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Introduction 

A number of high-energy, high-brilliance 

around the world. ‘-’ 
x-ray synchrotron 1 ght sources are being proposed 

These machines will enter a new 
frontier in high-power beam x-ray optics and will 
permit experiments never before possible in x-ray 
material studies. The possibility of operating time 
on several high-energy electron-positron colliders 
could provide the opportunity to develop the beam-line 
optics and to perform initial experiments that would 
enhance the initial scientific utilization of these 
future machines. 

In 1986, a new low-emittance t ne was 
developed and tested on the PEP machine. 4 As pre- 
dicted, the emittance was reduced by a factor of three 
compared with the standard collider optics, and the 
installed undulators produced an x-ray beam with the 
lowest emittance ever achieved in a synchrotron 
radiation source. 

Based on these encouraging results, addi- 
tional c;lculations were performed and presented at a 
workshop on extending the performance of PEP as a 
synchrotron radiation source. Following this work- 
shop, addi.tional operating time of PEP in the low- 
emittance mode was made available. During this 
period, PEP operated at 7.1 GeV with a measured 
natural emittance of 5.3 f 0.S x 10V9 v m-rad (R3Z of 
calculated) and a 4I emittance cou~ling.~ 

This paper summarizes the work on the 
collective effects studied during the previously 
described low-emittance operation of PEP and presented 
in detail in Ref. 7. These studies looked at the 
single bunch and multi-bunch current limits consistent 
with stable beam operation. The lower than expected 
current limits and observed coherent beam 
oscillations, together with methods of counterin 
them, were considered at a recent SSRL workshop. 8 A 
result of these studies has been that the lower 
momentum compaction factor and large beta function 
variations of the loremittance lattice (a common 
feature of all proposed high-energy radiation sources) 
contribute to enhanced collective effects, limiting 
the early achievable beam intensity to less than the 
desired 100 mA. The calculationa models, especially 
because of the uncertainty of the beam impedance 
models, have limited predictability for these effects 
and will benefit from continued studies of this kind. 

Single Runch Current Limits 

Table I summarizes some of the properties of 
PEP for the collider tune and the two low-emittance 
tunes studied. The emittance and the momentum com- 
paction factor are both reduced by about a factor of 
three in the low-emittance case, and the horizontal 
tune and beta functions are increased. Previous 

* This research was supported by the U.S. Department 
of Energy, Office of Basic Energy Sciences. 

z, Argonne National Laboratory, Argonne, IL 60439. 
Stanford Synchrotron Radiation Laboratory, 
Stanford, CA 94309. 

’ National Synchrotron Light Source, Brookhaven 
National Laboratory, Upton, NY 11973. 

u Lawrence Berkeley Laboratory, Berkeley, CA 94720 

studies 9 of the single-bunch current limits in the 
collider lattice were consistent with a hieh 
frequency, broadband impedance model 
impedances of 

L II 
-G = 2.5 n and Z1 m 0.4 to 0.6 M 

with f, = 1 GHz and Q = 1. Based on this model a 
single-hunch current of T li 2.5 mA and a factor of 
three bunch lengthening wgs predicted9 at R GeV. 
During this initial study, bunch length measurements 
were not available, preventing direct measurements of 
the longitudinal impedance. Initial measurements 
showed a bunch current limit (injection rate going to 
zero) of 1.2 mA at 5 MV RF voltage. This current 
increased with RF voltage as shown in Fig. 1, and the 
current limit agreed well with a p wer law dependence 
on the synchrotron frequency of vs 8.79. At the maxi- 
mum current, the bunch showed clear signs of turbu- 
lence, with a large number of synchrotron frequency 
harmonics in the transverse beam position monitor 
signal, as well as large coherent motion observed in 
the synchrotron light monitor. 

having shunt 

R/mm 

The coherent motion appeared to be greatest 
in the horizontal plane, despite the fact that both 
the horizontal and vertical betatron tune measurements 
showed a similar current dependence, see Fig. 2(a). 
Clear evidence of transverse mode coupling (TMC) was 
not present, since the measured tune shift of the 
m = 0 mode was less than half the synchrotron tune. 
Fitting the measured tune shifts to a linear 
dependence with current yielded slopes of 

dv dv 
- 0.0072 and 2 = - 0.0073 (a~~)-1 dl b 
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Fig. 1. The maximum single bunch current measured as 
a function of RF cavity voltaRe for the low- 
emittance tune (squares) and the modified 
low-emittance tune (dots). The curves are 
the result of a fit to a power law de endence 
on the synchrotron frequency of vs 0.76. 
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Table I. Summary of PEP Lattice Properties for the 
Different Tunes 
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Fig. ? Horizontal (squares) and vertical (diamonds) 
coherent tune shift as a functfon of bunch 
current for (a) the low-emittance lattice and 
(b) the modified low-emittance lattice. The 
dashed lfnes are the result of a ltnear fit to 
the measured data. The solid curves are the 
calculated tune shifts of the m = 0 and m = -1 
modes calculated with RRI/MOSES. 

