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CURES OF COUPLED BUNCH INSTABILITIES
A. Mosnier, SOLEIL, Gif/Yvette (France)

Abstract When we are interested ithe coherentmotion of a
bunch as a whole, the one-particle model, also naiged
bunch approximationleads to awell-known system of
linear equations (seR,3,4] for example). For d&eam
interacting with its environment, the singlparticle
equation of longitudinal motion is given by:

To achievethe desiredluminosities and brilliances in
future storage rings for colliderand synchrotronlight
sources, very large beam curremsed to bestored in
many tightly spacedounches. A serious limitation of the
performancegomes then from the conventionadupled
bunch instabilities (CBI). Energy oscillations and Fo) + 20T () +03T (1) =—2 Vi) ()
transverseocillations are mainly driven by high-Q ToE/e

structuresand the resistivity of the vacuunthamber. wherer, and wy arethe timedisplacementvith respect
Control of these multibunch instabilities haecome a to the synchronous particendthe synchrotrorirequency
critical issueandvarious strategieare considered tpush of particle indexk; T,, E and a are the revolution
up the instability thresholds : HOIlffequencycontrol to period, the beam energndthe momentum compaction;
avoid the overlap of dangerous modeswith beam o =1/7, is the synchrotron damping rat®, is the
spectrum, heavymode damping to reducethe resonant total inducedvoltage by all circulating particles, seen by
buildup of the fields,Landau damping to destroy the bunchk.

coherence ofhe beamandlastly strongfeedbacksystems  For M equally spaced andequally populatedrigid
operating either in th&equency ortime domains.These bunches, acoherentoscillation of the k-th bunch is
different curesand their technological developments aredescribed by:

reviewed in this short paper, more deta#s be found in 1) = 7 el@t+kag)
[1]. ()=re
Signals add up coherently and provide synchrotron
1 INTRODUCTION sidebands ifthe bunch-to-bunch phase shift satisfies

Ap=2m/M, wheren is calledthe coupled-bunchmode
number. The totainducedvoltage is thenobtained by
summing thecurrents ofthe M individual bunches of
currently:

The commonapproach oboth synchrotron lightsources
and ée circular colliders to achievethe desired
luminosities and brilliances consists in storing higgam
currents in many tightly spacedbunches. Control of ) KA
coupled-bunchoscillations, excited by the long-range V() =] M1y @, Z(ayp) xe (1) (1) )
parasitic modes of the vacuum chamber, mainly ofifthe o P

cavities, hasrecome accordingly aritical issue.Energy (T)(1) =7€'®" is the mean displacement tife bunches
or position oscillations spoil the luminosity oolliders, and can be understoo@ither as theaverageover all
because beams don't collide properly any more, in time particles of a same bunch or as theerageover all
in position, and the spectral brilliance in synchrotlight bunches of the trainmpedance issampled afrequencies
sourcespecause undulatoezestrongly sensitive to any w, =(pM +n)a, +Q.

increase in effective energy spread andittance Figure 1 When all particles have the saméncoherent
shows for example theffect of longitudinal CBI on the synchrotronfrequency, weobtain the well-known growth
brightness of a typicalindulator in the SOLEILight rate of the " mode, after substitution of theinduced

source for different energy oscillation amplitudes. voltage (2) into the single particle equation of motion (1):
1 al - 2 1
Z=—20 Y w,0d7(w) e @ -2 @
[ Undulator U34 (n=7) wio oscilation ] T 4mE/eQ 4 Ts
610" | ——1.E03 ]
F TE® ] In a similar way, we obtain the well-known result for
S g the transverse multi-bunch instability:
S 410" | ] 5
N ] 1__Bowlo De[Z w ] o (@) _1 4
E W ] T ATTE /e % o(@p) T @
= 21041 E
& i with the longitudinal and transverse dampingmes 1
Lot ] andr, and the mode spectrum lines
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longitudinal dipole mode and rigid dipole transverse

