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Abstract whereY=RIp/\V. is the beam-loading parameter, ratio of
the beam-inducedvoltage on resonance tothe cavity
During the pastlecade, RFsuperconductivityexpanded voltage, and R is the shuntimpedance, including the
successfully and has become an important technology ig&nerator impedance. In additioassuming amatched
particle acceleratordor high energyphysicsand nuclear generator, the cavity coupling $=1+R, /Py , where R,
physics. A key component of any higberformance is the beam poweand Py is the cavity wall dissipation,
accelerator (high intensity ring, low emittances linag, meaning that all RFpower istransfered tathe load. The
is the RF feedbacksystem that will determine, in detuning angle and the beam-loading parameter become
particular, the longitudinal phase space and the stability of B-1 B-1 1
the multibunch beam. However, the RF systelesigned taml/:—ﬁ tan ¢, = B+1 cos
for SC cavities, willdiffer significantly from the one, o . s i
designedfor copper cavities. Due to their high Q, they For SC cavitieswhere the dissipated power is much
operate generally with much higher beam loadingwitid Smaller than the beam powe>1), the detuningangle
be much more sensitive to microphonieffects. should be set just to the opposne of the synchronous
Concerning operation with puls&F, specialcaremust Phase andr — 1/cosgs, for optimal power transfer.

be takenbecause of dynamicavity deformationdue to Robinson instabilitieslescribethe coupling ofstored
radiation pressure. In this paper, thaesign and ©€N€rgy to beam oscillations through thecelerating field.

performance of RFfeedback systems for existing or A Phase modulation of the beabg, will induce a cavity
planned accelerators are reviewed and the challetgikg ~VOltage modulation, in phasip. and in amplitudedv.,
for c.w. and pulsed mode operation are discussed. which in turn will modulate the beam (Fig.1).

1 INTRODUCTION Gag < Fea

Higher and higher precision control of thaccelerating
field is requiredfrom the RF system. Since tlvolved 1
RF time constantsare large, RF systems using 5([]3 € &PO
superconductindSC) cavities look at first sighbetter
suited than room temperatugections from thefield
stability point of view.However, owing to the much
smallerbandwidth,this assessment is mitigated as soon Goo 5 Foo
as we consider detuning effects, driven tmjcrophonic ®
noise for instance. Furthermore, txhievethe desired ~ Fig. 1: Flow graph related to Robinson instabilities

field quality, f[he low level RF contrql system mLfate' The loop isclosedandgrowing oscillationscan start,
not only various external perturbations (beam l0ading, . rging to phase conditions. The stability of lleam-
beam currenﬂuctuatlons,mechanlcal vibrations , rlpple cavity system, withouandwith externalfeedbackoops,
on high voltagepower supplies...) but also potential 5y pe analysed ifrequencydomain : instability occurs
instabilities, which are driven by internal positive |\ han some poles of the closed-loop transfer fundtimre
feedbackoops. More specif.ically, thesenyvantedloops positive real parts. The polesare the roots of the
are caused by the deformation of the cavity wall or by thg, acteric equation H(p) , whereH(p) is the open-loop

circulating beam dynamics in non-isochronous machinegnster function, which is recalled below with@xternal
leading to ponderomotive[1] or Robinson[2] instabilities. faaqback [3], with somewhat different notation

2 ROBINSON INSTABILITY H(p) = 2 teny v Y

X

For the sake of clearness, we assim@eafterthat the pPHw; (1+Tp)+tan’y Sng,
operation energy is above transition energy. Fdstability can then beletermined byRouth’s orNyquist's
minimizing the RF power required from the klystron, thecriterion, leading to the Robinson stability limits [2]
cavity frequency isnormally detuned tocompensate the 2sin
reactivecomponent of the beam loading. Cavity voltage tng <0 (1) Y=< —sin;p;/ (2)
and generator currentare in phase and the optimal
detuning angle, defined bgny = 2Q (W — wrf ) /W , IS

tany=-Ysings
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2.1 First Robinson stability limit

