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Beam Dynamics in the Superconducting Section of the SPL
���

(120MeV - 2.2 GeV)
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Abstract

After the decomissioningof LEP-2 a considerableamountof RF hardware becomes
availableandcanbeusedfor theconstructionof ahighcurrentsuperconductingproton
linac [1]. The presentdesignof the SPL usesfour typesof superconductingcavities
(� =0.52,0.7,0.8, andLEP) to acceleratea pulsedbeamof 70 mA from 120MeV up
to 2.2 GeV. In this papera beamdynamicslayout for the superconductingsectionis
presented.Thelayoutis optimizedto keeptheoverall linac lengthshortandto ensurea
stablesteeringof thebeam.Multiparticle simulationshave beencarriedout to analyse
the proposedfocusingstructure,and to investigateemittancegrowth for the nominal
caseandfor amismatchedinput beam.
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1 The Linac Design

1.1 Layout
Thesuperconductingpartof theSPLis operatingat352MHz andemployselliptical cavities
with relative designvelocitiesof � =0.52,0.7, 0.8, and � =1.0 (LEP cavities). For the time
beingthemaximumbunchcurrentis setto 70 mA.

���
Transversefocusingis providedby 1m

longdoubletsof normalconductingquadrupoles.Thechoicefor thebasiclayoutparameters
thatareproposed(Table1) will beexplainedin thefollowing.

Table1: Layoutdata

beta �
	�� ������ material Gradient sync. phase cells/ cavities/ foc. per. length

[MeV] [MeV] [MeV/m] [deg] cavity f. period [m] [m]

0.52 120 232 Nb 3.5 -25 4 3 6.76 94.6

0.7 232 393 Nb/Cu 5 -20 4 4 9.46 85.2

0.8 394 1063 Nb/Cu 9 -15/-10 5 4 12.29 147.6

1.0 1063 2235 Nb/Cu 7.5 -15 4 4 12.29 356.7

1.2 Design
Severalconstraintsarenarrowing down thechoicefor thedifferentbetavalues.First of all� =0.8waschosenbecauseof thelengthof theexistingLEPcryostats.Thesetankscaneither
housefour 4-cell LEP cavities or four 5-cell � =0.8 cavities. Secondly, � =0.7 seemsto be
thelowestvalue,that is feasibleusingtheniobiumsputteringtechnique[2]. Eventually, the
low energy endof the linac hasto be built with bulk niobium cavities. In order to obtain
a high betavaluefor this section,the input energy wasshiftedfrom 100 MeV [1] to 120
MeV. Moreover, 120MeV is the thresholdfor theproductionof nuclearcascadeneutrons,
whenprotonshit thevacuumchamber. Sinceparticlelossescanbeexpectedat thetransition
betweenthe precedingdrift tubelinac andthe superconductingstructure,it is desirableto
makethetransitionbelow this thresholdin orderto keeptheactivationof themachineaslow
aspossible.
A high geometricbeta(� =0.52) for the cavities of the first sectionis favourablefor two
reasons:thefirst onebeingthatonecanexpecta muchlower LorentzForceDetuningCon-
stant(accordingto [3] onecanexpectalmosta factorof two), andthesecondonebeingthe
achievementof a low phaseslippage.The valueof � =0.52wasfinally chosento obtaina
symmetricphaseslippageat bothendsof this section.
Sincethereis noexperiencewith bulk niobiumcavities for 352MHz andsincethebehaviour
of thesecavites in pulsedmodecanhardly be predicted,the acceleratinggradientfor this
sectionwasset to a conservative valueof 3.5 MV/m. This valuefavoursnot only a small
LorentzForceDetuningConstantbut is alsoa goodchoicefor the longitudinal transition
betweenthefirst andthesecondsection.���

this numberis likely to bechangedduringtheongoingSPLstudy

2



Similar constraintsapply for thenumberof cellspercavity. Five cellsper � =0.8cavity are
necessaryto make useof theLEP cryostats.Theaim of smallphaseslippage,especiallyin
the beginning of the linac, finally confinesthe numberof cells for the � =0.52 and � =0.7
cavities to four (seeTable2).
The main criterion for the chosentransitionenergiesbetweenthe sections,is keepingthe
linac lengthasshortaspossible.For this purposetheeffective acceleratinggradientfor the
differentcavitieswascompared.� � Thisgradientrefersto theenergy gainof thesynchronous
particlepassinga multicell cavity including the adjacentdrift tubes.It takes into account
thetransittime factor(andthereforethephaseslip), thenominalgradient,thesynchronous
phase,andtheinfluenceof thedrift tubesontheacceleratingfields.Fig.1 showstheeffective
acceleratinggradientfor all four cavities andTable1 lists theresultingtransitionenergies.
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Figure1:Effectiveacceleratinggradient

