-*. 
About 500 events were observed (e+e-, yy, pp, 
and mu1 ti-hadrons) and the predictions of 
quantum electrodynamics were confirmed at the 
highest colliding beam energy yet reported 
(EC, = 4 GeV). An unexpectedly large number 

of multi-hadron events were observed extend- 
ing similar observations made at Frascati” 

and giving impetus to efforts to extend the 
observations to even higher energy. The 
higher energy experiment (EC, = 5 GeV) is now 
in progress. 

Experience with the Vacuum System 

Background rates in the luminosity coun- 
ters improved significantly during the run. 
This is due to the cleanup of surfaces struck 
by synchrotron radiation and the consequent 
decrease in bypass pressure with continuous 
running. The bypass was not let up to air 
during the entire experimental run. The base 
pressure, in the absence of beam, was 
< 5 x 10-l’ to 4 x 10-l’ Torr. Early in the 
run the gauges would show an increase in 
pressure of Q 2 - 3 x IO-’ Torr when 6 - 8 mA 
at 2 GeV was put into the bypass. At the end 
of the run, after a total of q, 2 A-hrs of beam 
in the bypass, these pressure rises were a 
factor of 5 - IO lower. 

Preparations for Experiment 
at Erm = 5.0 GeV 

A. New h-Inch-Bore Quadrupoles 

The need for better fields at large ra- 
dii led to the replacement of six original 
j-inch quadrupoles with an- equal number of 
b-inch quadrupoles. Br(B) was Imeasured with 
a flag coil and Fourier-analyzed for multi- 
pole harmonic content. The method usec was 
easy, fast, and accurate.” The measurements 
showed that the IZ- and ZO-pole components 
were excessive (See Table 1). 

Table I 
n-pole/quadrupole (percent) at r = 1 .65” 

Yultii>ole After 
Number Uncorrected S h i ~r:m i n a 

I2 0.80 0.13 
20 0.90 O.iO 
28 0.17 I .: 
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Three shims per pole were used to correct 12- 
and 20-pole at the expense of 28-pole. Re- 
sults given by Halbach” greatly facilitated 
the shimming process. 

B. New Vacuum Pipe in Quadrupoles - Cryo- 
gen i c Pump 

A square vacuum pipe for the four-inch 
quadrcpoles has been fabricated to rraximize 
the pneumatic conductance and to provide 
space for additional devices, namely: elec- 
trostatic plates, remotely rmovable horizontal 
and vertical cdl ipers, a water-cooled tube 
‘or absorption of synchrotron radiation, and 
a tube carrying cold helium gas for cryopump- 
ing. The cold gas is supplied by a 15 HP 
Phi 1 ips Stirling cycle refrigerator b:ith a 
capacity of 50 watts at 20°K. The cryopump- 
ing tube has 1300 cm2 of surface and when 
operating at s 20CK reduces the base pressure 
in the interaction region from 0~ 3 x IO-’ to 
< 3 x IO-IO Torr with 6 - 8 mA of beam at 2.5 
GeV. This results in a reduction of back- 
ground rates in the lumir.osity counters by a 
factor of about 3. This improved signal-to- 
noise ratio has allowed clean measurements 
and optimization of the luminosity, and has 
proven to be one of the most significant im- 
provements over the first experimental run. 

C. Improvement to Electrostatic Plate System 

The electrostatic separation system in 
tne synchrotron was redesigned with a more 
uniform distribution of plates resulting in 
an increase in the minimum separation of the 
two beams by a factor of 1 .b for the same max- 
imum separation. The imain result has been an 
increase of the beam-beam interaction limit 
from 6 nA to 12 mA during e- injection. 

0. Ccrrputcr flon i tor ing System 

A 128-channel multiplex system is used 
to mon i tor critical parameters, actuating an 
alar;n for any change outside of tolerance. 
The system utilizes a Dymec 240/C DVM and an 
XD592 computer. The computer also processes 
and displays the beam I ifetime. 

E. Inject ion Energy Increase 

By raising the peak power levels in tile 
1 inac modulators, injection energy for both 
electrons and positrons ‘was increased by 152, 
thereby reducing single-beam instabl! iti-: 
and beam-bean interactions. 

F. I;lprove;;ents to Srxtupole System 

Thirty distributed iextupcles correct 
for chrcmaticities which would otherwise 
I-anc;e from 0 to -25 in both planes. Tie cur- 
rent ir the sextupoles is programmed to keep 
the chronaticity positive and close to zero 
at al I times: during cycling, transition to 
stordge, and bypass operation. This has 
raised the threshold of betatron instabilities 
to a 1 eve1 above our normal cpcrat ing beam 
intensities. 