First condition is automatically satisfiedresonance
frequencybelow the RFfrequency) innormal operation,
once the cavity tuning has been adjusteddactive beam
loading compensation according tothe bunched beam
instabilities theory, longitudinatipole oscillations are

The principle is to reduce significantly tfiendamental
mode impedance seen tiye beam by reinjecting the RF
signal coming from the cavity pick-upack into the
poweramplifier. With a loop gairG, the apparent Q of
the resonator, which is seen by the beam, is diided
by the factor 1& (and all the quantities containiriig 7,
tany andY). Assuming a constant loop gath over the

dampedwhen the resistive part of the resonator at thBandwidth of concern, the open-loop transfer function

upper synchrotrosideband issmaller than at théower

sideband. Howeverwith very high beam loading, the

necessary detuning frequency can be very largediper
cavities, and even exceed tfevolution frequency(see for
example [4]and[5] for the KEK-B and PEP-II B-factory
rings ). As thefundamental mode impedancethe upper
synchroton sidebands of the revolution harmonic
frequenciesbecomeshigh, several coupled-buncmodes
can be strongly excited. Different approaches to cuitie
these instabilitieshave been proposed: bysing an
additionnal energy storage cavity or tyect RF feedback
with parallel comb filters, whichieducesselectively the
impedance athe upper synchrotroeidebandsFor SC
cavities, however, which have usually lowB/Q and

larger voltage, the detuning frequency is much smaller ai

generally less than the revolution frequency.

2.2 Second Robinson stability limit

Second inequality prescribes a current threshold, which

is reached when the beam sits on the crest of¢herator
voltage, leading to avanishing longitudinal focusing for

the dipole mode. Unlike copper cavities, SC cavities

operating atmatchedconditions, i.e. at optimal tuning
and coupling factor §>>1), are just at the high-intensity
Robinson limit (Y — 1/cos¢gg). The straightforward way

of coping with this Robinson type instability would be to

run the cavities “on tune“, but at thexpense of an
increased incident power
AR

inc —
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This “on tune® solution isdefavourablefor large @
rings andsets challenginglemands tdhe main coupler,
owing to the higher peak fields, even foroderate g,

H(p) and the 2 Robinson stability limit become

w? tan Y
H(p) = ——— Zj 2. g
p° + w3 (1+G+rp) +tan“y Sings

2 2
<(1+G) +tan wsin(ps

—tany

With a matchedgenerator, the beam-loaditignit is

simply increased bythe factor 14G. Fig.3 shows for
example the root locus - plot of the roots of the
characteristic equation ithe complex plane - as a
function of the beam-loading parameter for the RF
system of the SOLEIL Light Source project. Without
externalfeedback(top plot), the absolute value of the
gnchrotronfrequencies(given by the imaginary part of

Y

the complex conjugate rootshicreasewith the beam
current, while one of the other two roots, which are
wandering along the real axis in opposite directieach
the origin and makes the system unstable.
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values, like the LEP machine [6], obliged to run “on 4°

tune” for ponderomotive instability reasons. The other,
more elegantfemedyconsists inreducingthe impedance
seen by the beam by using the RF feedback scheme [7].

