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MICROWAVE INSTABILITY AND IMPEDANCE MODEL

A. Mosnier, SOLEIL, Gif/Yvette (France)
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Tracking simulations, with the aim of studying the lw
microwave regimewith short and intense bunches, where K is an integral over the phase variable. The
suggest differeninstability mechanismsaccording to the integral equation (1) was solved texpandingthe radial
impedancemodel. Inorder to get a better insight of the functionR,,
source ofthe instability, i.e. azimuthal oradial mode -
coupling, we chose to follow theVlasov-Sacherer Rn(J) Zcm” () ®)

approach toinvestigate the stability of the stationnaryaccording tothe “meshtechnique, as suggested IGjide
solution. Thegeneralized Sachereristegral, including 5 Yokoya [4]. This method uses step functions for
mode coupling and potential well distortion, was then (J) which takes the constant valdéAJ, in the strip
solved by using the “step functiortechnique”for the 4ongthe n-th mesh with the thicknesﬂnx.]n, and zero
expansion of theadial function, asproposed by Oide and g|se\where, and converts (1) into an eigenvalue’s problem..

Yokoya. For illustration, theeffect of the resonant o jjystration, theparameters ofhe SOLEILstorage
frequency ofa}broadbanésonator in the SOLEI.Btorage ring [5] are usedthroughout the paper, as well as a
ring wasstudied. When the resonatiequency ismuch  adhandresonator as impedance modeltbé vacuum
higher than the bunch spectrum width, azimuth@lde hamper. The shuritnpedancenasfixed to 3.6 kQ, but
coupling can occur before radial modeupling. When the - gj e thefeature ofthe impedance, as seen by the beam,
resonato_rfrequency islower, radial modecoupling comes changes with the resonainéquency, we resolved to vary
usually first, but two or more bunchlege produced at e resonator frequency on a wide frequency range, from 10

relatively low current. The diffusion process between the 30 GHz. in order to study theffect onthe phasespace
bunchlets, whichleads tothe well-known “saw-tooth” topology a,nd above threshold, on the origin of the

behaviour, originates actually from a fast growing,icrowave instability.
microwaveinstability. Lastly, thebeneficial effect of an

harmonic cavity on the microwave instability estimated 2 HIGH RESONANT FREQUENCY
and discussed.

Kn(@ ) Ky (@d)dw (2

The potential well distortion is firgtalculated bysolving
1 INTRODUCTION the Haissinski's equation for a 30 GHz resonator (Fig.1).
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The Vlasov-Sacherer approach is chosen to investigate°’fh§ S g
onset of themicrowaveinstability, leading to abnormal o5 = *
bunch-lengthening and energpreadwidening in electron
storage rings. As soon as the potential well distorsion,
due to wakefields induced inthe vacuum chamber, is,,
significant, single-particle trajectoriegare no longer
ellipsesandthe spread insynchrotronfrequencymust be ° == 5 % > . "o 1 2 s 1
taken into account in the stability study of the stationnary

distribution, given by the Haissinskiquation[1]. The Figure 1: Charge distributions (top) - bunisgad on the
Sacherer'sintegral equationwith mode coupling [2] is right side - and synchrotron frequency (bottom) for
then generalized to [3] different beam currents (30 GHz resonator).

(Q—mw(J))Rm(J) - As usugl, the distribl_Jtion becomes asymmetiue to

the resistive part of th@anpedanceand the bunch shifts

—ma(J) Yo (I k z IGm'(J,J') Ry(J)dY (1) forward (positive momentum compaction) mmpensate

' for the energyloss. The actual synchrotrofiequency

As the synchrotron motion is strongly nonlinear, thetarts below the zero-current frequency dugaeinductive

action-angle variablesl{y) have been used, andw are part of theimpedance. However, aboven®A, instead of

the amplitude-dependentdistribution and synchrotron rajsing monotically towards unity as the amplitude

frequency of the equilibrium state. The perturbationincreases, itreaches aminimum due to the resistive

distribution oscillates with theoherentrequency2 and component.

has been expanded inloe usualradial functionsR,. The  The next task consists in studying the stability of the

Kernel is an integral over th&equency,involving the stationary distribution. Looking first for eventueadial

impedance : mode coupling by calculating the eigenvalues fesich

azimuthalmode m, separately, we findhat the modes
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m=3 to 5 areunstable abové& mA. Fig. 2 shows for aboutequal tothe zero-current frequency dhe center of
example the power spectra dhe sextupole mode, the first islandandtwice thezero-current frequency at the
calculated bymeans of the eigenvectojsst before and center of the second island.
after the instability threshold. The overlap of the