Thenumberof cavities perfocusingperiodis chosenwith respectto theacceptablenumber
of ��� ’s perperiod.With theexceptionof thelastsectionthemaximumfocusinglengthper
periodrisesfor consecutivesections;from 17 ��� for the � =0.52sectionupto 20.5��� for the� =0.8section(Fig.2).Thejumpfor thetransversefocusingbetweenthe � =0.52/0.7sections
andthe � =0.7/0.8sectionsis about5��� in eachcase.As thesamecryostatsareusedfor the� =0.8and � =1 cavities, thereis no jump betweenthesesections.This meansthat thereare
only two mainsourcesfor transversemismatchin thelinac.Altogetherweendupwith three
cavities per periodfor the ����������� sectionandfour cavities per periodfor the remaining
sections.Thischoiceresultsin focusinglengthsof 6.8,9.5,12.3,and12.3m in betweenthe
doublets. ��

SUPERFISHcalculations
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b=0.52, 4 cells, 3 cav.
b=0.7, 4 cells         
b=0.8, 5 cells         
b=1.0, 4 cells         
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Figure2: ��� perfocusingperiod(thedotsaremarkingthedesignenergy of eachsection)

2 Simulation Results
Initial simulationshave beenperformedwith the envelopecodeTRACE 3-D [4]. Later on
TRACE 3-D wasusedto calculatethe initial rmsbeamTwissparametersandto matchthe
transitionsbetweenthedifferentsections.Thematchingbetweensectionsis doneby chang-
ing the quadrupolegradientsof four doubletsin the transitionareaand by changingthe
averagephaseof theRF cavities.
Multiparticle simulationswerecarriedout with the latestversionof PARMILA [5] usinga
6-D waterbagdistributionwith 50000particles.
Themagnetgradientsvary between5.6 T/m and8 T/m. Usinga doubletlengthof 1 m and
takinginto accountaboreradiusof 10 cm,thesegradientsresultin poletip fieldsbelow 1T.
Thegradientsareadjustedsothatthezerocurrentphaseadvanceis decreasingfrom 87! for
thefirst perioddown to 28! for the lastone(Fig. 3). Amongthedifferentphilosophiesthat
weretestedto varythephaseadvance,thepresentoneshowedthesmallestemittancegrowth
andthemoststablebehaviour againstmismatch.
Theradiusof thebeampipe,thatconnectsthecryostatsandthatextendsthroughthequadrupoles
hasbeensetto 100mm.This resultsin a ratio betweentheapertureandthermsbeamsize" �
which is biggerthan27 for the whole superconductingpart of the linac. At the endof the
linac this ratio reachesa valueof about40. Apart from that the pipe radiusis still small
enoughto enablethe useof normalconductingstandardquadrupolemagnets.In Fig. 4 we
canseetheresultsfor thermsandthetotal beamsizesalongthelinac.

#��
Usingtheemittancevaluesof Table3

4



sigt0
sigt 

0 10 20 30 40 50 60 70
0

50

100

focusing periods

de
g

  

sigl0
sigl 

0 10 20 30 40 50 60 70
0

20

40

60

focusing periods

de
g

  

tune depression

0 10 20 30 40 50 60 70

0.6

0.8

focusing periods

  

Figure3:Topto bottom:transverseandlongitudinalphaseadvanceperperiod;tunedepression(trans-
verse)