Figure 1: Effect of longitudinal oscillation on the 7th Oscillations, respectively. _
harmonic of SOLEIL U34 undulator spectrum. Independently ofthe vacuumchamber impedance, we
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can comparethe sensitivity of different machines to modulation
longitudinal or transverse CBlI by means of theAw 1 AV

parameters: o 2V - =tanAgplian @

art f w
Scai :m and  Sycg :BZDE—O/E Aq’:WR/Q'o ATgap
The sensitivity is of course inversely proportional to At ESRF, the instabilitythreshold has beeimcreased
the beamenergy and to the longitudinal ortransverse by this way, from about 60 mA tbeyondthe nominal

focusing strength. Table 1 givearametenvalues in the intensity of 200 mA with a 1/3 filling.

longitudinal plane for some colliders and synchrotiight A stability diagram, corresponding tthe dispersion
sources. relation (5), is usuallydefined inthe complex plane by
plotting on the ondandthe locus of the inverse of the

Table 1: LCBI sensitivity parameter for some machines integral asQ) is swept fromes to +o, andthe frequency

KEK-B PEP-I CESR Il DAPNE shift AQ, without Landau andadiation dampings on the
E (GeV) 3.5 3.1 5.3 0.510 other hand. Figure 2 shows for example ttability
S 3.7 22.7 41.4 3141 diagram of the SOLEIL ring, assuming LEP Cu cavities,
ESRF ELETTRA ALS SOLEIL operating at 352 MHandhaving a first HOM at about
E (GeV) 6 2 1.9 25 500 MHz (R/Q=7® andQ=3.1d). As thefrequency of
S 1 32.2 34.7 6.2 the cavitymode isnot exactly known, it is alsgcanned

and the frequency shikQ, just looks like theresonance

The cures against CBtleveloped atarious places, are curve of the HOM. Without Landau damping, the
reviewed hereafter andystematically applied to the instability threshold is14 mA, assumingperfect overlap

threshold I, , a rectangulaspectrum must have @tal
2 LANDAU DAMPING frequency spreadw given by
Landau damping proved to be anefficient tool in Al R _ Aw
stabilizing multi-bunch instabilities, especially BSRF, 4nE/eQs m2- ArcTan(as/Aw)

wherethis method is successfullysedfor the operation  For 100 mA, the required spread if¢argerthan 6 %,
[5]. When the oscillators, whichrepresent either the whereasthe frequency spread provided bihe fractional
particles in a bunch or thdifferentbunches in the train, filling is only 0.3 %for a current ofL00 mA and a 2/3
have a finite spectrum of naturdtequency with a filling of the SOLEIL ring, making this method
distribution p(w), the net response of the beam to thenpractical in this case

driving force due to wakefields ifl) is failing and the
beam can be stable again if thequency spread is large
enough. The substitution of the induced voltage (2) by
oscillators with different frequenciesinto the single
particle equation ofmotion (1) leads tothe dispersion

re|ation - 4000 - 3000 - 2000 - 1000 1000 2000 3000 4000
-AQ, xwaJ’ p(.w) dw 5 =1 (5) Figure 2: Stability diagram for the SOLEIL ring
W +2ja,Q-Q - radiation damping only + HOM with 16 mA
al - rectangular spectrum (spread = 6.3 %) + HOM (100mA).
with  AQy=-—9 — z jw, Z(w,),
ATE / eQ " .
S p Synchrotron frequency splitting can also dxghieved by

the coherentfrequencyshift in theabsence of Landau anddriving the normal RF cavities at feequency (h+1)f,
synchrotron dampings. Wherequency spread is providedand was used at CERN to suppress longitudinal instability
by point-like bunches in the train, the integral should jg].
replaced by asummation over théndividual bunches, In a similar way, aiming atproducing a frequency
though the integral might be kept for many bunches.  spread even for anhomogenous filling, an activef
2.1 rf voltage modulation (TQQUIation has beemzs_,ted inthe ESBF storage ring py
riving two of the four installed cavities at one revolution
A first source of buncHrequency spreadan come from harmonic above therf frequency. The modulation
the modulation of thef voltage, easilyprovided by beam frequency must be precisely f, to avoid longitudinal
loading in the rf cavity with partial filling of the ring. In excitation of the beam. All the HOMsould bemade in
the steady-state, the phase of the bunches grows abptinciple harmless welbeyondthe nominal intensity of
linearly. As a result, the frequency distribution consists @00 mA. However, the n=1 instability prevents the
a nearly rectangulapectrum, with totaspread and phase cavities from beingtuned close to theh+1 revolution
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harmonic. Therade-offbetweenthe modulation level and (f=614 MHz, R/Q=360 Q/m, Q=6.10) has acurrent
the reflected power due to detuning, results imaximum threshold ofonly 6 mA. A chomaticity of only £ =0.1
current of 170 mA. pushes away the onset of the instability2#0 mA. The

