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Abstract

Thisnotepresentsabeamdynamicsanalysisof apossiblemuoncoolingexperimentbased
on 88 MHz cavities. The proposedset-upis a subsectionof the cooling channelin the
CERN referenceschemefor a neutrinofactory. We presenttwo differentset-upsusing8
and4 cavities.For eachof theseset-upswe have carriedoutabeamdynamicsstudybased
onengineeringdesignsfor thecavities andsolenoids.Thestudyincludesaparameterscan
whichallowsto evaluatetheperformanceof thesystemsfor variousinputbeamparameters
andsettings.
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1 Introduction
The CERN layout for a neutrinofactory includesa cooling channelbasedon 44 and

88MHz cavities with integratedsuperconductingsolenoids[1].
In orderto prove the feasibility of sucha cooling channel,a cooling experimentis proposed
whichis asmallsubsetof the88MHz partof thefinal channel.Thefirst systemstudiedconsists
of a total of 8 cavities at 88 MHz providing an averageeffective gradientof 4 MV/m. For an
input kinetic energy of 200MeV, theenergy lost in a lengthof 94 cm of liquid hydrogen(LH)
absorbercanbereplacedby thesecavities andthebeamenergy at theendof thecooling cell
is thesameasat theentry. Thelayoutof thechannelis suchthatthereis anabsorberof 47 cm
lengthat the entry of the cooling section,followed by a string of 8 cavities with integrated
solenoids(total length7.2m) anda secondabsorberof 47 cm lengthat theexit of thecooling
section.Thesolenoidallatticeis continuedupstreamanddownstreamof thecoolingcell where
the input andoutputdiagnosticsare installed.In the presentmodel,both diagnosticsections
have a total lengthof 3 m which is not necessarilythe final designbut allows to includethe
coolingcell properlyinto a solenoidallattice.

Thesecondsystemstudiedconsistsof only4cavitiesof thesametype(lengthof theaccelerating
section3.6m).Thisset-upallowsonly for atotalof 47cmliquid hydrogen,againsplit up into a
23.5cm entryabsorberanda 23.5cm exit absorber. Thecoolingefficiency thendropsdown in
proportion.Also this coolingcell is matchedupstreamanddownstreamto diagnosticsections.
Figure1 showsschematicallybothsystemsstudied.
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Figure1: Set-upwith 8 cavities (uppersketch)and4 cavities (lowersketch).

2 Cavity and Solenoid Design
88 MHz cavities for theCERNcoolingchannelhave beendesigned[2] andtheelectric

field mapsobtainedusingSUPERFISH.They haveaboreradiusof 15cmandprovideanaver-
ageeffectivegradientof 4 MV/m for 2 MW peakpower. As thelengthof onecavity is 90 cm,
thiscorrespondsto anenergy gainof 3.6MeV percavity.
Superconductingsolenoidsareintegratedinto the88MHz cavities.They havebeendesigned[3]
usingROXIE8.1.Thesolenoiddesigntakesinto accountengineeringconstraints,suchasspace
requiredfor the cryogenicsystemand forcesbetweensolenoids.Both the casein which all
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solenoidshave thesamepolarity andthecaseof oppositepolarity (’field flip’) have beensim-
ulatedandthecorrespondingfield mapsgenerated.We will in this paperonly refer to thecase
whereall solenoidshave thesamepolarity. For this configuration,themaximumfield on axis
is 4.5 T stayingat 60% on the load line and6 T if going up to 80% on the load line. All the
differentcasesdiscussedhereusesettingsaround3 T, well below thequenchlimit.

