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ELETTRA is generaly working in a multi-bunch filling
mode which gives rise to an instability if a parasitic Higher
Order cavity Mode (HOM) is coupled to a multi-bunch
oscillation mode. Longitudinal instabilities, even if not
destructive, are particular harmful for synchrotron light
sources, since they increase the energy variation of the beam
and deteriorate in this way the quality of the light spectrum.
Multi-bunch instabilitiesin ELETTRA are cured by tuning the
temperatures of the four independent cavities. The
effectiveness of the method has been verified by monitoring
the spectrum of the SuperESCA beamline. The relation
between HOMs and cavity temperature and the variation of
this dependence with cavity and machine parameters has been
studied. Operational experience and dedicated measurements
are presented and compared with theoretical predictions.

I. INTRODUCTION

During operation for users the storage ring is filled in a
multibunch mode. Longitudinal Multibunch Instabilities
(LMBI) have been studied in ELETTRA aready from the
beginning of the commissioning and were observed, at
injection energy, even at very low currents, i.e. 1 mA.
Confirming that LMBI are not destructive, it was possible to
store currents as high as 530 mA, and even more, at injection
energy (1.0 GeV) [1]. However the expected effects of LMBI
on the beam energy variation, on the beam size and stability,
and the consequence on the light quality, could be observed.

Beam energy, E 2.0GeV
Current in normal operation, Iy 200 mA
Nominal RF frequency, frrFo 499.654 MHz
Harmonic number, h 432
Momentum compaction, o 16103
Operating Effective Peak RF voltage, VRg 1.68 MV

Dedicated experiments during commissioning showed that
temperature tuning is very effective also for them [1].

1. A SYSTEMATIC APPROACH TO
TEMPERATURE TUNING OF RF CAVITIES

HOMSs' temperature tuning can be effective if the
frequencies can be regulated in a wide range and if there is
good accuracy in the cavity temperature setting and in the
knowledge of the HOM frequency. As it is described in [2],
[3], asolution was adopted in the design of the RF cavities for
ELETTRA to improve the temperature tuning technique. The
high Q, not damped, HOMS' frequency can be shifted by some
hundreds of kHz since the cavity temperature can be regulated
between 40 and 70 °C. The cavity temperature is stable within
+ 0.05 °C. The fundamental mode frequency is kept constant
by an external tuning cage.

For a systematic analysis, a pair HOM - CBM can be
characterised by a Critical Temperature, defined as the cavity
temperature for which the frequency of the HOM exactly
overlaps the frequency of the CBM, i.e. the coupling is
maximised. By calculating this temperature for all harmful
HOMSs and associating to it the temperature interval where the
HOM is strong enough to drive the instability, operating
temperature settings for the RF cavities can be found where
the coupling HOM-CBM is minimised.

A. The Calculation of the Critical Temperature

The critical temperature Tgk ny for the longitudinal HOM
Lk and the CBM number nisderivedin[4], and isequal to

Table 1. Relevant ELETTRA parameters.

In case of longitudinal motion the driving source for
coupled bunch instabilities is given by the high-Q HOMs of
the RF cavities. The instability becomes maximum when a
Coupled Bunch Mode (CBM) frequency and a HOM
frequency overlap. For small machines like ELETTRA, with
high revolution frequency, and for narrow band HOMSs it is
then possible to tune the HOM away from the CBM frequency
and thus reduce the coupling. The experience made during
storage ring commissioning shows that the LMBI can be
reduced by changing the temperatures of the cavities[2], while
changes in the multibunch filling pattern did not bring any
improvement. Since ELETTRA cavities are free of damping
antennas or loops, a global temperature tuning procedure has
been devel oped.

Transverse Multibunch Instability haven't been observed
during machine operation, thus they will not be discussed here.
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fLko =frequency of L measured at Tg and at f rro;

To = cavity temperature when f| kg is measured;

fon = (PM+n+mQg)wp/2t: frequency of CBM number n,
with p an integer, M number of bunches, m bunch
shape mode (here m=1), Qg synchrotron tune, wo/21t
the nominal revolution frequency.