Properties of the Beams 

‘Jith the a!d of a computer program, sev- 
eral different tunes of the bypass were ~rscd 
and evaluat-jd. Limits were found on the max- 
:*...- ., I ll,U ,I x31 ue; that the beta function (33 could 
assL,Te at certain quadrupoles in the bypass. 
By May 1972 a tune was developed which held 
the values of b within tl;ese limits, while 
.i, i n i I I i z i r i; the values of ,: and tile lil~men turn 

vector at the interaction point. This tune 
was used for the first run (Ecm = 4 GeV) and 
the present run (Ec, = 5 GeV). The values of 
the horizontal and vertical beta functions at 
the interaction point are 5 cm and 30 cn 
respectively, resulting in a beam cross-sec- 
tion of 0.16 x 0.1 rim’. The maximum value 
that the beta functions assume in the quadru- 
poles adjacent to the interaction point is 
48 m. At other (weaker) quadrupoles @ = 76 m. 
Within 201, the beta functions are unchanged 
in the synchrotron itself, where the average 
is 7.3 m. 

SUIII and difference resonances and their 
satellites up to sixth order are observed to 
affect bear1 I ifetime. At the operating goint 
Of Vh = 7.29, ‘Gv = 6.82, the tuning plateau 
has a width of A?v = 0.025. Most of these res- 
onances are cue to nonlinearities in the damp- 
ing system and the bypass quadrupoles. The 
strength of a resonanceI is proportional to 
wn - I fin+1 , where w is the average beam size 
and n is the order of the nonlinearity. Sirce 
beam size increases linearly with energy, non- 
linear resonances have imposed a 2.5-GeV up- 
per limit on the energy for reliable operation. 

Cross coupling of horizontal betatron 
oscillations into the vertical plane consti- 
tute a major limitation on the luminosity that 
can be obtained. The CEA operates far from 
the “space charge 1 imi t” for crossing beams 
and would benefit from a decrease in verti- 
cal beam size. Several skew magnetic and 
electrostatic quadrupoles in the bypass and 
the synchrotron are used to minimize vertical 
beam size at the interaction point. In addi- 
tion, two quadrupoles on either side of the 
interaction point can be remotely rotated. 
However, the main contribution to the cross- 
coup1 ing comes from beam separation in the dis- 
tributed sextupole system, causing vertical 
components of the Imomentum vector as well as 
coupled betatron motion. As a resul t, there 
is some quantum excitation in the verticai 
plane, which we cannot correct with our lim- 
ited number of electrostatic skew quadrupoles. 
The average ratio of horizontal to vertical 
beam size in the synchrotron is about 4 which 
is a factor of 5 worse than can be obtained 

without electrostatic separation. 

Performance Ourinq Run at Ec, = 9 GeV 

Tuning the bypass is greatly facilitated 
through the use of horizontal and vertical 
calipers located at the quadrupoles on either 
Lide of the interaction point. Beam sizes 
and positions can be measured and the bean 
crossing angle determined. 

The carbon fiber at the interaction re- 
gion” is used regularly to check vertical 
bean size and coincidence. 

Luninosity is measured using double brer:s- 
strahlung rates ard is nlonitored continuously 
in the Control Room. Using a shower counter 
threshold of about 0.05 Emax, counting rates 
are 1 to 3 per second, permitting optimiza- 
tion of luminosity during a run. Operators 
have becore adept at maki~ig si.ruli varidl.ior:s 
in bypass parameters to maximize the double- 
5rensstrahlung rates. 

Typically, it takes 4 to 5 minutes to 
fil 1 the synchrotron ,di th 6 - 7 oak of posi trots 
(limited by pra5-e instabilities),!” followed by 
rapid fil I ing to about 8 r>A of electrons. 
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After transition to storage (s 1 minute) and 
switching into the bypass, 4 - 6 mA in each 
beam remain. 

At the time of this writing (Feb. 28, 
1973) the experimental run is in its early 
stages and performance is improving. Each 
beam has a lifetime of about 2400 set and 
thus the luminosity lifetime is 20 minutes. 
The beams are allowed to collide and data is 
taken for about 20 minutes after which the 
cycle is repeated. Typically, the average 
luninosity during such a cycle is 2 10'Bcm-2s-? 
(The peak luminosit that 
is 3 x 10Z3 cm-' set -Y., 

has been measured 
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