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Abstract

This paperpresentsthedesignof theRF cycle of themed-
ical synchrotronof the PIMMS (Proton-IonMedical Ma-
chine Study) hostedat CERN. The cycle comprisesadi-
abatic trapping, accelerationand RF gymnastics,for ei-
ther protonsor fully strippedcarbonions. The injection
energy is 20MeV for protonsand 7MeV/u for carbon.
Maximumextractionenergiesare250MeV for protonsand
400MeV/u for carbonions.Thecycledurationis lessthan
1s,with amaximummagneticfield rampbelow 3T/s. The
simulationsshow thatthebeamstaysinsidetheapertureof
themachine,andthat,theoretically, thereareno longitudi-
nal losses.At the endof the cycle the beamis readyfor
extractionwith a ������������� ��� . ThepeakRF voltageis
3kV andthefrequency 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 hadrontherapy [1]. This paperdescribesthe
RFcycle for protonandcarbonion acceleration,asstudied
in that framework. Threetools areusedfor the computa-
tions. RFAC (RadioFrequency Analytical Code),a code
developedfor this purpose,calculatesthe evolution of the
beamparametersfor aperfectadiabaticcycle. ESME[2], a
multi-particletrackingcodefor protons,takingalsointoac-
countthenon-perfectadiabaticityof thecycle. TSC1D[3]
(Trackingwith SpaceCharge1D),amulti-particletracking
coderecentlydevelopedfor ions, that takes into account
the contribution of the longitudinalspacecharge. The re-
sultsof thethreecodeshavebeencomparedthroughoutthe
study, seefor exampleFigure1.
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Figure 1: Rms bunch energy spreadaroundthe onsetof
acceleration(at t=0) for the 20-250MeV proton cycle.
Continuousline: TSC1D,dotted: RFAC, dashed:ESME.
TSC1Dvaluesare15-20% higherdueto spacecharge.

2 SPACE CHARGE

Themodestintensitiesrequiredfor radiationtherapy, espe-
cially whenlight ion beamsareapplied,suggestthatdirect
spacechargeeffectsarenegligible. For protonintensities,
however, in combinationwith theverylow injectionenergy
of 20MeV, this is no longer true: the RF cycle ignoring
longitudinal spacecharge resultedin a � 10% beamloss
shortlyafter theonsetof acceleration.This wasevidenced
by multi-particle trackingsimulationsusingTSC1D.The
usedcode is basedon Track1D [4], but makes useof a
waveletoptimisedfinite differencePoissonsolver.

Thestandardequationsto treatsynchrotronmotion  "! �$#%�& � '(*),+.-0/2143�5,-0/61 & 3478- &69 /6143;:�< (1)  =!�� 1 � 5$> % &@?ACB # �D# < (2)

are integratednumericallyby a leap-frogscheme. Here�$#E�F# 5 # & , � 1 � 1$5G1 & , ? �IHJ��K B 5 H*�"K BL withK L the Lorentz factorat transition. # and 1 are the total
energy andthe phaseof theparticle, -0/6143 is the instanta-
neousappliedRF voltage,% the frequency and > the har-
monic number. The suffix “s” refersto the synchronous
particle. The spacecharge voltage - &@9 /6143 is givenby the
derivativeof theline density M /61�3

- &69 /2143 � N�O >
B

(*P O K BJQSR  M /61�3 1 < (3)

where
P O is thepermittivity of freespaceand N O is thege-

ometry factor. - &69 /2143 decreasesthe effective RF voltage
and, sincethe line densitychangesalong the bunch,dis-
tortsthebunchshape.

3 TIMING OF THE CYCLE

The RF cycle is composedof four parts: adiabatictrap-
ping at fixedfrequency (flat bottom),accelerationwith RF
frequency increase,RF gymnasticsat fixedfrequency (flat
top), RF frequency decreasebackto thestartingpoint (no
beam). The presentpaperdescribesthe first threepoints.
TheRF cycle is synchronisedwith themaindipoles’mag-
neticfield cycle [1]. Themaximumfield rampis 3T/s. The
timing for bothprotonsandcarbonionsfor minimumand
maximumextractionenergiesis presentedin Table1.