2.2 Landau cavity corresponding stability diagram is shown in Fig.4.

10000

Since an harmonic cavity introduces non-linearities in tf
focusing force andthus some spread in synchrotron
frequency, it has been proposef¥,8,9] for stabilizing
multi-bunch instabilities. The maximufrequencyspread
is achieved in bunchlengthening mode, when the slope
the total voltage izero atthe bunch location. Withhis

quartic bucket potential, the distribution has the form [10]:igure 4: Stability diagram for the SOLEIL ring Gaussian
—%(w/wn)“ betatron spread with chromaticity £ =0.1 and energy
plw)=Kue ’ spreado /e < 10°.
andhas a maximum atv = ¢, which is generally much
lower than t_he_ natural synch_rotrofngquer]cy._ A3 3 MODE FREQUENCY CONTROL
harmonic cavity in the SOLEIL ringrovides inthis way .
a relativefrequency spread afbout 200%, but since theAs the coupled-bunch modes are spacedrewnelution fre-

center-frequencyhas been dramaticaligecreasedthe net dueéncyapart, there is some latitude in relativesynall
result is a poor improvement in the stabilization. ThENYS 0 escape the sharp HOMs from the beam spectrum

stability diagram with and without Landau cavity are lines, provided _that Fhey are not damped. This method was
shown in Fig.3. The gain on the instabilitgreshold is developed and isoutinely used aELETTRA [11], where
only 30%. We note that, operating in tHainch- the HOMs are tuned by precise cavity temperature control.

shortening mode, the same harmonic cavity waive: a Temperaturewindows, in which the growth rates of all
gain of about+/2 on the threshold (the same as thghodes are below the radiation damping rate, aredaisti-

synchrotron frequency enhancemenijh a same voltage, lated. T_hesestability windows can behecked and refined
about one third of the maif voltage. by a directmeasurement of theoupled bunch mode

spectrum on the machine. The growthte of all
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longitudinal andtransverse modeare calculated according
————————— ~<Xx---- to the expressions (3,4) by summing the contribution of
all cavities present in the machine. Thesonance
- 2000 1500 1000 500 s0 frequency wy, of cavity mode k is then a function of
200 / temperaturelT and fundamental modéuning w;, being
itself function of beam current; at first order :
- 400 |
- 0wy 0o
Figure 3: Stability diagram for the SOLEIL ring DT, 1) = @ (To) +a_T(T To) +m(wf “ro)

- radiation damping only + HOM with 16 mA

_ spread from a 3rd harmonic cavity + HOM with 18 mA. Since it was difficult at ELETTRA tdind temperature

intervals, stable for both longitudinadnd transverse
2.3 Betatron tune spread planes, movable plungemsere designedor allowing an
additionaldegree of freedonfil1l]. Assuming sixElettra-

Conversely to the longitudinal case, a significant spread ¥fbe cavities installed in the SOLEIL ring fmrovide 5
betatronfrequency iseasily obtained because @he non- 1/ voltage and 400 kW rf power tothe beam, the