N = ph+n;

Tk =fLk change for unitary temperature change;

¢k =fLk changeif Lo mode frequency changes by 1.0 KHz

Afg. =KpLolpNMg: Lo mode frequency shift due to the

beam loading, typical ~30 kHz.

Table 2: Definitions used in relation (1); see also [3].

The Critical Temperature (1) depends on the RF frequency
frE, on the beam current |  and, through Qg, on the energy E
and on the RF voltage VRE. Tab. 3 shows typical values of T¢
for different I, frr and E for the harmful HOMss of cavity S3.




HOM flk CBM| E, Gev 10 20 20 20
n Ib, mA 1.0 10 200.0 200.0
MHz fre | 499.654 499.654 499.654 499.644
L1 950 389 | Tc1389 578 582 56.7 578
L3 1421 365 | Tc3365 39.0 391 405 417
L4 1514 12 | Te412 | 701 703 706 718
LS 1600 87 | Tc587 | 642 643 659 672
L9 2073 64 | Tcoe4 | 442 431 452 463

Table 3: Calculation of Critical Temperatures for different
conditions, for cavity S3.

The largest shifts are caused by Iy and frg. On the base of
these shifts forbidden temperature intervals can be found, as
shown in fig. 1 for Cavity S3. A 3dB equivalent bandwidth of
the resonance is also included in these intervals.
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Fig. 1: The forbidden temperature intervals for cavity S3.

The computed values for Tck,n have been verified on the
machine. For example, to identify the real value of Tc1,389, at
1.0 GeV acurrent of 1.0 mA in a uniform filling has been
injected and the excitation of the CBM 389 has been measured
as a function of cavity S3 temperature. The plot in fig. 2
shows a maximum between 57.6 and 57.9 °C. The computed
value in table 3 is 57.8 °C. Also for the other modes a good
agreement, with an accuracy of about + 0.5 °C, was found.
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Fig. 2: Measured amplitude of CBM 389 vs. Cavity S3 temp.
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There can be alarge difference in the critical temperatures
for the same pair HOM-CBM among the four cavities, due to
the relaxed mechanical tolerances. For example, Tc1,389 is
~110 °C for Cavity S2, ~65 °C for S8 and ~69 °C for S9.

B. Operational Experience

The cavities are normally operated outside the forbidden
temperature intervals. Operational experience with currents up
to 250 mA at 2.0 GeV shows that this is sufficient to reduce
the HOMS' impedance seen at the CB frequency to a value
which eliminates the impact of the LMBI. Thisis not valid for

the mode L1, since the high shunt impedance (851 kQ) along
with the low temperature coefficient (1 = -11.5 kHz/°C) [3]
reguires a temperature setting far from T¢1,389 to get rid of the
instability. Other high shunt impedance modes (L3, L5, L9)
have higher 1 (40+100 KHz/°C), thus their effect is already
cured at afew degrees from Tck,n. The operating temperature
for cavity S3 has thus been set around 42.0 °C (fig.1).

The consequence is that the only marked LMBI effect on
the machine performance is due to the coupling between the
L1 (TM-011) mode and the CBM number 389 becoming
strong when the cavity S3 is tuned in the middle of its
temperature range, that is, around Tc1,389 for this cavity.

The effect of this interaction has been observed looking at
the undulator radiation on the SuperESCA beam line. When
cavity S3 is set around 57+58°C large energy oscillations are
evident: unacceptable widening of the undulator harmonicsis
present together with a consistent flux reduction, related to the
effective energy spread of the beam produced by the excited
LMBI. The typical effect on the fifth harmonic of the
undulator spectrum of the L1 HOM exciting CBM 389 is
shown in fig. 3. When the cavity is set to bad temperatures the
flux is strongly reduced and the harmonic is widened, while
setting the cavity to a good temperature (dotted line) the
spectrum assumes the wanted profile.
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Fig. 3: Effect of the mode L1 on the undulator spectrum.