4 TRAPPING PROCESS

Thedebunchedlinac beam(� 1 �UT�VW��X ) is trappedusing
the adiabatictrappingprocess[5]. The processis called



Table1: Timing of theprotonand Y[Z C\^] carboncyclesfor
therespectiveminimumandmaximumextractionenergies.

Energy Trapping Accel. Extr. Total
MeV/u [ms] [ms] [ms] [ms]
p] 20-60 26.8 110.8 30 167.6
p] 20-250 26.8 259.0 30 315.8Y[Z C]_\ 7-400 40.4 340.0 22 402.4Y[Z C]_\ 7-400 40.4 694.0 22 756.4

adiabaticwhenits durationis long with respectto thesyn-
chrotronperiod `_a . In the presentcasèCacb	d ms. The
parametersthat definethe processarechosenin order to
satisfythreecriteria: thecaptureefficiency – the ratio be-
tweeninjectedandcapturedparticles– hasto be closeto
unity. The dilution – the longitudinalemittanceincrease
– hasto beminimum. Thebunchingfactor– the ratio be-
tweenthephaselengthof thebunchandtheRFwavelength
– hasto be maximumto reducespacecharge forces. To
satisfythesecriteria, theadiabaticfactor e , thebucket-to-
buncharearatio fhgjikfml , ( fmg is thebucketarea,and fml is
the buncharea)andthe ratio betweenthe final andinitial
cavity voltage npo�i�nrq havebeenfixedto

ets
u�vxwu�y `Ca
f l s�z|{}dx~ f gf l s�dJ{ ��~ n on q sUd�zj{ (4)

This choicecompletelydefinesthe trappingprocess.The
simulationsgive a theoretical100% efficiency. Table 2
presentstherelevantparametersof theprocess.

Table2: Adiabatictrapping,relevantparameters.

p] Y
Z C\�]
Nb. of injectedparticles �|{ ��d�z�Y[� �J{ ��d"z��
Injectionenergy [MeV/u] 20 7�"����c��� �r�
�x� at injection[%] � 0.12 � 0.12
Revolution frequency [MHz] 0.81 0.486
Revolutionperiod[ � s] 1.23 2.06
Bunchemittance[eV s] 0.117 0.827
Harmonicnumber� 1 1
Stablephase[deg] 0 0nro [kV] 0.35 0.291
Trappingtime [ms] 26.8 40.4
Synchrotronperiod̀ a [ms] 1.2 1.9
Filling factor( fml=i=fhg ) [%] 66.6 62.5� ����c��� �r�
�x� aftercapture[%] � 0.244 � 0.248

TheRF voltageincreasewith time is givenby [5]

n ��� � s n o�p��W�j�E�� � � Z (5)

5 ACCELERATION

TheRF systemusedfor particleaccelerationis composed
of a singlegapresonator[6]. The hardwareimposesthe

maximumRF voltage,themaximumfrequency swingand
themaximumtuningrateattainedduringacceleration.The
lossesareminimisedchoosinglow valuesfor themomen-
tum spread¡�¢�i"¢ , for the tuneshifts ¡$£�¤�¥ � andfor the
filling factordefinedas fmlkikfmg . The horizontalmachine
acceptanceis � �Wz§¦©¨�¦Iªm«�� mm, where ¨¬s­z corre-
spondsto the centralorbit. The inner limit of the dipoles
goodfield region is at -60mm, and the edgeof the elec-
trostaticseptumis at +35mm [1]. Thecycle is fully deter-
minedby thetemporalevolutionof two variables:themag-
neticfield ®­sG® �}� � andtheappliedRFvoltagen­s¯n ��� � .
For ® �}� � a cosine-liketime dependencewasassumed.The
energy gain of a particle with charge ° and mass fh± is
linkedto the ® -field variationby [7]

°*nc²^³µ´·¶¸a·s�¹Jº�»�fh±m¼
� ®¾½ �
¼
� ~ (6)

with synchronousphase¶¸a , orbit meanradius » andmag-
netic rigidity ®¾½ . In equation(6) °*nc²^³µ´¿¶¸a is the energy
gain per turn. The voltageat the onsetof accelerationis
determinedby nro , the voltageat the endof the adiabatic
trappingprocess(seeTable2). After a few msthevoltage
reaches3kV, a compromisebetweenthe needfor a suf-
ficiently large bucket area(i.e. small filling factor)anda
small ¡À¢Ái�¢ . Thewaythevoltageis increasedandtheopti-
mumdurationof this processarefoundby anoptimisation
procedure:boththeRFvoltagen ��� � andits derivativemust
be continuous.Moreover the adiabaticfactorhasto be as
low as possible. Relevant parametersof the acceleration
arepresentedin Table3.

