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Abstract 

Longitudinal multi-bunch oscillations are 
observed at the BESSY storage ring even with 
beam currents of l-2 mA, although stored cur- 
rents up to 970 mA can be achieved. With a 
double rf-system the threshold currents can 
be increased when operating the system in the 
tune splitting or in the 'Landau'-cavity 
mode. A longitudinal impedance of /Z/nl-12 Q 
is obtained frown bunchlength measurements. No 
transverse multi-bunch instabilities have 
been observed. This may be explained by Lan- 
dau damping induced by the non-linear fields 
of the ions trapped in the beam. 

Longitudinal Multi-Bunch Instabilities 

BESSY is operated routinely at 750 MeV 
with h=104 bunches in the small emittance op- 
tics Metro1 , using a 500 MHz rf-system, al- 
though a 62.5 MHz subharmonic cavity has been 
installed recently (tab. 1). Longitudinal os- 
cillations are observed as coherent phase-mo- 
dulation signals with a broadband pick-up 
electrode, placed at a location with negli-' 
gible dispersion. The signal spectrum con- 
sists of lines with the frequencies 

f+ = nf rf f (pf. + mfs) n=O,l ,...,m. 
u .m 

Here' frf is the rf-frequency, f. the revolu- 
tion frequency (4.8 MHz), and f the synchro- 
tron frequency. Below 1 mA noSsidebands are 
observed. Increasing the beam current, more 
and more coupled bunch modes with mode num- 
bers p=O,l,.., h-l are excited with character- 
istic unsymmetric sidebands around the harmo- 
nics of f.. Above typically 10 mA all modes 
are present with nearly symmetric sideband 
amplitudes equal within 3 dB if averaged over 
longer times (fig. 1). The short time 
amplitude variations ( 10 msec) are about 
10 dB. In addition to rigid bunch oscilla- 
tions (m=l), quadrupolar (m=2) , and sextupo- 
lar (m=3) shape modes are observed. Besides a 
more pronounced difference in the sideband 
amplitudes, this overall characteristic is 
also true for 13 bunch operation. 

Tab. 1 Parameters of the BESSY Rf-System 

62.5 MHz -Cavity- 500 MHz 
Shunt impedance 
(R =V*/2P) @:j 0.6 3. 

30000 
35. 

104 

The coupled bunch nature of the longitudi- 
nal motion has also been verified in time do- 
main, using a fast oscilloscope, and operat- 
ing the storage ring with 8 successive 500 
MHz-bunches, the others being kicked out 

by a vertical knock-out system. The first 
bunch is stable up to 80 mA, while the others 
oscillate even at rather moderate currents. 
Thus the wake fields produced by the first 
bunch excites at least the second bunch, how- 
ever it is damped out after one revolution 
period T. =208 nsec. Longitudinal single bunch 
effects only contribute to the sideband 
amplitude'za:t currents above 10 mA/bunch. 
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Fig.1: Synchrotron frequency sidebands 

For some oscillation modes the sideband/ 
rf-carrier intensity ratio Is/Irf is plotted 
in fig. 2. In the case of pure phase modula- 
tion this quantity represents the oscillation 
amplitude 4 ~ = 2 I /I 't rF, of the respective 
mode. At low curren s t e amplitudes increase 
rapidly up to a constant value $ D : 1' at 
about 50 mA. This typical behaviour has been 
observed for all modes, except the p = 0 mode 
is always damped stronger (Robinson damping). 
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Fig. 2: Amplitudes of modes p=O,l,lD3 

With increasing oscillation amplitudes 
non-linear terms contribute to the effective 
acceleration voltage, leading to an equili- 
brium amplitude due to Landau damping, and 
thus allowing for stored currents up to 
970 mA. There is no indication that the maxi- 
mum current is limited by longitudinal in- 
stabilities. With an rf-power of 35 kW and 
the actual cavity/transmitter coupling fac- 
tor. the Robinson stabilitv limit is about 
1006 mA. Thus, the maximum current seems to 
be limited by the available rf-power. 

An attempt has been made to identify high- 
er cavity .modes as possible driving forces 
for distinct multi-bunch oscillations. For 
example in 13 bunch ooeration a mode of the 
500 i*1Hz cavity at 1744'MHz could be correla- 
ted with the u=l coupled bunch mode. With 104 .-- -- 
bunches, however, a complete identification 
of all relevant cavity modes is hampered by 
the large number of possible coupled bunch 
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modes and the low threshold currents. Since 
it would be practically impossible to damp 
out all these modes with selective antennas, 
other possibilities have been considered to 
combat longitudinal instabilities. 

Tune Splitting flperation 

Gihen using the 62.5 MHz rf-system in addi- 
tion to the 500 MHz main rf-system, it is 
possible to create different rf-voltage gra- 
dients for eight successive bunches, split- 
ting up their synchrotron frequencies. 