The second main effect related to LMBI is a Low
Frequency beam profile Oscillation (LFO). It is clear that
beam profile stability is also of great importance for a light
source like ELETTRA. When a cavity is tuned to a
temperature at which overlapping between aHOM and a CBM
ispresent, LFOs are present in atypical range from 0 to 30 Hz,
depending on the beam current and the energy. At high beam
currents a saturation effect seems to be present. The presence
of LFOs was found to be insensitive to the beam filling
structure, namely once they are excited (i.e. a cavity is tuned
to a bad temperature) the LFOs exist under almost any
multibunch filling. When the basic longitudinal instability is



suppressed, the LFOs disappear and the beam profile returns
stable. Thisis the situation during operation, with the cavities
set 58 °C (S2), 41.5°C (S3), 45 °C (S8) and 52 °C (S9).

1. THE CB INSTABILITY GROWTH RATES
ASA FUNCTION OF CAVITY TEMPERATURE.

The growth rate of alongitudinal coupled bunch instability
for a beam current 1y stored in M uniform filled and spaced

bunches, for a high-Q cavity HOM can be approximated by
_ (W 032
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The impedance of the resonance, for one cavity, is
R

(5)0'-k * Quk

Zy (wpn) = (09n -0 )
1+]j T
1 QLk WLk @pn

In relation (3) we dropped the summation over all cavities,
without a loss of generality. The frequency f| k of HOM L at
the generic cavity temperature T and RF frequency frg and at
the beam current I, can be worked out [4] from relation (1),

fik = 1k (T-To) + ¢k [ (fre-frro) - OfeL] +fiko . (@)
Theratio Qgn = wpn/ Wik in (3) isthen

%fRF"'fs
an = ) (5)

Tk AT + 0Lk [AfRF - AfpL] +fLko

with fpn written in terms of f R and synchrotron frequency fs.
The growth rate (2) becomes then

(%)OLK * QLk

1+ [QLk (Qun- JJan)]

which, by relation (5), isafunction of T and fRp.

In fig. 4 the computed growth rate for CBM 389 is shown
as a function of cavity S3 temperature. It is calculated for a
fixed beam current of 150 mA at 2.0 GeV and for the nominal
frE, with the other cavities set to the operation temperatures.
The peak is between 56 and 58 °C and corresponds to the
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critical temperature of the mode L1 for this cavity. It can be
observed that around 41.0+42.0 °C the growth rate reduces
below the longitudinal radiation damping threshold.

To correlate the CBM oscillation to the driving impedance
at different cavity temperatures, we measured the amplitude of
the CBM on a spectrum analyzer. The excited CBM number
389 we are considering here will be present in the beam
spectrum as a first order phase modulation sideband (+fg) of
the beam harmonic 821. To measure the relative amplitude
variation of +fg at different cavity temperatures we simply
took the beam spectrum signal from a capacitive button. The
ring was filled with 432 uniform equally spaced bunches, for a
total current of 150 mA. The amplitude of the harmonic at frp
was equal to -19.0 dBm. In fig. 5a we can see the plot taken
with the cavity tuned close to the critical temperature T¢1, 389
of cavity S3. The amplitude of the +fs sideband at 949.5857
MHz is large. When the cavity temperature is changed to
42.5 °C the amplitude of the +fs sideband is reduced
by 65.6 dBm, as it is shown in fig. 5b, in agreement with the
prediction of fig. 4. Further changing the temperature makes
the first order sideband completely disappear.

V. CONCLUSIONS

The results obtained are consistent with the theoretical
expectations. The significant reduction of LMBI obtained by
temperature tuning of the RF cavities has allowed a
satisfactory routine operation of the machine.
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Fig. 4: CBM number 389 growth rate.
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Fig. 5a. CB 389 amplitude, TS3 57 °C.
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Fig. Bb: CB 389 amplitude, TS3 42.5 °C.