linearities in the focusing system or withnan-zerochro- cavity temperatures have been optimized by takirtg
maticity, together with an energgpread inthe beam. For o.qunt the nine longitudinahodes below  the cut-off
that reasonessentially transversemulti-bunch instability frequency of the beam tubes. The HOM spectrumbeas
occurs afterlongitudinal instability on most of the randomly generated withfeequency spread of few MHz
existing rings, whereas@audethreshold calculation gives ., eachcavity. Fig.5 shows for example orability
generally the inverse. With Gaussian distribution iyinqow of one cavity after optimization, fortemperature
energy and  betatron  frequency  SPECtiUM gcan of 30°C. Only the growth rates above fheiation
0, =Qnwy §0g /€, the dispersion relationcan be gamping rateare plotted. However, it was noélways
analytically calculated. Neglectirtge transverse damping possible to find stability intervals for some HOSpectra
rate ap, the required spread is simply: (25% over 100 seeds) and movable plungers would be also
e required for that cases.
o, > —\/g Om(AQ) a

For example, théransversanstability, excited by the

most dangerous dipoleHOM of the LEP Cu cavity
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W ORRASE bondingrf lossy materialferrite) to the innersurface of
] both pipes, outside the cyostat (CESR, KEK-B)
» More classical HOMdampers arenounted on thdeam
pipes, in the vicinity of the cavity (LHC, SOLEIL)

=
Q,

The first option [14,15]needsvery largeopenings to
ensure the propagation of atlodesand the high HOM
powers require that special attention bepaid to the
L ALLLLAIT(C) outgassingrate of the ferrite for preventingsurface

contamination. Theecondoption allows the housing of

Figure 5: Example of stabilityindow for one of the Severalcellsin a single cryostat, but puts more the issue

Growth rate (3)

P W N
40 45

Elettra-type cavities in the SOLEIL ring. on the HOM couplers, which must be optimized in
combination with the string of cavities. Aspecial
4 HEAVY MODE DAMPING arrangement, proposed for SOLEIL [1&hd shown in

The oth ¢ bate CBI ists i i Fig. 6 involves pairs of cavities, linkedith largebeam
€ ofher way fo combate consists - grappingeg in-between, buerminated onsmaller outer pipes,

gwectl_y with thehsource lethﬁ] Iaséal\;"“%eesyt 'I'e' "N featuring strong coupling for the HOMand weak
amping as much as possible the Draer 1oIlower ¢ 4upling for the accelerating mode.

the resonant buildup of the field©nce the deQing
requirements are determined #wmat growth rates do not
exceed the radiation @ventuallyfeedbackdamping rates,
damperamust bedesigned antheir effectivenesschecked
with  bench measurements. Various designs fi
superconducting and normal conducting cavities leeen
developed tomeet high power and low impedance
challenges. SC technology offers many advantages:

* Fewer cells, and thus lower overall impedance, for a
given voltage, due to the high CW gradient capability
 Higher achievable deQing, because large beam holes
allowed, while keeping a very highcceleratingmode
shunt-impedance, through which HOMan propagate

out and be easily damped.

accelerating mode

longitudinal HOM

Figure 6: Cavity-pairarrangement foSOLEIL featuring
weak coupling for theaccelerating modé&op) and strong
coupling for HOMs (bottom).

The drawbacks of SGystemsare nevertheless &rger
complexity, owing mainly to theryogenicsystem, and the standing-waveHOM fields have largepeaks. Inner

the” pt_recaL:cnons lthat haave t.(:. be tahk_err: ag?('jnSt thlcta _”Skt e diameterand cavity spacing have been numerically
pofiution of coupler and cavilies, which could result ip Qoptimized and checked bybench measurements. Two

degradstg)n or_tta_ven quenches. ted direct h coaxial couplers per celltailored to the deQing
or cavitiesdampers arenounted directly on the requirement of eachkHOM, are enough to meet the

cavity walls at proper locations, where the coupling to thonLEIL specifications, with a safety margin of tbeler
most troublesomenodes ismaximum. HOM power is of 10 for both planes '