Fig. 3: 
Synchrotron frequen- 
cies of 8 successive 
bunches in the tune- 
splitting mode with 
cavity voltages 

V5C3 = 230 k’J 

v62.5= 95 k'J 

Therefore these bunches no longer interact 
coherently and all oscillation modes are 
damped up to currents of about 25 mA, in- 
creasing the instability thresholds by a fac- 
tor of 10. For higher beam currents, however, 
the synchrotron frequency spread (fig. 4) is 
of the order of the maximum frequency split- 
tiny between neighbouring bunches 
(df : 500 Hz), and the interbunch coupling 
can no longer be suppressed. 
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Fig.4: Synchrotron frequency spread 

Operation with a 'Landau'-Cavity 

Also when operating the storage ring with 
13 bunches (f ,f=62.5 MHz) all longitudinal 
modes are excited above a current threshold 
of 10 mA (I,,,=340 mA). An attempt has been 
made to suppress the longitudinal oscilla- 
tions by operating the 500 MHz-resonator as a 
'Landau'-cavity: with a suitable choice of 
the rf-voltage v5Qo and the phase 4 relative 
to the 62.5 MHz main rf-system, a zero gradi- 
ent of the accelerating voltage can be 
achieved. One obtains a very long bunch (up 
to 1.4 nsec) and a broad distribution of syn- 
chrotron frequencies within the bunch, so the 
electrons no longer oscillate coherently. Up 
to currents of 35 mA all multi-bunch oscilla- 
tion modes can be suppressed by manual con- 
trol of V5Bo and 0. For larger currents these 
parameters are affected by the interaction of 

the beam with the high shunt impedance of the 
500 MH$ cavity. This has also 

and PETRA3. B 
een observed 

at SOR An adequate 
for 

eedback-loop 
the dynamic control1 of V5BC and ip is not 

yet available. However, even with the 
500 MHz-cavity being passive, 
'Landau'-operation 

an approximate 
mode can be established. 

The beam induced voltage in the passive reso- 
nator can be 
though 

set by the cavity tuning. Al- 
the phase of this voltage relative to 

the beam is no longer a free parameter as in 
the case of the active cavity, currents up to 
220 mA can be stored without any longitudinal 
motion (fig. 5). 

Fig. 5: Beam signal in time domain (left) 
and frequency domain (right) 

Bunchlength and Longitudinal Impedance 

In single bunch operation with the 
62.5 MHz system no coherent oscillations have 
been observed up to currents of 100 mA. 
Therefore bunchlength measurements have been 
performed in this mode, registrating the sig- 
nal of a small pick-up electrode with a sam- 
pling technique4. Above 
I z 3mA a 124 

reshold of 
the data indicate a I -behaviour 

of the bunchlength as predicted by turbulent 
bunchlengthening. 
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Fig.6: Bunchlength in single-bunch operation 

As a result a longitudinal impedance of 
the vacuum chamber of iZ/n'-12 R is obtained. 
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At low currents the bunch is influenced by 
ootential well 
‘. 

distortion, showing a slight 
increase in as as compared to the natural 
bunchlength 0. = 108 psec. The bunchlength 
also depends on the tuning of the passive 
500 MHz resonator (fig.71, which modifies 
the effective potential. For capacitive tun- 
ing the bunch is shortened wereas for induc- 
tive tuning bunchlengthening is obtained, 
thus allowing for a simple method to control 
the bunchlength. 

b 
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Fig.7: Bunchlength as a function of the 
passive 500 MHz cavity tuner position 

Transverse Instabilities 

During injection occasionally individual 
bunches have been observed to drop out in 
h = 13 operation and in very rare cases also 
with 104 bunches. This limitation could al- 
ways be overcome by changing the sextupole 
setting. In the Metro optics the chromatici- 
ties are negative (c;,=-12,~ =-2), so this ob- 
servation can be attribute 8 to the head-tail 
effect. With adequate sextupole settings the 
head-tail thresholds are above 12 mA and 
100 mA per bunch for h = 104 and h = 13 oper- 
ation,respectively. 

Surprisingly, no transverse multi-bunch 
oscillations have been observed. A possible 
explanation is the presence of ions collected 
by the beam, which gives additional Landau 
damping for the transverse motion due to the 
non-linear fields produced by the ions. Esti- 
mates of critica\ masses based on a current 
ion trapping model indicate that ions should 
always be trapped, even with a single bunch. 

To verify the presence of ions, tune 
shifts have been determined as a function of 
beam current, measuring the betatron frequen- 
cies after transverse excitation. For the 
tune shifts in single bunch operation shown 
in fig. 9, the response of the beam has been 
detected by a photomultiplier behind a slit, 
placed in the tail of the synchrotron radia- 
tion distribution. The signal sensitively de- 
pends on the excitation amplitude, which has 
to be chosen as small as possible in order 
not to perturb or kick out the ions. In both 
transverse planes, the tune-shifts are posi- 
tive, as expected for ion-induced fields. 
This is also true for fillings with 13 and 
104 bunches although relatively high excita- 
tion levels have been used here. 
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Fig.8: Tune shifts in single bunch operation 
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Vertical Fig.9: damping time in multi-bunch 
operation (h=104) 

In all cases we observe a significant 
broadening of the betatron frequency distri- 
butions with increasing beam current (e.g. 
Of =l MHz at 500 mA). A direct measurement of 
the vertical damping time of coherent beta- 
tron oscillations (fig.8) also shows a 
strong decrease in damping time when the cur- 
rent is increased from 0.1 to 1 mA. It is not 
yet possible to relate the experimental tune 
spread and damping time results in a consis- 
tent quantitative way. Nevertheless, we think 
that, although the present data are still 
preliminary, the qualitative picture of Lan- 
dau damping induced by the non-linear fields 
of the ion distribution may explain the ab- 
sence of transverse coherent oscillations. 
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