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Abstract

The Superconducting Proton Linac (SPL) delivers bunches with a total length of 30 ps and a total
energy spread of 5 MeV. Before injecting the beam into the Accumulator Compressor (PDAC)2) ring
the bunches have to be stretched to a total length in the range of 100-500 ps. The RF bucket in the ring
has a height of ± 2 MeV and thus imposes a limit for the acceptable amount of energy and phase jitter
at the end of the SPL. By carefully designing the transfer line, the acceptable jitter range from the linac
can be maximized.
Several options have been studied to provide the necessary bunch stretching and have then been tested
for their susceptibility to energy and phase errors. At the same time the actual layout of the line on the
CERN site is taken into account. The results of this study are presented together with a proposal for a
new, optimized version of the transfer line.
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1 Layout and principle
In thepresentSPLscenariothelinac is locatedalongthesouth-westernfenceof theCERNsiteandends
parallelto the ISR tunnel.The transferline thenstartswith a curve (radius= 100m) to bendthebeam
towardsthe injection into the ISR ring tunnel.Dueto thewidth of thering tunnelit will bepossibleto
accommodateseveralparallelbeamlines,meaningthatthelengthof thetransferline is not restrictedto
thecurve andtheshortstraightsectionbetweenthelinac outputandtheISR tunnel(Fig.1).

Linac

out

Figure1:Layoutof thetransferline on theCERNsite

In orderto stretchthebunchesto afinal lengthbetween100psand500psonehasto useacertainlength
of drift, with only transversefocusing.Dueto thelack of longitudinalforcesthephasewidth increases,
andthelongitudinalphasespaceellipsestartsto rotate.Having reachedthedesiredbunchlength,several
bunchrotationcavities ( ��
�������� ) ”kick” theellipsedown to thephaseaxisandconsequentlydecrease
theenergy spread(seeFig.2). An active debuncherat the beginning of the transferline canbe usedto
shortenthelengthof thedrift, andaswill beshown later, to stabilizethetransferline againstphaseand
energy jitter from thelinac.Sucha debuncherconsistsof anumberof cavities operatingat ������� .
In thefollowing threedifferentscenarioswill beinvestigated:

1. drift + bunchrotation,
2. debuncher+ drift + bunchrotation,and
3. drift + debuncher+ drift + bunchrotation.

Onecaseof the scenariono. 2 describesthe versionof the transferline that is publishedin the SPL
conceptualdesignreport [1]. After explaining the transformationof initial errorsthroughthe transfer
line, this scenariois optimizedfor highererroracceptanceandproposedasthenew referencelayout.
All simulationsweredonewith IMPACT [2] using100000particlesanda6D waterbagdistribution(ratio
betweentotal bunchlengthandrmsbunchlength � 2.83).Thesimulationsstartat thebeginningof the
superconductingpartof thelinac(120MeV) with alongitudinalemittanceof 0.6 � deg MeV, andabeam
currentof 40 mA. Theemittanceis likely to bereducedfor futureversionsof thelinac which will then
entailchangesin the longitudinaldistribution. Up to now no bendingmagnetshave beenconsideredin
thesimulations.
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2 Scenario no. 1: drift + bunch rotation
WithoutactivedebunchertheSPLlinac tunnelbecomesshorterandthetheRFcostsarereduced.Onthe
otherhanda longerdrift is neededto sufficiently stretchthebunches.Furthermorethereareless”knobs
to turn” in orderto stabilizethelayoutagainstphaseandenergy jitter.
Due to the relatively slow debunchingprocessthis set-uponly makessensefor shortbunches.In the
presentcaseadrift of 180m stretchesthebunchesto a total lengthof ������� ps(Fig.2).
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Figure2:Beamevolution throughthetransferline

After thedrift, four bunchrotationcavities reducetheenergy spread.Thevoltagethathasto beimposed
onthesecavities is givenby theslopeof thelongitudinalphasespaceellipseafterthedrift (Fig.2).In this
casethetotal bunchlengthof ����� 
"!�#�$&%�' � andthetotal energy width of ��()� 
*!�%�$&+ MeV requirea
total voltage(to beseenby thebeam)of:

(-, �/.&01.&23�/4 �
��()�

576 8:9 �����<; ��%�' MV (1)

Using oneLEP kryostatwith four LEP cavities asbunchrotator, this numbertranslatesinto a cavity
voltageof =?>A@"
�B�$&+ MV/m. In orderto stabilizethesystemagainstinitial phaseoffseta lowervoltage
of =?><@C
DB�$&% MV/m waschosen[Eq. (2)]. Thereforethebeamellipseremainsslightly tilted after the
bunchrotation.
Thesensitivity againstphaseandenergy offsetat thelinacoutputcanbequickly estimatedby thefollow-
ing formulae.For a cavity which operateseitherat ����� � or at ����� � a phaseoffset ��� yieldsanenergy
offsetof:

