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Abstract

This notepresenta beamdynamicsanalysisof a possiblemuoncoolingexperimentbased
on 88 MHz cavities. The proposedset-upis a subsectiorof the cooling channelin the
CERNreferenceschemefor a neutrinofactory We presentwo differentset-upsusing8
and4 cavities. For eachof theseset-upswve have carriedout a beamdynamicsstudybased
on engineeringlesigndor the cavities andsolenoidsThe studyincludesa parametescan
whichallowsto evaluatethe performancef the systemdor variousinputbeamparameters
andsettings.
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1 Introduction

The CERN layout for a neutrinofactory includesa cooling channelbasedon 44 and
88 MHz cavities with integratedsuperconductingsolenoidq1].
In orderto prove the feasibility of sucha cooling channel,a cooling experimentis proposed
whichis asmallsubsebf the88 MHz partof thefinal channelThefirst systenstudiedconsists
of a total of 8 cavities at 88 MHz providing an averageeffective gradientof 4 MV/m. For an
inputkinetic enegy of 200 MeV, theenegy lostin alengthof 94 cm of liquid hydrogen(LH)
absorbercanbereplacedby thesecavities andthe beamenegy at the end of the cooling cell
is the sameasat the entry. Thelayoutof the channels suchthatthereis anabsorbenf 47 cm
length at the entry of the cooling section,followed by a string of 8 cavities with integrated
solenoidgtotal length7.2 m) anda secondabsorbeiof 47 cm lengthat the exit of the cooling
section.The solenoidalatticeis continuedupstreamanddownstreanof the coolingcell where
the input and outputdiagnosticsare installed.In the presentmodel, both diagnosticsections
have a total length of 3 m which is not necessarilythe final designbut allows to includethe
coolingcell properlyinto a solenoidalattice.

Thesecondystenstudiedconsistof only 4 cavities of thesametype(lengthof theaccelerating
section3.6 m). This set-upallows only for atotal of 47 cmliquid hydrogenagainsplitupinto a
23.5cmentryabsorbeanda 23.5cm exit absorberThe cooling efficiency thendropsdown in
proportion.Also this cooling cell is matchedupstreamanddownstreanto diagnosticsections.
Figurel shavs schematicallyboth systemsstudied.
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Figurel: Set-upwith 8 cavities (uppersketch)and4 cavities (lower sketch).

2 Cavity and Solenoid Design

88 MHz cavities for the CERN cooling channelhave beendesigned?2] andthe electric
field mapsobtainedusingSUPERFISHThey have aboreradiusof 15cmandprovide anaver-
ageeffective gradientof 4 MV/m for 2 MW peakpower. As thelengthof onecavity is 90cm,
this correspondso anenegy gainof 3.6 MeV percavity.
Superconductingsolenoidsareintegratednto the88 MHz cavities. They have beendesigned3]
usingROXIES8.1. Thesolenoiddesigntakesinto accounengineeringonstraintssuchasspace
requiredfor the cryogenicsystemand forcesbetweensolenoids.Both the casein which all
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solenoidshave the samepolarity andthe caseof oppositepolarity (‘field flip’) have beensim-
ulatedandthe correspondindield mapsgeneratedWe will in this paperonly referto the case
whereall solenoidshave the samepolarity. For this configurationthe maximumfield 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
differentcasediscussedhereusesettingsaround3 T, well below the quenchimit.

3 Beam Dynamics of the Channel

A beamdynamicsstudyof the proposedset-upshasbeenperformed basedon the engi-
neeringdesignof cavities and solenoids.The 2D electricand magneticfield mapshave been
includedin thetrackingcodePATH. Theinputbeamparameterbave beenchosercloseto those
in the 88 MHz sectionof the CERN referencecoolingchannel:3= 1 m, a=0, F;;,=200MeV,
AE=+ 15MeV. Theinputbeamparameterareof coursefree parameterandinputenegy and
emittancehave beenvariedaswill beseenn thesubsequergections.
For thereferenceopticsdiscussedere,the solenoidsn the cooling cell aresetto 3 T andthe
cavity synchronougphaseto 0°. Thetransmissions 100%andthe trans\erseemittanceat the
exit of the coolingchanneis reducedoy 3.7%.Figure2 showvs thetrans\erseemittanceversus
z for the set-upwith 8 cavities. Using the sameopticsandinput beamparametershut only 4
cavities, the performancedropsdown roughly in proportionas expected.Figure 3 shows the
trans\erseemittanceversus: for this set-up.Thereductionof thetranswerseemittances in this
case(andfor this exampleopticsandinput beam)2%.
A moreappropriatevay to analysethe resultsis to countthe numberof muonsthatarefound
inside a given acceptanceln our case,we have chosenthe acceptancef the recirculatorin
the CERNreferenceschemej.e. 150007 mm mrad (total, normalized)in bothtrans\erseand
0.1 eVsin the longitudinal plané’. Within this volume, for the exampleshawvn in Fig. 2 the
numberof muonsis increasedy 9.1 % andfor thecorrespondingasewith 4 cavities by 3.5%.

4 Parameter Scan

In orderto determingtheresponsef bothsystemgo variousinputbeamparametersnd
settingsparametescansverecarriedout. In particular thebehaiour of thesystenfor various
input beamenepgies was studied.The set-upwith 8 cavities wasrun with kinetic enegies of
230,200,170and 140 MeV. For eachcase the input emittancewasvariedandthe emittance
attheexit of the channelcomputedThis allows to determinethe rangeof input emittancegor
which the channels cooling.It alsoallows to find out theacceptancef thechannelaswell as
the equilibrium emittancebelov which the channelstartsheating.For the samerangeof input
emittancesthe transmissioraswell asthe cooling efficiengy, definedasthe gain of particles
insideagiven6D acceptancen [%] wasobtained Thesamestudywascarriedoutfor theset-up
with 4 cavities, but hereonly beamenegiesof 200and140MeV wereconsidered.

