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Abstract

Measurements aELETTRA have shown that the
harmonic sextupolgrovidesLandaudampingcapable of
suppressingransversecoupled multibunch instabilities.
There isstrongevidencethat the damping isinduced by
the non-linear tune spreadwith amplitude among the
electronswithin the individual bunches togethewith a
change inthe electron bunch distribution. Results of
measurements are compared to simulations.

1 INTRODUCTION

Landau damping is the phenomenon in which a
collective motion performed by acertain number of
particles is damped by anincreasing spread in the
oscillation frequencies othe individual particles. As the
coherentoscillationsbuild up acentre ofmassmotion,
the latter startglecreasing agarticles goout of phase
with respect to each other and decohere. Individual
particles maybe still oscillating but thecentre ofmass
motion is damped.One possibility to generateLandau
damping is non-zero chromaticity and another is non-
linear elements ira storagering. A typical example of
non-linearelements is the use of octupole magnets i
which tune shifts withamplitudeare afirst order effect.
Sextupoles alsoinduce tune shifts with amplitude,
although as a second oradfect [1],but maynevertheless
give rise to thesame damping mechanism. InElettra
where a harmonic sextupole Slis present, strong
correlation between the damping of collectimetion and
the setting of the above sextupole h&en noticed in the
past [2,3]. It is possible tohangethe non-linearities of
the machine(hencethe tune shifts withamplitude) by
acting onits settings,maintaining at the same time the
constant values of the chromaticities.

In this paperresultsare presented ofariations of the
harmonic sextupolsettings that give rise tehanges in
the Landau damping. Results are given both of
measurementperformedusing thetransversamultibunch
feedbacksystem (TMBF) [4] as an acquisitiortool, as
well as of computersimulations.Due to therelatively
simpler mechanism, botineasurementand simulations
were done inthe horizontal planethus eliminating the
coupling among the two planesie tothe sextupoles. In
this casethe tune shift withamplitude is reduced to
Av, = C-2],, and presents a parabolehaviourwith the
settings of S1. The following sectiaealswith damping
effects when coupled horizontal multibunch instabilities
are present, while sectio® discusseshe fastcoherent
damping when kicking a single bunch.
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2 COUPLED MULTIBUNCH
INSTABILITIY

Coupled multibunch instabilitiescan be viewed as
consisting oftwo collective motions: amacroscopic one
among the centre of mass of tinelividual bunchesand a
microscopic oneamong the singleparticles within the
individual bunchesThus, in the pastwhen observations
could benot be done with the TMBF, an important
guestion waswhether the tunespread induced by the
harmonic sextupolewas among different bunches or
within the particles okingle bunchSimulationsdone in
1999 using amacroscopic model ofhe bunchescould
only reproduce the main features of the phenomena.

Although the TMBF allows the visualization idetail
of whatindividual bunchesaredoing, it is important to
realize that it can detect ortlye centre ofmassmotion of
the bunches. Fortunately the tune shift wathplitude is
unidirectional, since amplitudesan be only positive.
This means that ithere is anincrease intune spread
within a bunch during the collective motion, then the
centre of mass will result in having a tune shift.
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Figure 1. Horizontal instability at S1 =50 A

Figure 1 shows theentre ofmass motion,together
with its spectrum (tune resolution is 5-90of one of the
bunches undergoing ahorizontal coupled multibunch
instability (driven by a known higher order dipole mode of
one of the RFcavities) with S1 setnearthe minimum
value for the tune shift with amplitude.

The damping of the centre of mass motion isa to
a simple detuning of the mode. In fact, obsenfiggire 2

where the same analysis is shown for the same bunch but

with the sextupole set ta strongertune shift with
amplitude, onecan note that thedamping occurs at a
much smaller tune shift of the centre of mass.
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time of the bunch mode (6 ms) from figure 1, ttendau
damping required to kill the instability is = 0.512 ms,
with a tune spread of Av = (rf,, 1) = 5.37-10%
Assuming a constant chromatic tusggread estimated for
a stable beanand knowing thebeam size atest, the
requiredamplitude forLandaudampingresults to be 1.8
times the beam size at rest, consistent \wigasurements
from the synchrotron radiation beam profile monitor.
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Figure 2. Horizontal instability at S1 =40 A dynamics in the case of free betatron oscillation excited by

Although the two motions are qualitatively different & Short kickand observedusing a photomultiplietube
they have one common feature: duringgrowth of the with a blind placedn the image plane. Th!s analysis can
instability there is a broadening dhe tune width. This b€ also applied ta BPM. A single bunch in thabsence
broadeningcannot bedue tothe spread inamplitudes of of coherentbetatronand synchrotron oscillations will
the center ofass,becauseluring dampinghe spread in have a particledistribution functionin betatronphase
amplitudes ofthe center ofmass is mucharger,but the SPace represented in the action-phase variables as:
width is noticeablysmaller. Theonly interpretation can © infate
be thatthere is Zln increasingJneyspreagwithin the f(J,9.0)= Z (1) ) (1)
coherent particles of the bunch, resulting as a tune shift of i e . o
the center ofmasstogetherwith a broadeningThe same WhereJ =a“/2 is the perturbed actioa s the oscillation
analysis has also been performed all the othebunches amplitude), ¢ is the phaseand w =27, is the
for the sametwo sextupole settings and they all betatron frequency. IB(X, w) is the transfer function of a

simultaneously present similar features. diagnostic device, the output signal is proportional to
E 2 X = Z Z ei(kwo—nw)tj. fn(J,t)KkndJ, (2)
g 1 k=—00 N=—00 0
= n o .
§ 0 where w, = 271f,,, and K, = J’G(\EZJ cosp kw, ¥"d¢.
E_ n
g ! Supposing that thetransfer function of the BPM
o]

electronics is linear and the amplitude-phelsaracteristics
is constant afrequencies wherthe betatrormodeshave
considerableamplitudes (usually n <5 to 10), then