2.1 Nominal case
Fig. 4 shows the evolution of the transversebeamsize and Fig. 5 the energy and phase
spreadalongthelinac.We canseethebeamsizeoscillationsin thesingleperiodsaswell as
someresidualenvelopeoscillationswhich arecomingfrom the mismatchescausedby the
transitionsbetweensections.Thematchingbetweenthesectionscanstill beoptimizedbut
thefinal tuningof theopticswasconsideredbeyondtheaimsof this study.
Theamplitudeof thetotal transversebeamsizeoscillationsgrows towardstheendof linac
but eventheoutermostparticlesdo notexceeda radiusof 1cm.Thismeansthatthereis still
a safetyfactorof 10betweentheapertureandthetotal beamsize.
Thelongitudinaloscillationsof phase-andenergyspreadcooldownwhenpassingthemiddle
of the � =0.8section.
As shown in Fig. 6 thereis practicallynoemittancegrowth,neitherfor thermsemittancenor
for the90%emittance.As onecanseein Fig. 9 eventhe99.9%transverseemittancestays
stable.$ � For the100%transverseemittancewe obtainan increaseof % 30%andthe100%
longitudinal emittancegrows (including the first redistribution) less than 40%. However,
lookingat thephasespaceprojections(Fig. 11),onecanobservetheformationof beamtails
in thelongitudinalplane.

& �
In thesimulationthereare50 particlesbetween99.9%and100%
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Figure4:Transversermsandtotal beamsizefor thenominalcase
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Figure5:Energy andphasespreadfor thenominalcase
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Figure6:Rmsand90%emittancefor thenominalcase

2.1.1 Parametric Resonances
Lookingat theconditionfor parametricbeamresonances[6]:

')(*,+ -'). + /0+ 12�354 �76 8�� 9
�;:
9< : ... (1)

with ' *>= ' (* = ' *@? ' -A= ' (- = ' -B? (2)

( C �,D E - full currenttransverse/longitudinaltune; C �GFHD EIF - zerocurrentt./l. tune; CKJ D LMD NO �HP - envelopetunesfor the

Quadrupolar-, High-, andLow modeof thebeam;CKQ - singleparticletune)

onecancalculatethatthehighmodeandthequadrupolarmodeR � canexcite the1/2paramet-
ric resonance.Theoscillationsin beamsizethatcanbeseenin Fig. 4 areprobablycausedby
this resonance.For thelongitudinaldirectiononefinds,thatthelow modecanexcite the1/2
parametricresonance.
Theenvelopetunesfor all threebeammodesarewell below 180! to avoid envelopeinstabil-
itiesandaredecreasingtowardsthehighenergy endof thelinac:9S95T ! = ' . =VU � ! 9 � 9 ! = ' / =VU T ! W � ! = ' 1 = 95X ! (3)Y��

thequadrupolarmodealwaysexcitestransverseoscillations,since C O �HPZD J\[^]0_ C`�
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2.1.2 Equipartitioning
The input beamparameterswhich aretaken from thepreviousSPLstudy[1] (seeTable3)
areyielding aninputbeamthatis lackinga factorof % 5 to beequipartitioned[Eq. (4)]a � .b � c + dfeMgh+ ij ��kmln �dfeMg % � k b � oBphq�r � + dfeMgh+ is ltMu lvxw �dfeMg (4)

In Fig. 7 onecanseethatthis ratio diminishesdown to onetowardstheendof thelinac.
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Figure7:Equipartitioning

Although the first threesectionsof the linac arespacecharge dominated(tunedepressiony ���{z 9 , seeFig. 3) thespacechargefactors| p : | r : | - arestill relatively low ( y 9
).

| o}phq�r � � ' ?�~' ~��
' ~' ?�~ �V��� T z | - �V��� X U (5)

Which meansthat,accordingto [7]) no particularproblemdueto thermalisationeffectsis
expected.Furthermore,beamswith a lower equipartitioningfactorweretestedbut without
any improvementof thepreviousresults.

2.2 Mismatched beam
In orderto checkthestability of theoptics,a stronglymismatchedbeam,hasbeenput into
thelinac.Thepresentedcasewassimulatedwith 30%mismatchfor thetransverseandlon-
gitudinal radii of thebeam,resultingin a % 60%mismatchfor theTwissParameters� and� .���

with: ���B� D � � D ���;��D � [ ���B� D � � D ���;��D ��H� , and� E�D ���A�h� � _h����_�����������[ � E�D ���;�h� � _h�`�¡ �_H¢£��¤¥� ¦ _Z§�¨5¨Z¨©Zª ¨  _��«�  _�¬®
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FromFig. 8 we canseethat the transversermsemittancegrows lessthan30%andthat the
longitudinalrms emittancegrows lessthan10%.For the90%emittancewe obtain % 25%
emittancegrowth for the transversecaseandlessthan5% for the longitudinalcase.As we
canseefrom Table3 thermsbeamsizestaysstable.
According to the simulationresultsnoneof the particlesare lost in the mismatchedcase,
meaningthatnoparticlehada radiusbiggerthantheassumedbeampipe.
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Figure8:Rmsand90%emittancefor themismatchedcase(30%transverseandlongitudinal)