\

Cavity ) V¢

G

/ Fig. 3: Root locus (variable i¥), without (top)
Fig. 2: Schematic of the direct RF feedback and with (bottom) RF feedbacte£5).
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With RF feedback (bottom plot), even for modest gaisynchrotron lightsourceSOLEIL project,considering a
values G=5 in thatcase), all four rootarecomplex and high stored current o500 mA, the SC solution was
the synchrotron frequencies fall down. When the real ax@ghosen to copewith multibunch instabilities. RF
is reached,these two roots become purehgal (the feedbackwill be directly implemented by means of two
coherent frequency vanishes) and the stability isdgatn  fast amplitudeand phasefeedbackloops (Fig.4). These
as soon as one of them gdesyondthe origin. Infact, loops areanyhow necessary to provide a very gdide
the apparent impedance cannot be redirgéefinitely, and stability (of theorder of 1ps) of the photon flux to the
one limitation of the maximum gain comes from thausers. The nominal RHirive signal is modulated by
overall delay of the feedbackloop, including klystron, quantities proportional to cavity amplitude error (in phase)
waveguidesand cables. The stability study of a systemand cavity phaseerror (in quadrature) through I-Q
containing adeadtime is moretedious because of its modulators. When the gains of both loom identical,
nonlinear characteristic. In any case, the system must thee dynamic behaviour of the system is similar to the one
stable even without beam. Taking the laampundcavity controlled by the direct RF feedback scheme.
andamplifier only andallowing for a 48 phase margin, -
the gain limit isG<mr/4T [7], whereT is the total G
delaytime and 1 is the filling time of the cavity. It is -
worthwhile noting that, unlikecopper cavities, SC lg \ Ip
cavities have filling times (a few hundreg) muchlarger )
than usual delay timeand RF feedbackerformancewill Cavity ) V¢
be generally limited by other effects. /

The RF feedback technique was successhpilied to Gq —Ofac'
multicell SC cavities first in theSPS at CERN [8].

Beaminstabilities could then beavoidedduringthe high ~ Eig. 4: Schematic of the SOLEIL feedback system.
intensity proton cycle (200 mA), while low intensitjee

beams were accelerated durthg leptoncycle (0.5 mA). 3 MICROPHONICS

The modes of théundamental passband tife SCcavity ~ The great sensitivity to microphonics noisemes
were damped bymeans of adirect RF feedbacksystem, — from the poormechanicalstiffness of the cavities and
acting on the four cavity modeSeparate notch filters from their narrowbandwidth (generally arount00 Hz).
allow individual adjustments dthe loop gains. For the From the beginning of the history of S@celeration, the
two higher frequency modes, which are velgse,further  gesigners havehad to dotheir utmost to fight the
reduction is achievedthanks to anadditional digital microphoniceffects : heavy-ion SCaccelerators were the
feedback loop, which consists of a digital comb-filter angirst to suffer for it and clever solutions had to be found to
one-turn delay, ensuring maxima at every harmonic of th@epthe accelerating wave in phaseith the beam(see
revolution frequency andrgphase rotation betweehem.  [10] for example). For relativistic beam SC structures,
LEP is on the way of the 10GeV energyand is now typical phase fluctuations range nevertheless from a few
fully equippedwith 272 SC cavities. RReedback is degrees for low loaded Q cavities (lIKEK-B prototype)
being implemented on all modules to stabilize they o peak-to-peak fohigher Q cavities (low intensity
relatively 14 mA beam, especially at injectiomhere the beam)and aregenerally driven bythe cryogenicsystem.
RF voltage is low (high beam loadingand athigh  For example, tqroducethe highenergy electrorbeam
energy,wherethe synchronous phase goes closerd® ith the tight requiredenergyspread(2.5 10° rms) the
(with respect tothe crest) with almost all RFpower recirculating c.w. SC linac ofefferson Laboratory
transferred to the beam. As a group of 8 cavities are drivgges RE control modules [11], with 50-70 dB loop gains.
by a single klystron, the total RF voltage must D&yithout feedback,the resonancefrequency modulation,
reconstructed from the pick-up signals of each cavity. Thgquced bymicrophonic noisejead to phase fluctuation
loop gain of about 26 dB makes pushes the Robins@p to 20, andeven up to 100for very noisy cavities,
limit away, but the performance of the systdapends on 55gociatedvith nearby vacuunpumps. Moreover, when
the accuracy ofthe vector sumreconstructiondue to  gnpe single klystrordrives multiple cavities, thdeedback
calibrationerrors(in amplitudeand in phase). At KEK, system controls theneasuredtotal voltage, analog or
experiments with high beam currentsre carriecout on  gigital recontruction of the vector-surand not the real
TRISTAN Accumulation Ring to test a prototype of SCype,  Thus, any time-varying perturbation, like
cavity developed for the B-FactoEK-B . It was shown  yicrophonics, will induce jitter in the voltage seen by the
that the use of the Rfeedbackcould suppresfficiently  peam. Great care must be taken in the vector sum