��EF�HGI=J><@LKNM 01O
576 8P9 �Q�R; (2)

An additionalphaseerrorhasto betakeninto account,whenabunchwith a certainenergy offsetpasses
the transferline. The major part of this additionalphaseerror accumulatesduring the drift, wherean
energy offsetof ��E yieldsaphaseoffsetof:

����
 KTS , 2VUW.	XY > Z
�[ 9 E > ; �

�[ 9 E > �\��E]; (3)

First of all theacceptablephaseerrorshallbeestimated:To inject thebeamlossfreeinto thePDAC RF
bucket ( !�% MeV), thebunchcenterat theendof the transferline mustnot be displacedby morethan
��� MeV. Assumingapureinitial phaseoffset,thewholeenergy displacementof thebunchcenteroccurs
duringthebunchrotationprocess.Eq. (2) relatestheacceptableenergy offsetafterbunchrotationto an
acceptablephasejitter of !�%�$&# � at the linac output.This valuewould imposevery tight constraintsfor
the linac design.The only possibility to raisethe acceptancefor phasejitter would be to operatewith
longerbunches.In this casethebunchrotationvoltagecanbereducedandconsequentlythesensitivity
to phaseerrorsgoesdown. An examplewith numbers:aimingfor anacceptanceof !^+�$&' � (whichwill be
achievedin a laterscenario)andkeepingtheenergy displacementduringbunchrotationbelow !�� MeV
requires�D_`��� ps long bunches.To obtain this valuethe lengthof the drift hasto be multiplied by a
factorof four, resultingin adrift lengthof morethan700m, whichclearlyexceedsfeasabledimensions.
Thesensitivity of this designagainstenergy offset is muchlesscritical. Onecaneasilywork out from
Eq.(2) and(3) thatanenergy offsetof e.g.-7.5MeV (100pslongbunches)at thelinacoutputyieldsan
energy offsetof -0.7MeV afterbunchrotation.
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Withoutgoinginto detailedsimulationsit is clearthatthisdesignhasto beabandoneddueits verysmall
acceptanceof phaseerrors.

Table1: Layoutparametersof thetransferline with: 180m drift + bunchrotator(100pslongbunches)

element length no. of no. of focusing cavity cavity

[m] cavities periods voltage [MV/m] phase [deg]

drift 179.1 14

buncher 12.8 4 1 3.2 acb7dIe
total 191.9 4 15

3 Scenario no. 2: debuncher + drift + bunch rotation
An active debuncherat theendof the linac servestwo purposes:first of all it decreasesthedrift length
of thetransferline andsecondlyit improvestheacceptancefor phasejitter from thelinac.
Altogetherthreeversionshave beentestedfor this scenario:two with a 280m long drift and500or 250
pslongbunches,respectively, anda third onewith 230m of drift andwith abunchlengthof 180ps.
Thefirst versionwasmodelledin orderto obtainanominaloutputdistribution with thesmallestpossible
energy spread.It will alsoillustratehow anactive debuncherraisestheacceptancefor phasejitter from
thelinac.After investigatingthetransformationof phaseandenergy jitter throughoutthetransferline, the
secondversion(with 250pslongbunches)wasmodelled.It usesthesamephysicalset-upof thetransfer
line asversionno.1 but with differentvoltagesin thedebunching-andthebunchrotationcavities. The
voltageswereoptimizedso that the transferline candigesta higheramountof energy andphasejitter
from thelinac.Both versionsuseeightLEP typecavities asdebunchingunit, andtwo cavities asbunch
rotator.
Eventuallythethird (andfinal) versionwasmodelled,usingnot only thevoltagesbut alsothedrift- and
bunchlengthasfree parameters.Apart from that this versionhasa symmetriccavity set-upwith four
cavitesfor debunchingandthesamenumberof cavities for thefinal bunchrotation.

Table2: Layoutparametersof the transferline with: debuncher+ 280m drift + bunchrotator[500 ps
(250ps)longbunches]

element length no. of no. of focusing cavity cavity
[m] cavities periods voltage [MV/m] phase [deg]

debuncher 25.6 8 2 8.6(4.3) fgb7dIe
drift 281.4 22

buncher 12.8 2 1 4.4(4.2) acb7dIe
total 319.8 10 25

Table3: Layoutparametersof the transferline with: debuncher+ 230m drift + bunchrotator(180ps
longbunches)

element length no. of no. of focusing cavity cavity

[m] cavities periods voltage [MV/m] phase [deg]

debuncher 12.8 4 2 7.5 fgb7d e
drift 230.2 18

buncher 12.8 4 1 2.5 acb7dIe
total 255.8 8 21
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Version 1: debuncher + 280 m drift + buncher, bunch length: 500 ps
This versionrepresentsthe statusof the transferline which is publishedin the SPL conceptualdesign
report[1].
Severalenergy andphaseoffsetshave beenimposedat theendof the linac to studytheir effect on the
outputdistribution of thetransferline. Fig.3shows anexamplefor aninitial energy offsetof !�+�$&' MeV
andTable4 lists theresultsfor thiserrorstudy.

