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Abstract

The Superconducting Proton Linac (SPL) delivers bunches with a total length of 30 ps and a tota
energy spread of 5 MeV. Before injecting the beam into the Accumulator Compressor (PDAC)? ring
the bunches have to be stretched to atotal 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
a 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.

1) Superconducting Proton Linac
2) Proton Driver Accumulator Compressor
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1 Layout and principle

In thepresenSPLscenaridhelinacis locatedalongthe south-westerfenceof the CERNsiteandends
parallelto the ISR tunnel. The transferline thenstartswith a curve (radius= 100m) to bendthe beam
towardsthe injectioninto the ISR ring tunnel.Dueto the width of thering tunnelit will be possibleto
accommodatseveral parallelbeamlines, meaningthatthe lengthof thetransferline is notrestrictedo
the curve andtheshortstraightsectionbetweenthelinac outputandthe ISR tunnel(Fig.1).

Figurel: Layoutof thetransferine onthe CERNsite

In orderto stretchthe bunchedo afinal lengthbetweernl00psand500psonehasto usea certainlength
of drift, with only transersefocusing.Dueto thelack of longitudinalforcesthe phasewidth increases,
andthelongitudinalphasespaceellipsestartsto rotate. Having reachedhedesiredounchlength,several
bunchrotationcavities (¢ = —90°) "kick” theellipsedown to the phaseaxisandconsequentlylecrease
the enegy spread(seeFig.2). An actve deluncherat the beginning of the transferline canbe usedto
shortenthelengthof the drift, andaswill be shawvn later, to stabilizethe transferline againstphaseand
enegy jitter from thelinac. Sucha deluncherconsistof a numberof cavities operatingat +90°.
In thefollowing threedifferentscenariosvill beinvestigated:

1. drift + bunchrotation,

2. deluncher+ drift + bunchrotation,and

3. drift + deluncher+ drift + bunchrotation.
One caseof the scenariono. 2 describeghe versionof the transferline thatis publishedin the SPL
conceptuabdesignreport[1]. After explaining the transformationof initial errorsthroughthe transfer
line, this scenarids optimizedfor highererroracceptancandproposedasthe new referencdayout.
All simulationsveredonewith IMPACT [2] using100000particlesanda 6D waterbaglistribution (ratio
betweertotal bunchlengthandrmsbunchlength~ 2.83). The simulationsstartat the beginning of the
superconductingartof thelinac (120MeV) with alongitudinalemittanceof 0.6 7 deg MeV, andabeam
currentof 40 mA. The emittanceis likely to be reducedor future versionsof the linac which will then
entailchangesn the longitudinaldistribution. Up to now no bendingmagnetshave beenconsideredn
thesimulations.



2 Scenario no. 1: drift + bunch rotation

Withoutactive deluncherthe SPLIlinactunnelbecomeshorterandthethe RF costsarereducedOnthe
otherhanda longerdrift is neededo suficiently stretchthe bunchesFurthermorahereareless’knobs
to turn” in orderto stabilizethelayoutagainsipphaseandenegy jitter.

Due to the relatively slov delunchingprocesshis set-uponly makes sensefor shortbunches.n the
presentaseadrift of 180m stretcheshe bunchedo atotal lengthof ~ 100 ps(Fig.2).
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Figure2: Beamevolution throughthetransferine

After thedrift, four bunchrotationcavities reducethe enegy spreadThevoltagethathasto beimposed
onthesecavitiesis givenby theslopeof thelongitudinalphasespaceellipseafterthedrift (Fig.2).In this
casethetotal bunchlengthof A¢, = +6.25° andthetotal enegy width of AV, = +2.7 MeV requirea
total voltage(to be seerby the beam)of:

Viotation = iln?TV;%) ~ 25 MV (1)
Using one LEP kryostatwith four LEP cavities as bunchrotator this numbertranslatednto a cavity
voltageof EyT' = 3.7 MV/m. In orderto stabilizethe systemagainstinitial phaseoffseta lower voltage
of EyT = 3.2 MV/m waschosenEqg. (2)]. Thereforethe beamellipseremainsslightly tilted afterthe
bunchrotation.
Thesensitvity againsphaseandenegy offsetatthelinac outputcanbequickly estimatedy thefollow-
ing formulae.For a cavity which operate®itherat —90° or at +90° a phaseoffset A¢ yieldsanenegy
offsetof:

AW = qEgTlcqp sin(Ag) (2)