as shown hy the dashed lines In Fig. .?(a). Salcula- 
tion of the expected tune shift, taking into account 
the longitudinal hunch lengthening with a 
Z,,/n = 2.5 9, was performed using the RRT/MOSESl” 
program. This calculation was unable to account for 
the observed tune shift, without increasing the 
2 to 1.05 M n/m, 
F$r this case, 

in the previously defined model. 
the cal.culated l?K current limit is 

I - 1.6 mA with a bunch lengthening factor of 7.2 
t’1mis (not measured). This current limit agreed well 
with the measured limit of Ib = 1.4 mA measured. 

In these calculattons the tune shift Is 
given by’ 

dv 
dIb = <B> Im[Zi(eff)l, 

where 2 (eff) is the transverse beam impedance 
average ;f over the bunch cllrrent power spectrum. 
Assuming that the RF cavities have the largest effect 
on the transverse impedance, the average heta function 
was taken from that region as in Ref. 5. However, the 
large change in B, in the Interaction Qegions (IRS) 
(from collider to low-emittance lattice), where 
synchrotron radiation masks are installed, could 
increase their contribution to the effective impedance 

e,r.metar Collidsr L.n# hltL* *od*tlcd ““it* 

llorir. tme, “* 21.28 29.20 29.19 

\I**t* tun., uy 1R.22 I?.,” 13.15 

*om*nt. CO”paEL, $ 2.55 0.97 1.05 I 10-1 

fiatur.1 aitt.nea, r, 27.7 6.4 7.3 na-rad . 

energy *proed. ‘lE,E 0.047 0.047 cl.“47 2 

synehrotron tuna. V,lV,fd.8 WI 0.035R o.rJ221 0.0229 

BuIldI l*n8th, o~lv,~-s.s WI ,.I(1 0.72 0.75 cm 

Bet. funetia”. B,IEpl 4.510.2 74197 4*,97 m 

AYCr**e net., O,>/<By>Wl 34/m 69124 311125 m 

camon Pmper‘CLCI 

lull* Energy, E, I., Ce” 

Synchrotron energy loas, u, I.35 WLV,t”Ul 

LongiCudfml dampfng time. Te 35 nlB 

Horironral daoplnd tlaa, TX 70 ms 

Rc”ol”Llo” frequency, f, 136.3 kH7. 

RP wI,t.*e r.n*e, Brf 2-39 w 

RP harmonic “umber. h 2592 

of the vacuum chamber. To test this, a modified low- 
emittance lattice was introduced, which reduced the 
horizontal heta Functions by about a factor of two in 
the RF cavities and the IRS, to the values listed in 
Tahle T. 

The modified lattice showed a 427 increase 
in the maximum hunch current at any given RF voltage, 
as shown in pip. 1. The dependence on synchrotron 
frequency was observed to be similar to that of the 
original lattice. The hetatron tune shift with cur- 
rent, Fig. Z(b), was reduced by a factor of two in the 
horizontal plane and increased slichtly in the 
vertical plane to: 

dv 
25x - n.0034 
dlh 

au 
(InA)-l and -$ = - 

h 

0.00~4 @LA)-’ 

respectively. 
ustn~ RR1 with 

The horizontal tune shift calculation 
the horizontal heta function in the QF 

cavities agrees well with the previous impedance of 

Zl = 1.05 M !-i/m. The vertical tune shift shows 
sufflclent change to yield a I’MC current 1 imft, since 
AV n - v at Tb = 2.? mh. The Impedance required to 
fir the vzrtical tunr sFlift is quite large, as shown 
In Fig. 2(b), where the result of a RRT/MnSES 
calcl,lation is presented for ZI = h.2 VR/m. ‘IowcvPr, 
the MC current limft for this large imper’anc~ Is 
ahout I - 1.a mA, somewhat smaller than the ?.?-mi\ 
1 imIt okserved. ‘everal attempts at improvinf? the ftt 
by varying the resonant frequency were performed. Ill- 
creasing the resonant frequency to 2 GHz redllces the 
transverse impedance to about 1.2 Nil/m, hut still the 
disagreement between slope of the tune shift and the 
TMC current limit exists. The source of this large 
vertical impedance is not known, hut tt may reslllt 
partly from the significant residual closed orbit 
distortion and vertical dispersion ohserved. This 
resulted from the suhstantlal increase in phase 
advance hetween the installed correction mapnets, 
which had difficulty correcting the closed orbit for 
the low-emittance lattice. 