-1.6
-1.4
-1.2

-1
-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6

-30 -20 -10 0 10 20 30

en
er

gy
 [M

eV
]

h

phase [deg]

linac offset: +7.5 MeV => tr. line offset: +0.7 MeV, -39.3 deg

-1.6
-1.4
-1.2

-1
-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6

-30 -20 -10 0 10 20 30

en
er

gy
 [M

eV
]

h

phase [deg]

linac offset: -7.5 MeV => tr. line offset: -0.8 MeV, +39.8 deg

Figure3: Transferline outputfor an initial offset of i 7.5 MeV (debuncher+ 280 m drift + bunch
rotator, bunchlength:500ps)

Table4: Transferline output for several inital phaseand energy offsets(debuncher+ 280 m drift +
bunchrotator, bunchlength:500ps)

Initial offset nominal jck MeV j 7.5MeV j 10MeV j 2.5 l j 5 l
Output jcm-n m MeV jcm-n o MeV jcmpn q MeV jcr-n s MeV jcm-n o MeV jcmpn k MeV

offset jcmpn mIl jcrWspn kIl jctWmIl jckWoul jcr7kIl jct�v1lw
W [MeV] jcm-n r jcmpn&v j x�n k jcr-n3v jcm-n s jcrwzy

[deg] jcrWq jcrWq jcr7q jcrWq jcrWq jcrWq

Theassymetricoutputoffsetandtheunequalbunchrotationfor i�{�|&} MeV (Fig.3)is inducedby thephase
slippagein the 4 cell cavities. In caseof energy or phaseoffset the tasksof focusingandacceleration
insidea cavity becomeslightly seperated.Dependingon thesignof theoffset, theparticlesexperience
eithermoreaccelerationor more focusingforce in the first two cells thanin the last two cells of one
cavity. Hencethe deviation from the referenceenergy level becomesdifferent. In the actualcasethe
assymetryis enhancedby the fact that eight cavities areusedfor debunchingthe beamandonly two
cavities areusedfor bunchrotation.In a later examplewerefour cavities areusedfor both tasks,the
resultingassymetryis barelyvisible.
However, comparingtheseresultswith thepreviousscenariowithout active debuncher, onecanseethat
theeffectof initial phasejitter is reduced,while theeffectof initial energy jitter ( i�{�|&} MeV) is aboutthe
same(Table4). Theacceptablephaseandenergy jitter for this versionis in therangeof i�~�|&} MeV or ���
i��p� .

3.1 Optimization against initial phase and energy jitter
Theevolution of initial phaseandenergy offsetthroughouttheelements:debuncher, drift, bunchrotator
canbeshown with two simplepictures[bearingin mind Eqs.(2)and(3)].
An initial positivephaseor energy offset(Fig.4)correspondsto bunchesthatarrive tooearlywith respect
to the RF cavity voltage.Fasterbunchesseeon averagea positive RF voltage(insteadof 0) in the
debuncherandarethereforeaccelerated.During thepassageof thedrift thesebunchesgainevenmorein
�	�

Combinederrorswerenot investigatedfor thisversion.
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Figure4: Arrival of buncheswith positive phaseor energy offset in thedebunching(left) andbunch
rotation(right) cavities
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Figure5: Arrival of buncheswith negative phaseor energy offset in the debunching(left) and the
bunchrotation(right) cavities

phaseandthereforearriveevenearlierin thebunchrotationcavities.Herethey seeonaverageanegative
RF voltageandarethusdecelerated.For particleswith aninitial negative phaseor energy offset(Fig.5)
theinverserulesapply. Theevolutionof theaveragebunchenergy (Fig.6) illustrateshow thesystemcan
betunedby varyingthevoltagesof thedebuncher- andthebunchrotationcavities.
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Figure6: Evolutionof averagebunchenergy in thenominalcase(upper),with -10MeV initial offset
(middle),andwith ��+�$&' � initial offset(lower).
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Version 2: debuncher + 280 m drift + buncher, bunch length: 250 ps
Usingtheoptimizationmeasuresmentionedabove anda shorterbunchlengthof 250psthesameset-up
wastunedfor higherjitter acceptance.
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Figure7: Transferline outputfor several initial phaseandenergy offsets(debuncher+ 280m drift +
bunchrotator, bunchlength:250ps)

From Fig.7 one can seethat the maximumacceptablejitter at the the linac output is now raisedto
approximately��� MeV or ����� . Combiningtheinitial offsetsdecreasestheacceptanceto arangeof ���
MeV and ����� .