An additionalphaseerrorhasto betakeninto accountwhenabunchwith a certainenepgy offsetpasses
the transferline. The major part of this additionalphaseerror accumulatesluring the drift, wherean
enegy offsetof AW yieldsa phaseoffsetof:
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First of all the acceptabl@haseerrorshallbe estimatedTo inject the beamlossfreeinto the PDAC RF
bucket (2 MeV), the bunchcenterat the end of the transferline mustnot be displacedoy morethan
~ 1 MeV. Assumingapureinitial phaseoffset,thewholeenegy displacemenbf thebunchcenteroccurs
duringthe bunchrotationprocessEg. (2) relatesthe acceptablenegy offsetafter bunchrotationto an
acceptablehasditter of £2.6° at the linac output. This valuewould imposevery tight constraintsor
thelinac design.The only possibility to raisethe acceptancéor phassjitter would be to operatewith
longerbuncheslin this casethe bunchrotationvoltagecanbe reducedand consequentlyhe sensitvity
to phaseerrorsgoesdovn. An examplewith numbersaimingfor anacceptancef +7.5° (whichwill be
achieredin alaterscenarioandkeepingtheenegy displacementuringbunchrotationbelov +1 MeV
requires= 400 pslong bunches.To obtainthis valuethe length of the drift hasto be multiplied by a
factorof four, resultingin adrift lengthof morethan700m, which clearly exceeddeasablalimensions.
The sensitvity of this designagainstenegy offsetis muchlesscritical. One caneasilywork out from
Eq. (2) and(3) thatanenegy offsetof e.g.-7.5MeV (100pslong buncheskhtthelinac outputyieldsan
enegy offsetof -0.7 MeV afterbunchrotation.




Withoutgoinginto detailedsimulationst is clearthatthis designhasto beabandonediueits very small
acceptancef phaseerrors.

Tablel: Layoutparametersf thetransferine with: 180m drift + bunchrotator(100pslong bunches)

element | length | no.of | no. of focusing cavity cavity
[m] | cavities periods voltage[MV/m] | phase[deq]
drift 179.1 14
buncher| 12.8 4 1 3.2 —90°
total 191.9 4 15

3 Scenario no. 2: debuncher + drift + bunch rotation

An active detuncherat the endof thelinac senestwo purposesfirst of all it decreasethe drift length
of thetransferine andsecondlyit improvesthe acceptancéor phasgitter from thelinac.
Altogetherthreeversionshave beentestedfor this scenariotwo with a280m long drift and5000r 250
pslong bunchesrespectiely, andathird onewith 230m of drift andwith a bunchlengthof 180ps.
Thefirst versionwasmodelledin orderto obtainanominaloutputdistribution with thesmallestpossible
enegy spreadlt will alsoillustratehow anactive deluncherraisesthe acceptancéor phasgitter from
thelinac. After investigatinghetransformatiorof phaseandenegy jitter throughouthetransferine, the
secondversion(with 250pslong buncheswasmodelled It useshesamephysicalset-upof thetransfer
line asversionno. 1 but with differentvoltagesin the detunching-andthe bunchrotationcavities. The
voltageswere optimizedso thatthe transferline candigesta higheramountof enegy andphassjitter
from thelinac. Both versionsuseeight LEP type cavities asdelunchingunit, andtwo cavities asbunch
rotator

Eventuallythethird (andfinal) versionwasmodelled,usingnot only the voltageshbut alsothedrift- and
bunchlengthasfree parametersApart from thatthis versionhasa symmetriccavity set-upwith four
cavitesfor delunchingandthe samenumberof cavities for thefinal bunchrotation.

Table2: Layout parameter®f the transferline with: detuncher+ 280 m drift + bunchrotator[500 ps
(250ps)long bunches]

element | length | no.of | no.of focusing cavity cavity
[m] cavities periods voltage[MV/m] | phase[deg]
dehuncher| 25.6 8 2 8.6(4.3) +90°
drift 281.4 22
buncher | 12.8 2 1 4.4(4.2) —-90°
total 319.8 10 25

Table3: Layout parameter®f the transferline with: detuncher+ 230 m drift + bunchrotator(180 ps

long bunches)
element | length | no.of | no.of focusing cavity cavity
[m] cavities periods voltage[MV/m] | phase[deg]
deluncher| 12.8 4 2 7.5 +90°
drift 230.2 18
buncher | 12.8 4 1 25 —90°
total 255.8 8 21




Version 1. debuncher + 280 m drift + buncher, bunch length: 500 ps

This versionrepresentshe statusof the transferline which is publishedin the SPL conceptualdesign
report[1].