0.30% ‘ ‘ : ‘ ‘ ] K., =K =const, and the signal of then-th betatron
0.3r =i - 1 harmonic is proportional to
. 0.295 . _ o
0.29 s ] X, = Ke™'(@™®) [f.(3.0dd +cc., ©)
0.285 : i . _ 0
‘ ‘ ‘ ‘ ‘ ‘ and its envelope is
5 10 15 20 25 30 .
t, ms —
Figure 3. Simulation of the instability A = KL[ f.(J,1)dJ|. 4)
0

To check the above-mentioned conclusions, a
simulation of theinstability hasalso been done using
multi-bunch multi-particletracking with an interaction
betweenthe beamand the single RFcavity mode. The -
results are shown in figure 3. Although ttetails of the f.(3,1) = £,(J3,0)e , (5)
centre ofmass motion mayliffer from reality, the tune \yhere C = gv/da? is thenon-linearity. Placing(5) into
behavior is similar to the one of tmeeasuredlatashown (4) gives:
in figure 1 with a broadening othe spectrum while the ’
instability rises. s in2rCat

Knowing the measuredise time (0.45 ms) given by A= K\I fr(J,0)e d‘]" ©)
the horizontal higherorder mode of the cavity, the 0
radiation damping time (10.2%s) andextractingthe rise

If the beamcurrent issmall and coherenteffects are
negligible, as in thecasefor zero chromaticity, afirst-
order approximation gives:
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In the case of non-zero chromaticity, if
f.(J, €) =1,(J¢(¢), then, totake the chromaticityinto
accountf.(J, t) in (5) should be multiplied by

M, =27 & 81, = ™

0

where Q ande are the frequency andamplitude of the
synchrotronoscillation. In thiscaseA,(t) is modulated
with the modulation parametf, (t).

In our experiments &oherentbetatronoscillation was
excited by a pulse kick. F(J) is thedistribution function
of oscillation amplitudesbeforethe kick, thenafter the
kick the distribution function becomes:

£(3,0,€)= F((\w’ﬁsin(p ~J283 % + 20 cos1;)[¢; o,

where 8] = da?/2 is theaction perturbationdue to the
kick with da amplitude. CalculatingA,(t) with the
conditions &J >> g2 and t <<(Co?)™ whereg, is the

transverse beam size gives:

A(t) = MAt)FF(J)JO(Snc\@ i,  ®)

0

with J, the Besselfunction. For a stable bunch the 54’

distribution functionsF(J) and ¢(¢) are Gaussianand,
according to (8), the envelope is:

2
t Q‘L"Eg (1-cosqt)
0E Q
’

A@t) Oe e )

where 7 = (4nC\/28 ¢,) and o; is the rms energy

spread. Thus, if the chromaticity zero, theenvelope of
betatron oscillation is Gaussian.

_Measurement
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Figure 4. Gaussian damping of the coherent oscillation

Figure 4 shows anexample of measureddata in

comparison with simulation. The measurement was

performed on &aingle bunchmode at0.9 GeV energy
with a beamcurrent of 1 mA and achromaticity of0.1.
The simulation wagarriedout for 1000 particlesand the
initial amplitude wadit to get thecorrectdampingtime

close to themeasuredone becausethe measurement [9]
system is notalibrated. Inthe simulation plot one can

see that theoherentoscillation dampsandthe incoherent
one (i.e. beam size)grows. This effect is due to the

mismatching of theparticles’ phasesaused bythe non-
linear tune spread.

The dampingtime was measuredwith the various
harmonic sextupolesettings in the 13 to 35 Arange.
Figure 5 shows the measureddamping rate vs the
harmonic sextupolecurrent in comparison with the
simulation data andwith the theoreticalcurve calculated
using the 7 = (4770@%)'1 formula. The parabolic
shape of the dampingte graplrepeatghe behavior of a
cubic non-linearityparameterand namely theharmonic
sextupole acts asn octupoleOnecan sedhat thenon-
linear damping ofcoherentbetatronoscillation is rather
strong, 7 = 0.2 to 1 mswith the nominalchromaticity
of only 0.1.
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Figure 5. Damping rate vs harmonic sextupole current

4 CONCLUSIONS

The harmonic sextupole provides anon-linear tune
spreadamong the particles in theindividual bunches
which gives rise tolLandau damping and decoheres
collective motion. The harmonic sextupol@rovidesalso
a fastdamping ofthe coherentbetatronmotion in single
bunch when aingle bunch iskicked with a pulse. The
damping rates obtained by measuremesitaulations and
theory agree all very well.
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