a strong coherent synchrotron oscillatiand astable jjipration : for example better thanl0% for the
beam current 0673 mA could be stored9]. For the amplitude and:1° for the phase in TESLA proposal.

2.3 RFfeedback implementations
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4 PONDEROMOTIVE INSTABILITY suppressing the instabilities, at thexpense ofextra
incident power, but remainingcceptablefor the LEP

Due to their small bandwidth and to the strong ;
parameters (less than 10% at high energy).

inclination of their walls to get out of shape, $8vities
suffer from the so-called “ponderomotivescillations”, 800
which originate in a couplindpetweenthe RF stored
energy and mechanical oscillations through theforce 750
exerted onthe cavity walls (so-called Lorentz force or
“radiation pressure*). Ashe accelerating field proceeds to 700
grow, thepeak of the resonance curvenoves towards
negative frequencieaf, = -~k EZ, wherek is the radiation 650
detuning parameter. A'Istatic” instability occurs with a
positive tuning angley, when theresonancefunction
becomes multivalued. The mechanism of thé&® 2
“dynamic” instability is the following: theresonance
frequency modulation by a mechanical vibratiowill 500 ‘
result in an amplitude modulation of the cavity field (with .50 0 50 100 150

a function transfe6Ge), which, in turn, willmodulate the

resonance frequency (with a function tranSe), via the ~ Fid. 5: Root locus withy asvariable for different loop
radiation pressure. The loop is closed and the amplitude o&insG (Q=5 16, Ea=6MV/m, fm=100Hz, Qm=50,
the mechanicalvibration will be amplified or damped, ~ km=2 Hz/(MV/m})

according tothe relative phase. The expressions of the
transferfunctions, relative to the cavitgnd mechanical 5 PULSED OPERATION IN LINACS

modes are given by Owing to their very low RFpower dissipation, SC
A - Ttany linacs operatenormally in c.w. modewith a very high
Ge(p) = . (1+1p)2 +tanly stability level (see for example Jefferson Laboratory:
¢ better than 0.02% in amplitude andid phase)Pulsed
G (p) = Oy, = — 4tk E2 a),ﬁ mode operation, however, is necessary for vergh
m &, M P2 42/ 1, ptw? energy SClinacs (large number of cavities with high

where 7 and 7, are the e.m. and mechanicaltime accelerating gradient)jke the proposed linearcollider
constants,w,, andk, arethe angularfrequency and the TESLA, to maintain the cryogeniq load Withiaasonable
radiation detuning parameter of the mechanical mede ~ limits. This opens new challenging RF contissues,
The system is unstable if some roots of th@spe_ually when low multi-bunch beaemergyspread is
characteristic equation ®.G,, have positive real parts, required all along the beam pulse.
occuring at f_requencies close to the resondimcpiency of 5.1 Cavity voltage error sources
the mechanical mode. The root locus of one of the two
conjuguate roots, responsible for the exponential growth Transient beam loading is ideally suppressed by
of the oscillations, is plotted orFig. 5, with the injecting the bunch into the cavity at the timé&og?2 (for
detuning angley as variable (from #2 to -Y2). a beam on-crest), resulting in a constant total cavity
Ponderomotive ocillations are excited at negative detuningltage during the whole beam pulse. Residiield
angle valuesandthe limit is rapidly reached (aouple of variations due to various pertubations (RF mismatch,
degreeskeven at moderate accelerating gradidiots RF  currentfluctuations,power sourceipple, Lorentz forces
systems of smalbandwidth(high Q). However, assoon and microphonics detuningyethencompensated by fast
as some external feedback is introduced, the system canfémedback and feedforwardechniques. Thefeeding of