Severalenegy andphaseoffsetshave beenimposedat the end of the linac to studytheir effect on the
outputdistribution of the transferline. Fig.3 shavs anexamplefor aninitial enegy offsetof +7.5 MeV
andTable4 lists theresultsfor this errorstudy

linac offset: +7.5 MeV => tr. line offset: +0.7 MeV, -39.3 deg linac offset: -7.5 MeV => tr. line offset: -0.8 MeV, +39.8 deg
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Figure3: Transferline outputfor aninitial offsetof + 7.5 MeV (deluncher+ 280 m drift + bunch
rotator bunchlength:500ps)

Table4: Transferline outputfor several inital phaseand enegy offsets (deluncher+ 280 m drift +
bunchrotator bunchlength:500ps)

| Initial offset | nominal | £5MeV | £75MeV | £10MeV | 425° | +5°
Output | £0.0MeV | £0.3MeV | £0.8MeV | £2.6MeV | +£0.3MeV | £0.5MeV

of fset +0.0° | 42657 | +40° +53° +25° +47°

AW [Mev] | 402 +0.7 +1.5 +2.7 +0.6 +2

A¢ [deg] +28 +28 +28 +28 +28 +28

Theassymetrioutputoffsetandtheunequabunchrotationfor +7.5MeV (Fig.3)isinducedby thephase
slippagein the 4 cell cavities. In caseof enegy or phaseoffset the tasksof focusingandacceleration
insidea cavity becomeslightly seperatedDependingon the sign of the offset, the particlesexperience
eithermore acceleratioror more focusingforce in the first two cells thanin the lasttwo cells of one
cavity. Hencethe deviation from the referenceenegy level becomedlifferent. In the actualcasethe
assymetnyis enhancedy the fact that eight cavities are usedfor delunchingthe beamand only two
cavities are usedfor bunchrotation.In a later examplewerefour cavities are usedfor both tasks,the
resultingassymetrys barelyvisible.

However, comparingtheseresultswith the previous scenariowithout active delunchey onecanseethat
theeffectof initial phasgitter is reducedwhile the effect of initial enepy jitter (+7.5MeV) is aboutthe
same(Table4). Theacceptabl@haseandenegy jitter for this versionis in therangeof +6.5 MeV or V)
+4°,

3.1 Optimization against initial phase and energy jitter

Theevolution of initial phaseandenegy offsetthroughouthe elementsdeluncher drift, bunchrotator
canbe shavn with two simplepictures[bearingin mind Egs.(2)and(3)].

An initial positive phaseor enegy offset(Fig.4) correspondso buncheghatarrive too earlywith respect
to the RF cavity voltage.Fasterbunchesseeon averagea positve RF voltage (insteadof 0) in the

deluncherandarethereforeaccelerateduring the passagef thedrift thesebunchesggainevenmorein

1) Combinederrorswerenot investigatedor this version.
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Figure4: Arrival of buncheswith positve phaseor enegy offsetin the delunching(left) andbunch
rotation(right) cavities
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Figure5: Arrival of buncheswith negatve phaseor enepgy offsetin the delunching(left) andthe
bunchrotation(right) cavities

phaseandthereforearrive evenearlierin thebunchrotationcavities. Herethey seeon averagea negative
RF voltageandarethusdeceleratedror particleswith aninitial negative phaseor enegy offset (Fig.5)
theinverserulesapply Theevolution of the averagebunchenegy (Fig.6)illustrateshow the systemcan
betunedby varyingthevoltagesof the dehuncher andthe bunchrotationcavities.
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Figure6: Evolution of averagebunchenegy in thenominalcase(upper),with -10 MeV initial offset
(middle),andwith +7.5° initial offset(lower).



Version 2: debuncher + 280 m drift + buncher, bunch length: 250 ps
Usingthe optimizationmeasuresnentionedabore anda shorterbunchlengthof 250 psthe sameset-up
wastunedfor higherijitter acceptance.
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Figure7: Transferline outputfor severalinitial phaseandenegy offsets(detuncher+ 280 m drift +
bunchrotator bunchlength:250ps)

From Fig.7 one can seethat the maximum acceptablditter at the the linac outputis now raisedto
approximately+8 MeV or +8°. Combiningtheinitial offsetsdecreasethe acceptanceo arangeof +5
MeV and +5°.