Fig.9 showstheemittancevaluesfor variousfractionsof thebeam.Althoughtheoscillations
causedby mismatchedparticlesof thebeamtails areclearlyvisible (mismatchedcase),no
uncontrolledblow upof thetransverseemittancecanbeseen(evenfor the99.9%emittance).
This indicates,thatevenfor this stronglymismatchedcase,beamlossesshouldnot exceed
0.1%,which, assuminga homogeneouslossdistribution alongthe linac, would result in a
lossratio of a few W/m.
Regardingthe phasespacediagramsin Fig. 10 onecanseethat the introducedmismatch
yieldsstrongfilamentationin thelongitudinalplaneandtypicalhaloproductionin thetrans-
verseplanes.
In order to checkthe effect of specificexcitation of parametricresonances(see2.1.1) the
quadrupolarmodeandthehigh modewereexcited,proceedingfrom a 30%transversemis-
matchin beamradius.Using the formulasgivenin [6], thecorrespondinginput parameters
canbederivedfrom Eq.(7) and(9). Theexcitationof thelow modeis ratherunlikely for the
presentedsetupandwasthereforeneglected,whereasthehigh modecanbeexcitedeasily.
Bothmismatchesproducedemittancegrowth within therangeof thepreviouslystudied30%
mismatch.
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Figure9:Emittanceevolution for variousfractionsof thebeam

quadrupolar mismatch ¯±°�²°K²K³ ´¶µ¸· ¯±°�¹°K¹`³ ´¶µVº�»{¼ (6)

½ °�² µ ¾`»{¼SºÀ¿ °K²K³ ´ °�¹ µ¸º�»�Á�ºÂ¿ °K¹`³ ´Ã ² µ ¾`»{ÄSÅÀ¿ Ã ²K³ ´ Æx²ÈÇ ¾`»{ÄSÅÂ¿ Æx²K³ ´Ã ¹ µ º�»{ÉSÅÀ¿ Ã ¹�³ ´ ÆÊ¹ËÇ º�»{ÉSÅÂ¿ Æx¹`³ ´ (7)

high mode mismatch ¯Ì°�²K³ ¹°�²K³ ¹�³ ´ µ�ÍSÎ ³ Ï ¿ ¯±ÐÐ�´ µVº�»{¼ (8)

with Í�Î�µVÅ�»¡¾5ÁSÅ Í Ï µ¸·Ñº�»{¼Ò¾5É�Ä (see[6])

½ Ã ²K³ ¹ µ ¾`»{ÄSÅÀ¿ Ã ²K³ ¹�³ ´ ÆÊ²K³ ¹ÓÇ ¾`»{ÄSÅÀ¿ ÆÊ²K³ ¹�³ ´ÃÊÔ µ ¾`»{ºSÄÀ¿ ÃÊÔ ³ ´ Æ Ô Ç ¾5»�ºSÄÀ¿ Æ Ô ³ ´ (9)

( Õ , Ö - Twiss Parameters;×HØ�Ù Ú - transversebeamradii;Û`ÜMÙ Ý - amplitudefactorsfor High- and Low mode

[calculationandderivationsee[6]])
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Dueto the low synchronousphase,the longitudinalsensitivity againstmismatchanderrors
is slightly higherthanthe transverseone.But sincea low synchronousphaseshortensthe
linac by a considerableamount,andsinceit is basicallythe transversebeamblow up that
leadsto activation,ahigherlongitudinalsensitivity seemsto betolerable.

3 Conclusion
A designfor thesuperconductingpartof theSPLhasbeenestablished.Theoverall lengthof
thelinaccouldbekeptshort( y 700m)by optimizingthetransitionenergiesbetweensections
andby decreasingthesynchronousphasedown to -15! towardsthehigh energy endof the
linac.
A focusingschemehasbeendeveloped,thatensuresstablebeamsteeringandthatmakesuse
of standardnormalconductingquadrupoles.The multiparticlesimulationsof the presented
linachaveshownpracticallynoincreaseof thermsandthe90%emittance.Mismatchstudies
have shown a good stability of emittanceand beamsize.Apart from that it seemsto be
realisticthat theactivationof themachinecanbekeptbelow thelimit of 1W/m.Altogether
it couldbeshown, thattheproposeddesignis feasibleandthattheconceptis promising.
For thenext revision of thelinac designtheformationof beamhaloshouldbestudiedmore
deeply. For this purposeone shoulduseeither a higher numberof particlesor a certain
numberof simulationrunsto satisfythestatisticaldemandsandto prove that theactivation
of themachinedoesnotexceedthedesiredlimit.
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Table2: Total phaseslip in thecavity endcellsfor thesynchronousparticleandfor theoutermost
particles(in brackets)