Table3: Characteristicparametersfor proton20-250MeV
and Y[Z C\^] 7-400MeV/u acceleration. The superscript
maxrefersto maximumvaluesoccuringduringthecycle.

p] Y
Z C\�]
After Trapping/ BeforeExtractiona

Nb. particles �|{ ��d"z�Y[�Ji=�|{ ��d�z�Y[� �*{ ��d�zW�*i �J{ ��d"z��Â
[MeV/u] 20 / 250 7 / 400¢ [GeV/c] 0.195/ 0.729 0.114/ 0.951®¾½ [Tm] 0.65/ 2.432 0.763/ 6.346ÃkÄ�Å

[MHz] 0.81/ 2.445 0.486/ 2.85������ � � � �[�x� [%] � 0.12/ � 0.2 � 0.12/ � 0.2
H,V Æ|Ç�
�x� [ ��È ] ¹|{ �Jº �|{}dÉºn �xÊ^Ë [kV] 2.9 2.7¶ �xÊ�Ë [deg] 16.9 20.6
RFharm.nb. � 1 1
Freq.swing 3 5.9ÌÃ �xÊ^ËÄ�Å

[Hz/s] d�z|{ Í�d�z�\ ��{ z�d"z�\Ì® �xÊ^Ë [T/s] 2.6 2.98� ���� � �xÊ�Ë� ���
�x� [%] � 0.33 � 0.29¡$£ �xÊ^Ë¤ 0.08 0.001
(at20.9MeV) (at7.9MeV/u)¡$£ �xÊ^Ë� 0.12 0.001
(at22.6MeV) (at8.3MeV/u)

aAfter RFgymnastics,thatis preparedfor slow extraction.
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Figure 2: The Ò[Ó CÔ�Õ cycle for 7-400MeV/u. Temporal
evolution of selectedparametersas computedby RFAC
(top) andTSC1Dphasespaceplots (bottom)at theendof
trapping,in themiddleof accelerationandat top energy.

6 BEAM PREPARATION FOR
EXTRACTION

A third integerslow extractionschemerespectingtheHardt
conditionwaschosenfor thePIMMS synchrotron[8]. For
the maximum smoothnessof the extractedspill, a large
momentumspreadin combinationwith a small transverse
emittanceis needed[1]. Therefore,beforeextraction the
bunch is manipulatedby the RF systemto obtain an un-
bunchedbeamof a ÖÀ×ÁØ�×�ÙFÚhÛ|Ü Ý�Þ , with a particledis-
tribution asuniform aspossible.TheRF manipulationhas
to beassimpleaspossibleandcanlastat mosta few ms.
The RF voltageshouldnot exceed3kV. The procedureis
dividedin two steps:a 100ß s,180à RF phasejump is per-
formed to allow bunch elongationalong the separatrices
until thedesiredÖ�×�Ø"× is reached.ThentheRFis switched
off andafew tensof msareleft for thebunchto fully popu-
latethelongitudinalphasespace.This procedurewassim-
ulatedwith theESMEcode.Theexamplefor the250MeV
protonextractionenergy is givenin Figure3.

Figure 3: ESME simulationof the RF phasejump with
250MeV protonsanddebunchingbeforeextraction.

7 CONCLUSION

Thedesignof theRF cycle for protonsandcarbonionsas
requiredby the PIMMS synchrotronis given. The results
take spacechargeeffectsinto account,which arerelevant
for protonsat injectionandespeciallyin thefirst 10msof
acceleration.Theparametersof thecyclearesetaccording
to theavailablehardwareandrespectthelimits imposedby
thePIMMS synchrotronmagnetcycle.
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