Version 3: debuncher + 230 m drift + bunch rotator, bunch length: 180 ps

For this scenariahe detunchingunit is reducedrom eightto four LEP type cavities andthe bunching
unit now usesfour insteadof two cavities. This hasthe beneficialeffect of reducingthe length of the
linac,andof producingamoresymmetricdeviation of buncheghatonly differ by the signof theirinitial
offset(seesection3.1). Apartfrom thatthe drift lengthis reduceddueto the shorterfinal bunchlength.
Thelengthof thedrift aswell asthe voltagesin the cavities have beenoptimizedin orderto digestthe
highestpossibleamountof phaseandenegy jitter from thelinac. As a resulta maximumijitter of +10
MeV or +£10° canbeacceptedy thetransferline (only thecasewith —10° slightly exceedghelimit of
+2 MeV). Theresultsof theerrorstudyareshavn in Fig.8.

Combiningenegy and phaseoffset yields a jitter acceptancef +6 MeV and +6°. This scenariois
proposedo bethenew referencdayoutfor the SPLtransferline.

4 Scenario no. 3: drift + active debuncher + drift + bunch rotation

In the previous scenariadhe detunchingunit is placedright afterthelinac. The advantageof thatset-up
is thatthe power supplyandthe necessaryooling facilities are alreadyavailable. The disadwantageis
thatthe bunchesgo throughthe curve with anincreasedenegy spreadwhich enforcedarge apertures
for thebendingmagnetsThereforeit is of interestto investigatethe possibility of placingthe deluncher
afterthe curve insteadof before.The parameter$or this layoutarelistedin Table5.

Dueto the 64m of drift beforethe delunchey this scenarias moresensitve to initial enegy jitter than
thepreviousone.Buncheghatinitially only have acertainenegy displacemeniexperienceanadditional
phasdisplacementuringthedrift. This yieldsa maximumacceptancéor theinitial offsetin therange
of £7.5 MeV or £7°. Fig.9 shaws the resultinglongitudinal phasespacedistributions from the error
study
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Figure8: Transferline outputfor severalinitial phaseandenegy offsets(detuncher+ 230 m drift +
buncheybunchlength:180ps, new reference scenario)
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Figure9: Transferline outputfor severalinitial phaseandenepy offsets(64 m drift + deluncher+
130m drift + bunchrotator bunchlength:150ps)



rotator(180pslong bunches)

Table5: Layout parameter®f the transferline with: 64 m drift + detuncher+ 130 m drift + bunch

element | length | no.of | no. of focusing cavity cavity
[m] cavities periods voltage[MV/m] | phase[deqg]
drift 63.9 5
detuncher| 12.8 4 1 4.3 +90°
drift 127.9 10
buncher | 12.8 4 1 3.2 —-90°
total 217.4 8 17

5 Conclusions

Several optionshave beenstudiedandoptimizedin orderto stretchthe linac bunchesandfit theminto
the PDAC bucket of -2 MeV. Assumingthatthereis no enegy or phasgitter attheendof thelinac, this
taskcanbe perfectlyfulfilled by a simpledrift followed by a bunchrotationcavity (scenariano.l).

A more flexible systemis neededf onetakesinto accountthe actualenegy and phaseoffset at the
linac output. This flexibility canbe achiered by an active deluncherat the beginning of the transfer
line (scenariono. 2). Now therearethreeadjustmentknobs” for threebunch charactericsdeluncher
voltage,drift length,andbunchrotationvoltageare usedto tunethe final enegy spread.andthe final
enegy offset of the bunchesin caseof initial phaseor enegy offset. Taking the bunch length as a
variable (within certainlimits) one canfind an "optimum” were the acceptancdéor phaseand enegy
errorsbecomesnaximal. This optimumwasfound for the set-upwith four delunchingcavities, 230m
of drift, four bunchrotationcavities, anda bunchlengthof 180ps(scenarimo. 2, version3). In this case
the transferline canacceptt+6° and +6 MeV (with both offsetsoccuringsimultaneously)! propose
this scenarioasthe new referenceayout for the SPL transferline, keepingin mind that someof the
parametersnight changan orderto adaptthe systenmto a future changeof thelongitudinalemittance.
An additionaldrift beforethe detunchingcavities mightbedesirabldn orderto have lessenegy spread
whenthe bunchespassthe curve that follows the SPL (scenariono. 3). However, this measureeduces
theerroracceptancef thesystem.

In all threescenariost is possibleto "trade” a bigger phaseoffset againsta smallerenegy offsetand
vice versa.Theerroracceptancaill bereducedwhenconsideringa mismatchedinac beam.
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