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RECENT DEVELOPMENTS ON THE STANFORD 500 MEV ELECTRON STORAGE RINGS * 

Bernard Gittelman + 
Stanford University 
Stanford, California 

Large angle electron scattering has been 
detected on the Stanford storage rings. The 
operation of the rings is now adequate to proceed 
with the proposed test of quantum electrodynamics. 
A discussion of the event rate and possible 
limitations on this rate is given. 

The Princeton-Stanford storage ring group, 
consisting of 5. Richter, W. C. Barber, G. K. 
O'Neill and myself, have been working at Stanford 
for the past six years to do electron-electron 
scattering at a center of mass energy of 1 BeV by 
making collisions between two stored electron 
beams. The design of the storage rings has been 
described in our proposall. Figure 1 is the 
schematic layout of the rings. Electrons from the 
Stanford Mark III accelerator are injected, on 
alternate beam pulses into each ring. The linac 
is operated at 30 cps and after a time of the 
order of a min&e a stacked beam of 50 to 100 ma 
is built up in each ring. In the straight section 
common to the rings the circulating beam bunches 
can be made to pass through each other. Most of 
the work has been carried out at our injection 
energy of 300 MeV. 

The problems associated with injection and 
storage lifetime have been under control for more 
than a year. The past year we have been studying 
the beam instabilities that develop when the beams 
pass through each other. Considerable progress 
has been made toward understanding the limitations 
imposed by instabilities and learning to live 
within these limitations. Recently we have obser- 
ved electron-electron scattering at a rate suffi- 
ciently high to proceed with our proposed experi- 
ment. 

Figure 2b is a side view of the interaction 
straight section showing the spark chamber 
detector. If a scattering occurs the electrons 
come out with equal but opposite momentum. For 
scattering angles in the range 35 < @ < 90 and 
for a rather narrow range of 2b" in azimuth, the 
scattered particles pass through the spark 
chambers and trigger counters 5, 6, 7, 8, 9 and 
10. Counters 1, 2, 3 and 4 provide cosmic ray 
vetoing. A veto signal is produced whenever any 
two of these counters are triggered. There are 
six inches of lead between the spark chambers and 
veto counters to absorb the upward going electrons. 
Less than 1% of these will produce a cosmic ray 
veto signal. The spark chamber is normally 
triggered on (5 + 6 + 7 + 8 + 9 + 10) f 

Yaw pair of 1, 2, 3, 4 . 

Data on electron-electron scattering was 
accumulated during six consecutive 12lhour shifts 
on the Mark III accelerator. A standard run con- 

sisted of filling the rings to 30 to 50 ma, turn- 
ing off the linac and installing the spark chamber 
camera, switching the various beam steering mag- 
nets from their injection setting to their inter- 
acting setting, and turning on the counters and 
counting for 1500 seconds. We recorded spark 
chamber frame number and beam currents every 500 
seconds. The currents at which we started count- 
ing varied from N 20 ma in the early runs to ‘? 
35 ma in the late runs. There were 2 total of 70 
runs made with the beams interacting in such a 
way as to give electron-electron scattering events 
in the spark chambers. These runs were separated 
by 2 single series of 22 runs in which the RF 
cavities were dephased by 4 nanoseconds so that 
the bunched beams passed through each other at the 
end of the straight section, a place in which 
electron-electron scattering events would not be 
recorded In the spark chambers. 

4 
In the "phased" situation, a total of 10 

spark chamber pictures were taken. Figures 2 
through 6 are sample spark chamber pictures. In 
each, (2) is the picture 2s it appears on the 
film and (b) is the event reconstructed on a 
scale drawing of the straight section and de- 
tector. Figures 2 and 3 are typical collinear 
events. Figure 4 is a non-collinear event 
which is what one should get from an electron 
spill. A large fraction of the pictures look 
like this. Figure 5 is a rare picture. We 
interpreted this as probably an electron- 
electron scattering which occurred outside of 
the usable region of the straight section. The 
downward directed electron passes through the 
vacuum chamber wall at the base of the dome and 
a delta ray was emitted. The upward going 
electron produced a knock-on in the counter or 
steel dome just below the spark chamber. Figure 
6 is typical of 5 or l($ of the pictures. 

The films were scanned for collinear tracks 
(within 5') in the upper and lower chambers. For 
those events, the coordinates of the intersection 
of the straight line and the median plane of the 
vacuum chamber were recorded along with the two 
angles defined by the projections of the tracks. 
Figures 7 and 8 are scatter plots of all the 
collinear events from the phased runs and de- 
phased runs, respectively. Figure 9 is the 
longitudinal distribution summed over radial 
positions and Figure 10 is the radial distribu- 
tion for the phased runs. I should mention that 
the spark chamber has a clear view of events 
occurring only within 2 inches of the center of 
the straight section along the direction of beam 
motion. Limiting ourselves to 1 2 inches along 
beam line and t 0.5 inches transverse to beam 
line, we ended up with 77 events. 
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The 22 runs with beams dephased have a dis- 
tribution consistent with what is seen outside of 
the region ? 0.5 inches transverse to the beam in 
the phased runs. Their distribution and rate are 
also consistent with measurements of cosmic rays 
leaking through the veto counters. The dephased 
runs tell us that 4 2 2 of the n events are 
cosmic rays. 