3 Beam Dynamics of the Channel
A beamdynamicsstudyof theproposedset-upshasbeenperformed,basedon theengi-

neeringdesignof cavities andsolenoids.The 2D electricandmagneticfield mapshave been
includedin thetrackingcodePATH. Theinputbeamparametershavebeenchosencloseto those
in the88 MHz sectionof theCERNreferencecoolingchannel:� = 1 m, � =0, ������� =200MeV,� � = � 15MeV. Theinputbeamparametersareof coursefreeparametersandinputenergy and
emittancehavebeenvariedaswill beseenin thesubsequentsections.
For thereferenceopticsdiscussedhere,thesolenoidsin thecoolingcell aresetto 3 T andthe
cavity synchronousphaseto 0� . The transmissionis 100%andthe transverseemittanceat the
exit of thecoolingchannelis reducedby 3.7%.Figure2 shows thetransverseemittanceversus� for theset-upwith 8 cavities. Using thesameopticsandinput beamparameters,but only 4
cavities, the performancedropsdown roughly in proportionasexpected.Figure3 shows the
transverseemittanceversus� for thisset-up.Thereductionof thetransverseemittanceis in this
case(andfor this exampleopticsandinput beam)2%.
A moreappropriateway to analysetheresultsis to countthenumberof muonsthatarefound
insidea given acceptance.In our case,we have chosenthe acceptanceof the recirculatorin
theCERNreferencescheme,i.e. 15000� mm mrad(total, normalized)in bothtransverseand
0.1 eVs in the longitudinalplane� � . Within this volume,for the exampleshown in Fig. 2 the
numberof muonsis increasedby 9.1% andfor thecorrespondingcasewith 4 cavitiesby 3.5%.

4 Parameter Scan
In orderto determinetheresponseof bothsystemsto variousinputbeamparametersand

settings,parameterscanswerecarriedout.In particular, thebehaviour of thesystemfor various
input beamenergieswasstudied.The set-upwith 8 cavities wasrun with kinetic energiesof
230,200,170and140MeV. For eachcase,the input emittancewasvariedandthe emittance
at theexit of thechannelcomputed.This allows to determinetherangeof input emittancesfor
which thechannelis cooling.It alsoallows to find out theacceptanceof thechannelaswell as
theequilibriumemittancebelow which thechannelstartsheating.For thesamerangeof input
emittances,the transmissionaswell asthe cooling efficiency, definedasthe gain of particles
insideagiven6D acceptancein [%] wasobtained.Thesamestudywascarriedout for theset-up
with 4 cavities,but hereonly beamenergiesof 200and140MeV wereconsidered.

Wewill in thefollowing sectionspresenttheresultsfor thevariousbeamenergiesandsettings,
startingwith thechannelof 8 cavities.Figure4 showstheoutputemittancefor variousvaluesof
theinput emittance.For an input emittanceof about3500 � mm mrad(r.m.s,normalized),the
equilibrium emittanceis reached.For valuesbelow this threshold,the channelstartsheating.
For valuesbetween3500and6000 � mm mrad,the transmissionis 100%andthe channelis
cooling.For highervaluesof theinput emittance,theacceptanceof thechannelis reachedand
thetransmissionstartsto dropdown. Figure5 shows thetransmissionthroughthechannelfor
thecorrespondingrangeof inputr.m.s.emittance.Thecoolingefficiency, definedastheincrease
�! 

The choiceof this valueto analyzethe performanceof a possiblecooling experimentis somewhatarbitrary.
Onecouldverywell measuretheperformanceusinganother, possiblysmallervaluefor theacceptance.
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Figure2: Transverseemittance(r.m.s.,normalized)ascomputedby PATH alongthechannelfor
theset-upwith 8 cavities.Thesimulationwasdoneusing50000particles.Thequantityshown
is " #%$&#%' . It is flat in theentrydiagnosticsection,dropsdown in thefirst absorber, is thenagain
flat in theaccelerationsection,dropsdown in thesecondabsorberandis againflat in theexit
diagnosticsection.
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Figure3: Transverseemittance(r.m.s.,normalized)ascomputedby PATH alongthe channel
for theset-upwith 4 cavities.Thequantityshown is " #%$(#�' . Thebehaviour along � is thesame
as for the set-upwith 8 cavities, but the lengthand the cooling performancedropsdown in
proportion.
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of the numberof particlesinsidethe givenacceptance,is shown in Fig. 6. Dependingon the
inputbeamemittance,thecoolingefficiency goesupto 15%.Note,thatgoodcoolingefficiency
is still foundfor emittanceslarger thantheacceptanceof thechannel,i.e. for valuesfor which
thetransmissiondropsbelow 100%(compareFig. 5).