2

resistancewith the power density is higher at positive, [ & -—-om N T s

frequencieshan at negativdrequenciesabove 5.5 mA, g —em 0y ) 162 N : headicend

confirming theemergence of a radial modeupling. f “[5 — ™' Ve S

now we pursue the analysis by solving the system with 7N ,‘\‘\ 1 l'f ]

pairs of azimuthal modes, wind a strong coupling , | 7 j{\’/‘ ‘\‘ V] s

betweenthe modes m=1 and m=2 at relatively low 2N A \\\ N L P

intenSity 0 74“/7‘2 ‘ 0“‘ 2‘\“4 0'40““01” ‘2””3””4
o Figure 4. Charge distributions (top) - burfukad on the
i SN EAmA 1 right side - and synchrotron frequency (bottom) for
oo SRRV different beam currents (11 GHz resonator).
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Figure 2: Powerspectrathe m=3 modejust before and

after the instability threshold of 5.5 mA. . .
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Lastly, the coherent frequency is plottedrFig.3, when _ o
more azimuthal modes than enough are takenaotmunt Flgurte 1?_1 Nortm. net \éoltage (left - h?"“?;'”i) and
(m=1 to 6). A complete mixing occurs at relatively lowfonstant contours in pnase space (right) at 5 mA.

current, after a rapid spreadThe growth rate increases o ] .
dramatically with a current around 5 mA, which The next task consists in studying the stability of the

representsthe onset of the instability. Fomigher Stationary distribution. The imaginary and real part€of
intensity, the growthrate is largerthan the radiation calculatedfor with a sufficient number of modes, are

. . plotted as a function of buncburrent in Fig.6. The
F’amp"."g rate_ ofthg SOLEIL fing. _Several types Ofgrowth rate looks more chaotic than for thaigher
instability - identified by solid circles - develop

! frequencyresonator,because othe rapid change of the
simultaneously, the nature of the most unstabledes topology of the phase spaqeerturbated bythe formation
changing with intensity : at ththreshold of 5mA, the of two or more bunchlets. Abové mA, which can be
microwaveinstability is induced by a radiatoupling of considered as tareshold, twomodefamilies with regular
the sextupolemode and acoupling of the dipole and growth rate increase (identified bgolid circles on the
quadrupole modeghese instabilitiesirefinally overtaken figure), stand out nevertheless. It is worth noting the
by the radial m=5 mode coupling above 8 mA; an sudden change of behaviour at a current of 6 mA.
octupolemode can bealso identified, but with asmaller -
growth rate.
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Figure 3: ReQ) and ImQ) vs. currentif=1 to 6). Again, tracking simulationsonfirmed a threshold of 4

mA, although some premonitory fluctuation ehergy
3 LOW RESONANT FREQUENCY spread can be observeslightly before, as predicted.

Similarly, potential well distortion is firstalculatedfor a However, the so-called sawtooth instabilty, already

lower resonanfrequency 11GHz resonato(Fig.4). The observed in existing machineppears suddenly &t mA.

bunch becomes much madéstortedthan beforeand two Tracking results show guick increase ofboth energy

peaksappearabove3.5 mA, as soon atherearetwo or Spread andunch length,followed by a slowerdecrease,

more stabldixed points, forming distinct islands in thewith a recurrence of about 150 Hz (Fig. 7).

phase spacgFig.5). We note that the synchroton

frequency isvanishing on the separatrixyhereas it is
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Figure 7: Energyspreadwidening as a function of the Figure 9: Microwaveinstability threshold as function of

number of turns.

normalized resonator frequency.

A density-plot of the most unstable distribution, Although the primary goal of an harmonic cavity,

calculatedfrom the eigenvectors, is given Kig.8 at the

operating in the bunchlengthening mode, is itorease

limit of emergence ofhe sawtooth behaviour (6 mA).beam lifetime in Synchrotron Light Sources, it has also a

The azimuthal pattern reveals a pure dipolede inside
the trailing bunchlet. It is worthwhile noting théahis

beneficial effect orthe microwaveinstability. As the use
of the harmonic cavityeducesstrongly thepeak current,

unstable dipolemode widens so far as to reach th#e could expect a large increase tfe instability

separatrix otthe tail island. Particlesan diffusethrough
the unstabldixed point and populate theheadbunchlet,

threshold.Besidessince the final voltage, including the
wake potential, is smoothed off, it will suppress multiple

leading to relaxatioroscillations. A phenomenological bunchlets, whictwould appear atelatively low current.
description of the sawtooth behaviour was suggested Hgwever, we found [3]that, even though the particle
[6], but the diffusion process wasssumed to originate density isdivided by afactor of about 4, the instability
from the random emission of radiation, instead of a strofigfeshold enhancement i®nly a factor two. This

instability.

25 75 100 125 150 175 200

Figure 8: Density-plot of the dipole mode (6 mA).

4 CONCLUSION

The threshold of the microwavstability has been
estimated over avide frequencyrange ofthe broadband
resonator. Although the source of the instabiliyglial or
azimuthalmode coupling, is changingnd although the
azimuthal mode number wffering greatly (fromm=1 or
2 at lowfrequency tom=5 or 6 at highfrequency), the
onset of the instability does nohange dot from 5 GHz
to 30 GHz. It is plotted inFig. 9 as afunction of the

efficiency loss can be explained by the lower synchrotron
frequency spread due to lewer potential well distortion
(Fig.10). Incase ofshort bunches, the non-linearity and
then thelLandaudampingeffect of anharmonic cavity,
even operating at the third harmonic, is much smaller than
the wakefield’s one.
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Figure 10Magnitudey, (left) and synchrotronfrequency
(right) of the stationnary distribution vé2J.
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