section 3 cells 4 cells 5 cells

¬Ì[±¨KÞ ßZ] à;áSâhÞ á äã à;]KÞ ª  à;ßZåKÞæâ äã7ç å�Þ@â  à ªZè Þ è Mã7ç § è Þ è 
input ( à0â�¨ Mãéç ]Z¨  ) ( à;å5¨ äã7ç © ¨  ) ( à è ] >ã7ç áZ]�Þ ß  )

¬Ì[±¨KÞ ßZ] à;á5åKÞ ] äã à0§hÞ å  à ª ¨ >ã7ç §�¨  à0âZ§HÞ@â Mã7ç ]S§hÞæâ 
output ( à ª ß äã §�ß  ) ( à0â5â äã7ç ]�â  ) ( à;å5å >ã7ç © å�Þ ]  )
¬ê[^¨KÞæâ à;ßZ¨�Þ è Mãéç §�¨KÞ è  à ª5ª Þ á äã7ç ] ª Þ á  à;å�§HÞ å Mã7ç áS§hÞ å 

input ( à ª â Mãéç ]�â  ) ( à;å © äã7ç á ©  ) ( à è å Mã7ç ß5å  )
¬ê[^¨KÞæâ à;]Z]�Þ ß Mã à0§ZâhÞ ß  à;] © Þæâ äã à0§ ª Þ ©  à;]Zá�Þ è Mã à0§�ßKÞæ§ 
output ( à © á  ã à0â  ) ( à © ß  ã à;ß ) ( à © ß  ã à;á�Þ@§  )
¬ê[^¨KÞ å à © âhÞ è äã7ç âhÞ è  à;á è Þ © äã7ç § è Þ ©  à ª ¨�Þ å Mã7ç © ¨KÞ å 

input ( à;á è Mãéç § è  ) ( à ª ¨ äã7ç © ¨  ) ( à0â�] Mã7ç á5]  )
¬ê[^¨KÞ å à;] ª Þ è äã7ç ª Þ è  à © ßKÞ á äã7ç §�ß�Þ á  à;á © Þ è Mã7ç ] © Þ è 
output ( à © ß Mãéç §�ß  ) ( à;á © äã7ç ]Zá  ) ( à;ßZ] Mã7ç © ]  )
¬Ì[ë§ à © åKÞ è äã7ç åKÞ è  à;ß5¨KÞæâ äã7ç ]Z¨�Þ@â  à;åZ]�Þ@â Mã7ç © ]KÞæâ 
input ( à;á�â  ãéç §Zâ  ) ( à ª ¨  ã7ç ] è  ) ( à è ]  ã7ç áS§  )
¬Ì[ë§ à;] © Þ ß Mã à ª Þ ß à;]�âhÞæâ äã à;]�Þ ©  à © §HÞ è Mãéç §hÞ è 
output ( à;] è äã7ç ¨  ) ( à ©Z© äã7ç á  ) ( à © å äãéç å  )

Table3: Beamdatafor thenominal-andthemismatchedbeam

in out out (30% mism.) unitì�íKî ï`î ðfñMòhî ó5ôfðfñ 0.040 0.042 0.051 [ õ cm mrad]ì íKî ï`î ö�÷Zøùî ó5ôfðfñ 0.17 0.18 0.21 [ õ cm mrad]ì�ú î ðfñMò 0.61 0.61 0.66 [ õ deg MeV]ì ú î ö�÷Zø 2.6 2.6 2.7 [ õ deg MeV]

rmsbeamsizex,y 3.5 2.3 2.4 [mm]

rmsbeamsizez 35 8 7.4 [ps]

energy spread 140 670 690 [keV]

phasespread 4.5 1 1 [deg] at 352MHz
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Figure10:Emittancefor thenominalcase

Figure11:Emittancefor themismatchedcase(30%transverseandlongitudinal;lowerplot)
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