Wehavenow changedtheinputbeamenergy andwewill first lookatatcasewith ������� =140MeV.
Figures7, 8 and9 show outputversusinput emittance,transmissionandcoolingefficiency for
this case.The cooling efficiency is supposedto go up for lower beamenergies (however the
equilibriumemittanceis higher).In fact,it goesup to amaximumvalueof 19%.
Figure10, 11 and12 correspondto an input beamenergy of 170MeV. Also herethecooling
efficiency reachesamaximumvalueof 19%,comparableto thecaseat140MeV.
Figure13, 14 and15 correspondto an input beamenergy of 230MeV. Herethecooling effi-
ciency is worsewith amaximumvalueof about14%.
To summarizetheparameterscanfor thesystemwith 8 cavities,weconsideraninputemittance
of 5500mm mrad(r.m.s.,normalized),for which the transmissionis 100%.Thecooling effi-
ciency for this inputemittanceandthevariousinputbeamenergiesis summarizedin Tab. 1.The
dependenceof transmissionandequilibriumemittanceon theinitial beamenergy is negligible.
Themagneticfield in thecoolingcell hasavalueof 2.7T.

�)��� [MeV] coolingefficiency [%] solenoidfield [T]
230 7.5 2.7
200 10.0 2.7
170 11.5 2.7
140 12.5 2.7

Table 1: Comparisonof cooling efficiency for #%��� =5500 mm mrad (r.m.s.,normalized)and
variousinput beamenergies.
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Figure4: Outputemittanceversusinputemittance(r.m.s.,normalized)for aninputbeamenergy
of 200MeV. The dashedline means# �+*(,.- #%��� . It canbe seenthat thechannelis cooling for
a wide rangeof input emittances.At about6000mm mrad,the acceptanceof the channelis
reached.At about3500mm mrad,theequilibriumemittanceis reached.
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Figure5: Transmissionversusinputemittance(r.m.s.,normalized)for aninputbeamenergy of
200MeV. Theacceptanceis reachedat about6000mmmrad.

5



-10

-5

0

5

10

15

20

1500 2500 3500 4500 5500 6500 7500 8500 9500

input emittance [mm mrad]

co
o

lin
g

 p
er

fo
rm

an
ce

 [
%

] 
in

 6
D

Ei=200 MeV

Figure6: Coolingefficiency versusinput emittance(r.m.s.,normalized)for an input beamen-
ergy of 200MeV. Thecoolingefficiency goesupto 15%andstaysat thisvalueevenbeyondthe
acceptanceof thechannel.Note,that in this definitionheatingsetson at #%���0/21434343 mm mrad
while Fig. 4 shows anequilibriumemittanceof about3500mm mrad.This is dueto theeffect
that for a very small beamsize the cut is closeto the beamsizewhich influencesthe result.
Applying asmallercut resultsin apositivecoolingefficiency.
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Figure7: Outputemittanceversusinputemittance(r.m.s.,normalized)for aninputbeamenergy
of 140MeV.
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Figure8: Transmissionversusinputemittance(r.m.s.,normalized)for aninputbeamenergy of
140MeV.
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Figure9: Coolingefficiency versusinput emittance(r.m.s.,normalized)for an input beamen-
ergy of 140MeV. Thecoolingefficiency goesup to 19%.
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Figure10: Outputemittanceversusinput emittance(r.m.s.,normalized)for an input beamen-
ergy of 170MeV.
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Figure11: Transmissionversusinput emittance(r.m.s.,normalized)for an input beamenergy
of 170MeV.
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Figure 12: Cooling efficiency versusinput emittance(r.m.s.,normalized)for an input beam
energy of 170MeV. Thecoolingefficiency goesup to a maximumof 19%,comparableto the
caseof 140MeV.
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Figure13: Outputemittanceversusinput emittance(r.m.s.,normalized)for an input beamen-
ergy of 230MeV.
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Figure14: Transmissionversusinput emittance(r.m.s.,normalized)for an input beamenergy
of 230MeV.
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Figure 15: Cooling efficiency versusinput emittance(r.m.s.,normalized)for an input beam
energy of 230MeV. Thecoolingefficiency is around14%andhenceslightly worsethanfor the
casewith 200MeV.
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We will now considerthechannelwith only 4 cavities.A priori, thecoolingefficiency is
worsethanfor 8 cavities andit will becomeevenworseat higherinput energy than200MeV.
Therefore,the two caseswith the nominal input energy of 200 MeV andwith a significantly
lower input energy of 140 MeV have beenstudied.Figures16-18 show output versusinput
emittance,transmissionand cooling efficiency for a rangeof input emittancesand an input
beamenergy of 200MeV. Theacceptanceof thechannelis thesameasfor thecasewith 8 cav-
ities.Thecoolingefficiency dropswith respectto thecaseof 8 cavities.Themaximumvalueis
about10%.
Figures19-21show thecorrespondingplots for an input beamenergy of 140MeV. As canbe
seenfrom Fig21,thecoolingefficiency improvesslightly with respectto thecaseat 200MeV.
The maximumvalueis still around10%.The performanceof a systemwith 8 cavities is not
reached.
To summarizethecooling performancefor a systemof 4 cavities, we consideran input emit-
tanceof 5000mm mrad,for which the transmissionis 100%.For this input emittanceandthe
two inputenergiesconsidered,thecoolingefficiency is summarizedin Tab. 2.Thesolenoidfield
in thecoolingcell hasvaluesof 2.7T (200MeV) and2.5T (140MeV). For aninput energy of
140MeV thecoolingperformanceis hencebetterandlowersolenoidfieldsarerequired.