The rate at which we should observe electron 
scattering is given by: 

R = K$11iv2 = KI1112 

where Nl , N2 are the number particles in each 
riw. 11 , I2 are the currents associated with 
that number of particles. If the beams are 
stable and optimally aligned, then K is inde- 
pendent of the beam currents and is given by: 

Here 

KI = (2.5 x 108)2 KN for currents in 
milliamps 

f is the RF frequency, 25 X 106 set-1 

1% dR is the Mpller cross section' 
integrated over the angles 
subtended by the detector, 

7.2 x lCm31 cm2 . 

d is the interaction length observed, 
10 cm. 

& is an effective beam length, 

w is an effective beam width, 

WZ- k w: + h$ = 0.3 cm 
i 

h is an effective beam height, 

h =k /R = 0.08 cm 

t= A 
( J 410gP 

l/2 - 1 6 
- - 

v =& erf d(2 1% 2) 
c 

l/2 = 
-e 3 

i for d <<& 

We have assumed the beams have gaussian distri- 
butions in length, width, and height. 8 

3 ' w& ' 
and h 1 are the full width at half the maximum 

2 

intensity. 

E is the efficiency of the six-fold trigger 
system, 0.80. Putting these numbers together 
gives: 

R -6 events -=KI=4.4x10 - 
%I2 ma2 set 

To discuss storage ring capabilities, one 
prefers a number which is independent of physical 
scattering process and detector. The luminosity, 
L , is the interaction rate per unit cross 
section. 

L -= 
1, 1, 

3.2 X lO25 set-1 ems2 maV2 

This calculation of the counting rate impli- 
citly assumes that the beam length, I!, , width, w , 
and height, h , are fixed and that the beams are 
diffuse within those dimensions. As an instabil- 
ity developed one might expect K to decrease. 

Table I is a summary of the number of real 
events at each beam currant level. From the 
entries under R/I I 

Y 
we see there is no signifi- 

cant decrease in up to currents of 28 t 40 ma 
per ring. The average measured rate per ma 8 was 
2.3 x 10-G. Although this differs from the cal- 
culated rate by a factor 2, I consider the agree- 
ment very good in view of the uncertainties in a 
number of the experimental quantities. 

As many people know, we have been ccolplaining 
this past year that storage rings provide vivid 
demonstrations of relativistic space charge 
instabilities in circular accelerators. The 
obvious question to be asked is what have we done 
to cure our instability problems. At the moment 
we are in the position of having found a suffi- 
cient set of conditions to operate the rings. We 
do not know if all of them are necessary. I 
should mention that many of the fancy gadgets 
that were added to the rings since our original 
proposal were motivated by discussions with 
A. Sessler, J. Laslett, E. Courant and, especially, 
D. Ritson. 

The present picture of the instabilities is 
still very cloudy. Experimentally, we believe we 
have seen several different types of instabilities. 
Theoretically, two of the instability models that 
have been investigated bear some resemblance to 
the experimental situation and it is believed that 
either or both may be limiting our achievable 
luminosity. 

The first I shall refer to as the single 
particle interacting with a potential (SPIP) 
model. One assumes Beam 2 is stiff and presents 
a fixed force field over a limited region of 
space to individual particles in Beam 1. One 
calculates what happens to the particle orbit and 
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finds a limiting strength of the force field for 
which the particle from Beam 1 fails to pass 
through the Beam 2 bunch. Amman and Ritson3 have 
given an analytical solution to this problem con- 
sidering only vertical motion and a linear force 
field over beam dimensions. Recently, E. Coura.nt4 
has extended this work to a more realistic force 
field and two dimensional betatron motion by 
calculating particle orbits on a computer. The 
force field strength is most conveniently ex- 
pressed in terms of the shift in betatron fre- 
quency or Q value it induces in the particle 
orbit. Amman and Ritson suggested that one could 
expect stability up to the point at which the 
individual particle betatron frequency is shifted 
by an amount large enough to put the particle on 
a proper machine resonance. Calling this fre- 
quency shift AQ , this would mean a AQ ,< 0.2 
for our machine. The calculation of E. Courant 
reduced this number to 0.05 to 0.1 for an allow- 
able interaction strength. 

