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Abstract

This paperpresentshe designof the RF cycle of the med-
ical synchrotronof the PIMMS (Proton-lonMedical Ma-
chine Study) hostedat CERN. The cycle comprisesadi-
abatic trapping, accelerationand RF gymnastics,for ei-
ther protonsor fully strippedcarbonions. The injection
enegy is 20MeV for protonsand 7MeV/u for carbon.
Maximumextractionenegiesare250MeV for protonsand
400MeV/u for carbonions. The cycle durationis lessthan
1s,with amaximummagnetidield rampbelov 3T/s. The
simulationsshow thatthe beamstaysinsidethe apertureof
themachine andthat,theoretically thereareno longitudi-
nal losses. At the end of the cycle the beamis readyfor
extractionwith a Ap/p = 0.4%. The peakRF voltageis
3kV andthefrequeng rangesfrom 0.4to 3MHz.

1 INTRODUCTION

In early 1996, a four-way collaborationbetweenCERN,
GSI, Med-AUSTRON, Onkologie-2000and TERA, de-
nominatedPIMMS waslaunchedto designa synchrotron
optimisedfor hadrontherap[1]. This paperdescribeghe
RF cyclefor protonandcarbonion accelerationasstudied
in that framework. Threetools are usedfor the computa-
tions. RFAC (RadioFrequeng Analytical Code),a code
developedfor this purpose calculateghe evolution of the
beamparameterfor aperfectadiabaticcycle. ESME[2], a
multi-particletrackingcodefor protonstakingalsointo ac-
countthe non-perfectudiabaticityof thecycle. TSC1D[3]
(Trackingwith SpaceChage1D), amulti-particletracking
coderecentlydevelopedfor ions, that takesinto account
the contribution of the longitudinal spacechage. There-
sultsof thethreecodeshave beencomparedhroughouthe
study seefor exampleFigurel.
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Figure 1: Rmsbunch enegy spreadaroundthe onsetof
acceleration(at t=0) for the 20-250MeV proton cycle.
Continuousline: TSC1D,dotted: RFAC, dashed:ESME.
TSC1Dvaluesare15-20% higherdueto spacechage.

2 SPACE CHARGE

Themodesintensitiesrequiredfor radiationtherayy, espe-
cially whenlight ion beamsareapplied,suggesthatdirect
spacechage effectsare negligible. For protonintensities,
however, in combinatiorwith theverylow injectionenegy
of 20MeV, this is no longertrue: the RF cycle ignoring
longitudinal spacechage resultedin a ~10% beamloss
shortly afterthe onsetof accelerationThis wasevidenced
by multi-particle tracking simulationsusing TSC1D. The
usedcodeis basedon Track1D [4], but makes useof a
waveletoptimisedfinite differencePoissorsolver.
The standardequationgo treatsynchrotrormotion
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are integratednumerically by a leap-frog scheme. Here
AE = E— Es, Adp = ¢ — ¢s, 1 = 1/7° = 1/~¢ with
~: the Lorentzfactorat transition. £ and ¢ arethe total
enegy andthe phaseof the particle, V' (¢) is theinstanta-
neousappliedRF voltage,w the frequeny and i the har
monic number The sufiix “s” refersto the synchronous
particle. The spacechaige voltageV;.(¢) is givenby the
derivative of theline densityA(¢)
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whereg is the permittivity of free spaceandgy is the ge-
ometryfactor V,.(¢) decreasethe effective RF voltage
and, sincethe line densitychangesalong the bunch, dis-
tortsthebunchshape.
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3 TIMING OF THE CYCLE

The RF cycle is composedodf four parts: adiabatictrap-
ping atfixedfrequeng (flat bottom),acceleratiorwith RF
frequeng increaseRF gymnasticsat fixed frequeng (flat
top), RF frequeng decreaséackto the startingpoint (no
beam). The presentpaperdescribeghe first threepoints.
TheRF cycleis synchronisedvith the maindipoles’ mag-
neticfield cycle [1]. Themaximumfield rampis 3T/s. The
timing for both protonsandcarbonionsfor minimumand
maximumextractionenegiesis presentedn Tablel.

4 TRAPPING PROCESS

The delunchedinac beam(A¢ = 360°) is trappedusing
the adiabatictrappingprocesg5]. The processis called



Table1: Timing of the protonand*2C%* carboncyclesfor
therespectre minimumandmaximumextractionenegies.

Enegy Trapping | Accel. | Extr. | Total
MeV/u [ms] [ms] | [ms] | [ms]

pt 20-60 26.8 110.8 | 30 | 167.6
pt 20-250 26.8 259.0 | 30 | 315.8
12C+6 7-400 40.4 340.0 | 22 | 4024
12C+6 7-400 40.4 694.0 | 22 | 756.4

adiabatiowhenits durationis long with respecto the syn-
chrotronperiodTs. In the presentcaseT; ~ 1ms. The
parameterghat definethe processare chosenin orderto
satisfythreecriteria: the captureefficiency — the ratio be-
tweeninjectedand capturedparticles— hasto be closeto
unity. The dilution — the longitudinal emittanceincrease
— hasto be minimum. The bunchingfactor— theratio be-
tweenthe phasdengthof thebunchandthe RFwavelength
— hasto be maximumto reducespacechage forces. To
satisfythesecriteria, the adiabaticfactor «, the bucket-to-
buncharearatio Ag /A, (Ap is thebucketareaand 4, is
the buncharea)andthe ratio betweerthe final andinitial
cavity voltageVy /V; have beenfixedto
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This choicecompletelydefinesthe trappingprocess.The
simulationsgive a theoretical100% efficiengy. Table 2
presentsherelevantparametersf the process.