�)��� [MeV] coolingefficiency [%] solenoidfield [T]
200 4.5 2.7
140 6.5 2.5

Table 2: Comparisonof cooling efficiency for #%��� =5000 mm mrad (r.m.s.,normalized)and
variousinput beamenergies.
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Figure16: Outputemittanceversusinput emittance(r.m.s.,normalized)for a systemwith 4
cavities andaninputbeamenergy of 200MeV.
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Figure17: Transmissionversusinput emittance(r.m.s.,normalized)for a systemof 4 cavities
andaninput beamenergy of 200MeV. Theacceptanceof thechannelis comparableto theone
of thechannelwith 8 cavities.
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Figure 18: Cooling efficiency versusinput emittance(r.m.s.,normalized)for a systemof 4
cavities andaninput beamenergy of 200MeV. Thecoolingefficiency is obviously worsethan
for thecasewith 8 cavities.
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Figure19: Outputemittanceversusinput emittance(r.m.s.,normalized)for a systemof 4 cavi-
tiesandaninputbeamenergy of 140MeV.
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Figure20: Transmissionversusinput emittance(r.m.s.,normalized)for a systemof 4 cavities
andaninput beamenergy of 140MeV.
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Figure21:Coolingefficiency versusinputemittance(r.m.s.,normalized)for asystemof 4 cav-
itiesandaninputbeamenergy of 140MeV. Thereis aslight improvementin coolingefficiency
by going to lower beamenergy but the performanceof a systemwith 8 cavities cannotbe
reached.Note,thattheresultsaresubjectto fluctuations(statisticalprocessesin theabsorbers)
whichcanexplain thebumparound7500mm mrad.
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5 Conclusion
Two possibleoptionsfor acoolingexperimentbasedon88MHz cavitieshavebeenstud-

ied. Both set-upsaresubsetsof the 88 MHz part of the muoncooling channelin the CERN
referencescenariofor aneutrinofactory. Thefirst systemstudieduses8 cavities andtwo liquid
hydrogenabsorbersof 47 cm lengtheach,thesecondcasestudiedusesonly 4 cavities andtwo
liquid hydrogenabsorbersof 23.5cm lengtheach.For eachof thesesystems,thecoolingeffi-
ciency hasbeenexploredfor a rangeof input beamenergiesandinput beamemittance.It has
beenshown that,dependingon thebeamenergy, a systemwith 8 cavities canreacha cooling
efficienciesbetween14 and19%.For a channelwhich usesonly 4 cavities, the performance
dropsroughlydown in proportion.
The studyshows that a cooling experimentbasedon 88 MHz cavities canprovide the emit-
tancereductionrequiredto do a single-particlemeasurementof thephasespacedistribution as
proposedby [4].
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