For example, if Beam 2 consists of N2 
particles distributed uniformly inside a width, 
w , and height, h (we assume h <<w) , then 
the charge in vertical Q value of a particle in 
Beam 1 is given by: 

I{2 1‘,% 
AQ,=& - 

rQ1 

where r is the classical electron radius, RM 
is the mgan machine radius, and y is the 
relativistic energy to mass ratio. using AQ=O.l 
we get a maximum value for 

N _ AQrQ _ 0.1(600)(0.9) 
ix 

‘e% 2.8 x 10-13 x 200 
? 1Ol2 cm-=) 

r Note: this number is the maximm target thick- 
Gess of a storage ring. Then Nf is the incident 
flux and the interaction rate per unit cross 
section, L , is given by: 

N ' 
L 2 $ (Nf) = z f(wh) 

At this point one concludes that maximum lwnin- 
osity is achieved by making (wh) as large as 
possible provided one can increase N so that 

(%I is at its largest permissable value. 

The second type of instability I will refer 
to as the coupled b am-resistive wall vertical 
instability (CBRW) f . The ideas associated with 
this Were a direct outgroch of.the paper of 
Laslett, Neil and Sessler on single beam resis- 
tive k-all instabilities. Here one considers, 
besides the interaction of the single beam with 
the walls of the vacuum chamber, the coupling 
between the two beam bunches. In our latest 
version one obtains an instability threshold of 
the form: 

1035 

21 

Here we are assuming Beam 1 goes unstable. 
Then SQl is the spread of vertical betatron Q 
values about Q 

(Q~-QJ 
of the individual particles in 

Beam 1. is'the difference in the Q 
values and we assume (al-Q,) >> SQ2 [if this 
condition is not met then (Ql-Q,) gets replaced 

by 1(4-Q212+ (6Qd2j1" I- One expects SQ is 
of th order of but less than AQ , the frequency 
shift discussed in the SPIP model, since the in- 
teraction between the two beams is the strongest 
non-linear element in the system. 

If SQ = &iQ then the two instabilities 
appear at the same current level for Ql=Qs , 
otherwise CBRW dominates 
close to Q2 . ;$ 

or Ql sufficiently 
D. Ritson has estimated 

SQ r 2 A&. In this case one must split the Q's 
by an3amount equal to 3&&s, in order to be 
able to operate stably at that AQm, . 

To summarize, the proper line of experimental 
approach is to make the beam cross section (wh) as 
large as possible, make (Ql-Q2) as large as 
possible and then choose beam currents that will 
not violate either of the above instability 
limits. Using a quadrupole magnet on each ring 
we split the Q's so that &l-Q2 = 0.05. Using 
a rotated quadrupole on each ring we coupled 
radial motion into vertical motion, thereby 
increasing the beam height from -0.1 mm to N 0.8 
mm. Assuming a AQmax limitation of 
l/3 x 0.05 'y 0.02 , we concluded a safe beam 
current is 20 ma. From his one gets a maximum 

28 ; luminosity of 1.25 x 10 Actually we ran about 
2oqb of the time at currents above the 20 ma level, 
and as I mentioned there was no s'gnificant 

b decrease in the luminosity per ma . Considering 
the uncertainties involved, it is not significant 
that we did not see a fall off in the interaction 
rate. Furthermore, at our highest beam currents 
(>30 ma), we already see pieces of the beam get 
lost in a discontinuous manner. 

Most of the ideas presented here on insta- 
bilities are tentative. Experimentally, all we 
know is that increasing the beam height and 
splitting the Q values has led to a reasonable 
interaction rate. Although we do not yet have 
conclusive evidence that both of these steps 
are necessary, we suspect so. A conclusive test 
which we shall make is to study the maximum 
obtainable luminosity as a function of (al-Q,) . 
However, our personal prejudices require that we 
first do the electron-electron scattering exper- 
iment. 
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1. N is the number of events (scattering angle between 35' and 90') occurring at current level, I112 , 

which lies in the range 

2. Actual running time was 

(ll**)min and (1112)max = 2(1112)mine 

computed from: ( w min 

T 
c r 

Il12dt 

T= 
runsW(1112), 

,(11L2Llln 

NOTES FOR TABLE I 

3. Luminosity per ma2 was computed from: 

I.]= +2(a.-)(jg dQ) E = h (O-74 x lo31) 

4. Luminosity, L , was computed from: 

5. The IL12dt and half life, T , each have two entries. The entry ucder I applies for the first 

(1112)ma.x 

fifty-one phased runs. The entry under II applies for runs 52 through 70. 

ELECTRON 4 
SEnM 1 

Fig. 1. Layout of Storage Ring. 
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Fig. 6. Spark Chamber Picture and 
Reconstruction. 
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Fig. 7. Intersection of Track with 
Median Plane, All Collinear Events, 
Beams Phased (70 runs). 
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