carriedout anddissipated on external loads. Waveguide
couplers, with acut-off frequency slightly above t_he_ 5 FEEDBACK SYSTEMS
fundamental mode frequency, offer a natural FM rejection
and provide higher deQingthan coaxial couplersThree Active feedbacksystemshave beendevelopedfor more
ridged waveguides are generally plasgthetricallyaround than 20years[17], first in the frequencydomain, on a
the nose-cone shapedell to provide heavy damping modejby—modeba5|s, and more recently mthe time
[12,13]. Care must be paid to the additional power domain[18,19,20], on a bunch-by-bunch basis, thanks to
dissipation, due to field penetration into tvaveguide, in the advent ofcommercially available fast Digital Signal
the estimation of the thermal stress of the cavity wall Bfocessors. Thepre complementary to passivenode
high field level. damping in the sense that thegn damp definitely all
Dampers cannot be directly mounted on tmvity coupled bunch modes, so Iongiamedan_cgarisingfrom
walls of SC cavities (risk of multipactor, magnetjgench Strong HOMs have been first sufficiently reduced.
and surfacecontamination), but beam tubean bemade Otherwise, and assuming that the coherent frequehitis
large enough for efficient coupling to the cavity modes. are smaller than the synchrotrisaquency toprevent any
Two approaches have been considered so far : coupling of internal modes, a hugeoadband and very
« Dampersare formed bythe beam pipes themselves, byXPensive power would beequired atthe kicker. The

HOM dampers arenounted on thewide tubes, where
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correctionkick voltage needed tojust cancel the beam-

combiningandtime delaying) is preferably performed at

inducedvoltage causing growth of eoupled-bunchmode baseband by a digital system [23].

IS

)
AV =1,00Y —20dZ(w

0 Q o dz(wp)] .
where Ag is the amplitude of phase modulation at the
frequency for the coupled-bunch mode.

Let's consideragain with the first HOM of two LEP
Cu cavities in the SOLEIL storage ring, =500 MHz,
R/Q=7%2 and Q=3.1d), full coupling would call for a
longitudinal kick of 84 kV/turn, assuming a mode
amplitude of 1.5°. The powerequired P =AV*/2R,,
would be more thab MW, assuming a DA®NE type
kicker (low-Q resonatotoaded with ridged waveguides,
shuntimpedance ofibout700 Q). In order tomake the [6]
feedbackdamping rate practical, cavitmodesmust then
be firstly reduced by nearly two orders of magnitude.

Any feedback system consists mainly of three parts:
« A detector for beam oscillations measurement
« A filter, analog or digital, for providing the propgme [8]

delay, corresponding to@2 phase rotation, while sup-

pressing thelc component in the error signal (9]
¢ A broadbandamplifier and kicker for imparting the [10]

correction kick

[2]
[3]
(4]
[5]

[7]

The mode-by-mode feedback igenerally used when [11]
only afew troublesomecoupled-bunch modes haween
identified. For a very large number of bunches, ibech-
by-bunchapproach ismore attractive. In the lattarase,
the bunchesre treated aindividual oscillators and the
minimum bandwidth of the feedbacksystem must be, [13]
from the Nyquist theorem, half the bunfthquency to be
able todampall coupled-buncimodes. PEP-II, ALS and 4
DA®NE haveadopted acommon longitudinalfeedback
system designbased onfast ADC/DAC converters and
DSP chips for digital filtering.After digitizing of the
baseband errosignal, a N-taps FIR (Finite Impulse
Response) filter, which performs adiscrete-time
convolution over N prior values of therror signal, is
used for providing maximum gain at theynchrotron
frequency andero dc response. Takingdvantage of the
relatively low synchrotronfrequency, the number of
processorsieeded is reduced lsampling at aate slower
than the revolutionfrequency. A detailed hardware [19]
description can be found if19]. In addition, the DSP
architecturerevealed to be arfficient diagnosticstool,
such as measurements of grovethd damping rates by
means of time domain transiem¢chniques[21]. For
KEK-B, the oscillation isdampedsimultaneously at both [21]
phase shiftg/2 and 3172, with gains ofinverted signs,
by using a simple and very fast (no multiplicatio@sap
digital filter [22]. Transversefeedbacksystems usually
combine the signals of two PUblacedapproximately 90°
in betatron phase apart, with appropriate coefficients fg]
produce the 1/2 betatron phase shift for ankicker
location and betatron tune. Signal processing (PU signals

[12]

[15]

[16]

[17]

[18]

[20]

[22]
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