Table2: Adiabatictrapping,relevantparameters.

p-l— 12cﬁ+
Nb. of injectedparticles 6.810%° | 7.910%
Injectionenegy [MeV/u] 20 7
(22) /% .ms atinjection[%] | +0.12 | +0.12
Revolution frequeny [MHZz] 0.81 0.486
Revolution period[ s] 1.23 2.06
BunchemittancgeV s] 0.117 0.827
Harmonicnumberh 1 1
Stablephasddeg] 0 0
Vy [kV] 0.35 0.291
Trappingtime [ms] 26.8 40.4
SynchrotromeriodT’s [ms] 1.2 1.9
Filling factor(A4,/Ag) [%] 66.6 62.5
(52) /5 s Aftercapture%) | +£0.244 | +0.248

The RF voltageincreasewith time is givenby [5]
Vi

2
Vi Ts
5 ACCELERATION

The RF systemusedfor particleaccelerations composed
of a single gapresonatoi{6]. The hardwareimposesthe

V(t) = (5)

maximumRF voltage,the maximumfrequeng swingand
themaximumtuningrateattainedduringaccelerationThe
lossesareminimisedchoosinglow valuesfor the momen-
tum spreadAp/p, for the tune shifts AQ, andfor the
filling factordefinedas A,/Ag. The horizontalmachine
acceptancés —60 < =z < +35mm, wherez = 0 corre-
spondsto the centralorbit. The innerlimit of the dipoles
goodfield region is at -60mm, andthe edgeof the elec-
trostaticseptumis at +35mm [1]. Thecycleis fully deter

minedby thetemporalkevolution of two variablesthemag-
neticfield B = B(t) andtheappliedRFvoltagelV = V (¢).

For B(t) acosine-liletime dependenceasassumedThe
enegy gain of a particle with chage ¢ and massA,, is

linkedto the B-field variationby [7]

d(Bp)
dt ' (©)

with synchronouphasep,, orbit meanradiusk andmag-

neticrigidity Bp. In equation(6) ¢V sin ¢, is the enegy

gain perturn. The voltageat the onsetof acceleratioris

determinedby V, the voltageat the end of the adiabatic
trappingprocesqseeTable2). After afew msthevoltage
reaches3kV, a compromisebetweenthe needfor a suf-

ficiently large bucket area(i.e. smallfilling factor)anda

small Ap/p. Theway thevoltageis increasedndtheopti-

mumdurationof this processarefound by anoptimisation
procedureboththeRFvoltageV/ (¢) andits derivativemust
be continuous.Moreover the adiabaticfactorhasto be as
low as possible. Relevant parameterof the acceleration
arepresentedn Table3.

qV sinps = 2w RA,

Table3: Characteristiparameterfor proton20-250MeV
and '2C%t 7-400MeV/u acceleration. The superscript
maxrefersto maximumvaluesoccuringduringthecycle.

p+ 12 C6+
After Trapping/ BeforeExtractior?
Nb. particles | 6.810'9/6.810° 7.910%/7.9108
E [MeV/u] 20/ 250 71400
p [GeVic] 0.195/0.729 0.114/0.951
Bp [Tm] 0.65/2.432 0.763/ 6.346
frF [MHZ] 0.81/2.445 0.486/2.85
(22) /g emsl%] | +0.12/40.2  +0.12/+0.2
HV el [um] 2.5m 6.1m
ymax [kV] 2.9 2.7
™= [deg] 16.9 20.6
RFharm.nb. i 1 1
Freq.swing 3 5.9
Fmax [Hz/s] 10.4 106 6.010°
Bmax [T/s] 2.6 2.98
(S2)me (%] +0.33 +0.29
AQF™ 0.08 0.001
(at20.9MeV) (at7.9MeV/u)
AQmax 0.12 0.001
(at22.6MeV) (at8.3MeV/u)

aAfter RF gymnasticsthatis preparedor slow extraction.
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Figure 2: The '2C%* cycle for 7-400MeV/u. Temporal
evolution of selectedparametersas computedby RFAC
(top) andTSC1D phasespaceplots (bottom)at the end of
trapping,in the middle of acceleratiorandat top enegy.

6 BEAM PREPARATION FOR
EXTRACTION

A third integerslow extractionschemeespectingheHardt
conditionwaschoserfor the PIMMS synchrotror8]. For
the maximum smoothnes®f the extractedspill, a large
momentumspreadn combinationwith a smalltranserse
emittanceis neededl]. Therefore beforeextractionthe
bunchis manipulatedby the RF systemto obtainan un-
bunchedbeamof a Ap/p = +0.2 %, with a particle dis-
tribution asuniform aspossible. The RF manipulationhas
to be assimpleaspossibleandcanlastat mosta few ms.
The RF voltageshouldnot exceed3kV. The procedurds
dividedin two steps:a 100us,180° RF phasgumpis per
formedto allow bunch elongationalong the separatrices
until thedesiredAp/p is reachedThenthe RF is switched
off andafew tensof msareleft for thebunchto fully popu-
late thelongitudinalphasespace.This proceduravassim-
ulatedwith the ESME code.Theexamplefor the250MeV
protonextractionenegy is givenin Figure3.
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Figure 3: ESME simulationof the RF phasejump with
250MeV protonsanddehunchingbeforeextraction.

7 CONCLUSION

The designof the RF cycle for protonsandcarbonions as
requiredby the PIMMS synchrotronis given. Theresults
take spacechage effectsinto account,which arerelevant
for protonsat injection andespeciallyin the first 10ms of

accelerationThe parametersf the cycle aresetaccording
to theavailablehardwareandrespecthelimits imposedoy

the PIMMS synchrotrormagnetcycle.
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