Multiple Bunch Current Limits - 

The goal of achieving hinh circulatine 
current (~100 mP) was studied hy attempting to 
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understand the differences between a small numher of 
bunches filled to the maximum current per bunch, 
compared with many bunches filled to a much lower 
bunch current. Since PEP allowed filling any one of 
the 2592 RF buckets, an initial study compared the 
total current obtained for a pair of bunches filled to 
the single hunch limit as a function of the time 
between the bunches. No significant difference was 
observed in the total current stored at the different 
bunch spacings, which ranged from adjacent buckets to 
a maximum fnterbunch spacing of h/3. 

Filling a train of bunches to their rcaximum 
bunch current produced clear signs of longitudinal 
bunch instability. Injection into some buckets was 
not possible without using the longitudinal damping 
system, which worked well on six bunches (its designed 
value) but had little effect beyond that range. How- 
ever, injecting into RF buckets ahead of the bunch 
train permitted filling a bunch number that was ‘Longi- 
tudinally unstable at the tail of the train, due to 
large wakefields. Filling in this manner achieved a 
total current of about 20 mA with lifetimes less than 
one hour. At this current, the bunches showed con- 
siderable coherent motion in the longitudinal and 
transverse directions. This was exhihited by a 
coherent betatron frequency signal dominated by many 
harmonics of the synchrotron frequency, rather than by 
the betatron tune signal. The beam profile, as 
observed with the synchrotron light monitor, showed 
considerable motion of the spot, as well as changes in 
the spot size and orientation. 

Since the tune shift and growth rate of 
normal modes of oscillation of multiple bunches are 
directly proportional to the single bunch current, 
several studies of filling the RF buckets to less than 
the single bunch current limit were performed. The 
first attempt at filling every other RF bucket to 
0.5 m4 (l/3 maximun) yielded a total current of 15 mA 
with little coherent bunch motion and a lifetime of 
greater than 90 min. Increasing the current further 
resulted in significant coherent motion in the 
vertical plane, but very few synchrotron frequency 
harmonics were observed in the transverse monitors. A 
second attempt at filling every 20th RF bucket to 
9.2 r&/bunch yielded similar total current hut with 
less coherent motion and lifetimes greater than 
100 min. 

With a total of 24 (5-cell) RF cavities in 
PEP and only 6 cavities powered (at 7.1 GeV), a study 
of the impedance effects of the unpowered cavities was 
performed. Normally the tuners in the unpowered 
cavities shift the fundamental cavity mode approxi- 
mately l/2 of the rotation frequency below the 
h = 2592 acceleration harmonic. Calculations of the 
growth rates for longitudinal coupled bunch mode Kb-1 
predict a 1 ngitudinal instability current limit less 
than 10 mA. s Moving the fundamental mode of half the 
unpowered cavities by a similar frequency above the 
h = 2592 RF frequency, a reduction of the Kb-1 mode 
growth rate by a factor of three is expected.7 With 
the fundamental mode of the unpowered cavities 
arranged in this manner, a totals 34-mA current was 
obtained by filling every 20th RF bucket to 0.5 mA per 
bunch. The beam appeared quite stable with lifetlme 
in excess of 100 min. An additional study was per- 
formed using one pair of powered RF cavities shifted 
to a frequency of h = 2593, in order to spread the 
synchrotron tune between bunches and increase the 
Landau damping. No increase in total current was 
observed, due to a serious instability by the first 
normal mode of the coupled hunch oscillation. In the 
future, damping will be provided by shifting another 
pair of cavities to the h = 2591 harmonic frequency. 

Single hunch current limits were measured 
for the low-emittance tunes in PEP and found to be 
limited by the TMC instability to less than 2.5 mA for 
RF voltages up to 10.5 MV. The horizontal and verti- 
cal transverse impedances appear to be 

% = 1.05 MQ//m and Zy = 4.2 MNm , 

respectively, assuming that the average heta functions 
are equal to those in the RF cavities. At the maximum 
single hunch currents, considerable coherent motion of 
the bunch was observed, probably resulting from the 
large wakefields caused by the residual closed orbit 
distortions. 

The multiple hunch operation showed large 
longitudinal and transverse coherent oscillations when 
bunches were filled to the single bunch limit. Total 
currents in excess of ?o mA were obtained by filling 
widely spaced bunches to less than l/3 of the sfngle 
bunch limit. With this method the coherent beam 
motion was quite small in all dimensions. 

Future studies are in the planning stage. 
These studies will include: improve closed orbit 
corrections, hunch length measurements, single bunch 
turbulence measurements, reduction of RF cavity 
impedances, and possibly coupled bunch feedback 
systems. 
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