stabilized, even with low loop gains. multiple cavities (16 to 32) by one single klystron,
Unfortunatly, RF systems, using a single klystron fohowever, makes the task more tricky.
several SCcavities and thus a vector sum feedback, Since Lorentzforces (“radiation pressure”) detune the

cannotavoid this ponderomotivanstability, because the cavity by more than one cavitpandwidth during the
cavities are not totally identical and can “breathe”with  filling time, the RFfrequencymust track the decreasing
different phases [6]. Atlefferson Laboratory, where cavity frequency toinsure minimumpower requirement.
each klystron feeds one single cavity, the cavities start ténfortunatly, due to the finite response time of the cavity
oscillate at only dew MV/m, but are extremely stable walls, theresonancdrequencygoes on to shiftduring
once the amplitude control loop isrnedon. INLEP at field flat-top (Fig. 6), with anechanicatime constant of
CERN, where 8cavitiesare powered byone klystron, the order of the beam pulse duration. Thanks to a positive
ponderomotiveoscillation can be observedvhen the pre-detuning ofthe cavity, such that operatings- and
detuning isincreased undehigher beam loading. The cavity w, frequencies are equal in about thaldle of the
presentremedy is torun the cavities “on tune” for beam pulse, minimaamplitudeand phase errors can be
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achieved,relaxing thefeedbackrequirements. However,
since the cavity voltage must be at the correct phdmss
the first bunch arrives, it is better to lock the cayhase
on a pre-determined phase lgit) during the fillingtime,
insuring a minimal amount gbeak powemequired for
control, in the presence of microphonics.

rf and
rfon

beam on beam off

i 4 A /
Cavity frequency
We > 0p
time
[AN >
) \
Phase error We <0y
©>0 ¢<O

Fig. 6: cavity frequency and phase error during filling
time and beam pulse

The dynamics of the pulsed R¥ystemcan besimply
modelled by aset of 3 non-linear *1 order differential
equations for each cavity

T A = A cos(9- @) — A, COS(@— @) — A,
Tg. = - Ay /A Sn(@- @) + A /A Sin(@- @) - T Aw,
T A, = —Aw, - 21TK A2

Numerous simulations [12] by Runge-Kutta integration

including realistic spreads in cavity parametersdigatric
and mechanical time constantst and t,, radiation
detuning parameter K), errors in setting points (cavity pr
detuning w,(0), vector-sum calibration)and assuming
reasonable feedback loop gains (30-40dB), brought out t
following conclusions: heavy beam-loading, detuning du
to systematic Lorentiorces or erratienicrophonicswere
not any more serious problems for the pulsed operation
SC linacs and beam energy spreads fewa 10 could be
achievedeven for accelerating gradients hgh as 25
MV/m. However, when multiple cavitieme powered by
one single drive, two challenging issues remain.

* Vector-sum calibration

» Spread in loaded Q
With different Qs (coupling error due to fabrication

[

detuning - Lorentz forces or microphonics - REId is
automatically corrected by an out-of-phasgnal, solely).
While fast analodeedbacksystemsarewell suited (fast,
simple, swift to bring into operation) when small
number of unitsare concerned13], digital control is
preferred for large RF systems, because it provides
flexibility, easier reconstruction of the vector-sum and
extensive diagnostics [14]. Verfast DSP #50 Mhz)
must be selected to reduce the additional ldelpy caused
by the computation time of théeedback algorithms.
Digital 1/Q detectorspased orsampling of the IFdown-
converted probe signals have beetevelopedfor the
vector-sum calculationBesides, inorder to reduce the
control effort due to systematicerror sources (like the
Lorentz forces)feedforwardcan beadded,from learning
tables, which are adaptively updated.
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