Version 3: debuncher + 230 m drift + bunch rotator, bunch length: 180 ps
For this scenariothedebunchingunit is reducedfrom eight to four LEP typecavities andthebunching
unit now usesfour insteadof two cavities. This hasthe beneficialeffect of reducingthe lengthof the
linac,andof producingamoresymmetricdeviationof bunchesthatonly differ by thesignof their initial
offset(seesection3.1).Apart from thatthedrift lengthis reduceddueto theshorterfinal bunchlength.
Thelengthof thedrift aswell asthevoltagesin thecavities have beenoptimizedin orderto digestthe
highestpossibleamountof phaseandenergy jitter from the linac. As a resulta maximumjitter of �����
MeV or ����� � canbeacceptedby thetransferline (only thecasewith ����� � slightly exceedsthelimit of
+2 MeV). Theresultsof theerrorstudyareshown in Fig.8.
Combiningenergy andphaseoffset yields a jitter acceptanceof ��� MeV and ��� � . This scenariois
proposedto bethenew referencelayoutfor theSPLtransferline.

4 Scenario no. 3: drift + active debuncher + drift + bunch rotation
In thepreviousscenariothedebunchingunit is placedright after thelinac.Theadvantageof thatset-up
is that thepower supplyandthenecessarycooling facilities arealreadyavailable.The disadvantageis
that thebunchesgo throughthecurve with an increasedenergy spread,which enforceslarge apertures
for thebendingmagnets.Thereforeit is of interestto investigatethepossibilityof placingthedebuncher
afterthecurve insteadof before.Theparametersfor this layoutarelistedin Table5.
Dueto the64mof drift beforethedebuncher, this scenariois moresensitive to initial energy jitter than
thepreviousone.Bunchesthatinitially only haveacertainenergy displacement,experienceanadditional
phasedisplacementduringthedrift. Thisyieldsamaximumacceptancefor theinitial offsetin therange
of �^���&� MeV or ��� � . Fig.9 shows the resultinglongitudinalphasespacedistributions from the error
study.
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Figure8: Transferline outputfor several initial phaseandenergy offsets(debuncher+ 230m drift +
buncher, bunchlength:180ps,new reference scenario)
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Figure9: Transferline outputfor several initial phaseandenergy offsets(64 m drift + debuncher+
130m drift + bunchrotator, bunchlength:150ps)
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Table5: Layout parametersof the transferline with: 64 m drift + debuncher+ 130 m drift + bunch
rotator(180pslongbunches)

element length no. of no. of focusing cavity cavity

[m] cavities periods voltage [MV/m] phase [deg]

drift 63.9 5

debuncher 12.8 4 1 4.3 fgb7d e
drift 127.9 10

buncher 12.8 4 1 3.2 acb7dIe
total 217.4 8 17

5 Conclusions
Severaloptionshave beenstudiedandoptimizedin orderto stretchthe linac bunchesandfit theminto
thePDAC bucketof !�% MeV. Assumingthatthereis noenergy or phasejitter at theendof thelinac,this
taskcanbeperfectlyfulfilled by asimpledrift followedby abunchrotationcavity (scenariono. l).
A more flexible systemis neededif one takes into accountthe actualenergy and phaseoffset at the
linac output.This flexibility can be achieved by an active debuncherat the beginning of the transfer
line (scenariono. 2). Now therearethreeadjustment”knobs” for threebunchcharacterics:debuncher
voltage,drift length,andbunchrotationvoltageareusedto tunethe final energy spread,andthe final
energy offset of the bunchesin caseof initial phaseor energy offset. Taking the bunch length as a
variable(within certainlimits) onecanfind an ”optimum” were the acceptancefor phaseandenergy
errorsbecomesmaximal.This optimumwasfoundfor theset-upwith four debunchingcavities, 230m
of drift, four bunchrotationcavities,andabunchlengthof 180ps(scenariono.2, version3). In thiscase
the transferline canaccept!^#�� and !�# MeV (with both offsetsoccuringsimultaneously).I propose
this scenarioas the new referencelayout for the SPL transferline, keepingin mind that someof the
parametersmight changein orderto adaptthesystemto a futurechangeof thelongitudinalemittance.
An additionaldrift beforethedebunchingcavities mightbedesirablein orderto have lessenergy spread
whenthebunchespassthecurve that follows theSPL(scenariono. 3). However, this measurereduces
theerroracceptanceof thesystem.
In all threescenariosit is possibleto ”trade” a biggerphaseoffset againsta smallerenergy offset and
viceversa.Theerroracceptancewill bereduced,whenconsideringamismatchedlinac beam.
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