We will in thefollowing sectiongpresentheresultsfor thevariousbeamenegiesandsettings,
startingwith thechannebf 8 cavities. Figure4 shavstheoutputemittanceor variousvaluesof
theinput emittance For aninput emittanceof about35007 mm mrad(r.m.s,normalized)the
equilibrium emittanceis reachedFor valuesbelow this threshold,the channelstartsheating.
For valuesbetween3500and 6000 mm mrad, the transmissionis 100% andthe channelis
cooling.For highervaluesof the input emittancethe acceptancef the channeis reachecand
the transmissiorstartsto drop down. Figure5 shows the transmissiorthroughthe channelffor
thecorrespondingangeof inputr.m.s.emittanceThecoolingefficiency, definedastheincrease

1) The choiceof this valueto analyzethe performanceof a possiblecooling experimentis somavhatarbitrary
Onecouldverywell measureghe performanceisinganotheypossiblysmallervaluefor theacceptance.
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Figure2: Trans\erseemittancer.m.s.,normalized)ascomputedy PATH alongthechannefor
the set-upwith 8 cavities. The simulationwasdoneusing50000patrticles.The quantityshavn
is \/E.€,. It is flatin theentrydiagnosticsectiondropsdown in thefirst absorberis thenagain
flat in the acceleratiorsection,dropsdown in the secondabsorberndis againflat in the exit
diagnosticsection.
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Figure 3: Trans\erseemittance(r.m.s.,normalized)as computedby PATH alongthe channel
for the set-upwith 4 cavities. Thequantityshavn is | /2.¢,. Thebehaiour alongz is thesame
asfor the set-upwith 8 cavities, but the length and the cooling performancedropsdown in
proportion.



of the numberof particlesinsidethe given acceptances shown in Fig. 6. Dependingon the
inputbeamemittancethecoolingefficiency goesupto 15%.Note,thatgoodcoolingefficiency
is still foundfor emittancesargerthanthe acceptancef the channelj.e. for valuesfor which
thetransmissiordropsbelov 100%(compareFig. 5).

We have now changedheinputbeamenegy andwewill firstlook atatcasewith £j;,=140MeV.
Figures7, 8 and9 show outputversusinput emittancetransmissiorandcooling efficiencgy for
this case.The cooling efficiency is supposedo go up for lower beamenegies (however the
equilibriumemittances higher).In fact,it goesup to amaximumvalueof 19%.

Figure10, 11 and 12 correspondo aninput beamenegy of 170 MeV. Also herethe cooling
efficiengy reachesa maximumvalueof 19%,comparabldo the caseat 140 MeV.

Figure 13, 14 and 15 correspondo an input beamenegy of 230 MeV. Herethe cooling effi-
cieng is worsewith amaximumvalueof about14%.

To summarizeéheparametescanfor thesystemwith 8 cavities, we considemaninputemittance
of 5500mm mrad (r.m.s.,normalized) for which the transmissioris 100%. The cooling effi-
ciengy for thisinputemittanceandthevariousinputbeamenepiesis summarizedn Tah 1. The
dependencef transmissiorandequilibriumemittanceon theinitial beamenengy is negligible.
Themagnetidield in the coolingcell hasavalueof 2.7 T.

E;, [MeV] | coolingefficiengy [%] | 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 beamenenpies.
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Figure4: Outputemittanceversusnputemittancegr.m.s.,normalized¥or aninputbeamenegy
of 200 MeV. The dashedine means:,,; = ¢;,. It canbe seenthatthe channelis cooling for
a wide rangeof input emittancesAt about6000 mm mrad,the acceptancef the channelis
reachedAt about3500mm mrad,the equilibriumemittancas reached.
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Figure5: Transmissiorversusnputemittancegr.m.s.,normalized)or aninput beamenegy of
200MeV. Theacceptances reachedat about6000mm mrad.



Figure6: Cooling efficiengy versusinput emittance(r.m.s.,normalized)for aninput beamen-
ergy of 200MeV. Thecoolingefficiency goesupto 15%andstaysatthis valueevenbeyondthe
acceptancef the channel Note,thatin this definition heatingsetson at ¢;,, ~ 4000mm mrad
while Fig. 4 shavs anequilibriumemittanceof about3500mm mrad. This is dueto the effect
thatfor a very small beamsize the cut is closeto the beamsize which influencesthe result.
Applying asmallercut resultsin a positive cooling efficiency.
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Figure7: Outputemittanceversusnputemittancegr.m.s.,normalized¥or aninputbeamenegy

of 140MeV.
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Figure8: Transmissiorversusnputemittancgr.m.s.,normalized)or aninputbeamenegy of
140MeV.
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Figure9: Cooling efficiengy versusinput emittance(r.m.s.,normalized)for aninput beamen-
ergy of 140MeV. Thecoolingefficiengy goesup to 19%.
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Figure 10: Outputemittanceversusinput emittance(r.m.s.,normalized)for aninput beamen-
ergy of 170MeV.
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Figure11: Transmissiorversusinput emittance(r.m.s.,normalized)for aninput beamenegy
of 170MeV.
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Figure 12: Cooling efficiengy versusinput emittance(r.m.s.,normalized)for an input beam
enegy of 170 MeV. The cooling efficiency goesup to a maximumof 19%, comparableo the
caseof 140MeV.
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Figure 13: Outputemittanceversusinput emittance(r.m.s.,normalized)for aninput beamen-
ergy of 230MeV.
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Figure 14: Transmissiorversusinput emittance(r.m.s.,normalized)for aninput beamenepgy
of 230MeV.
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Figure 15: Cooling efficiengy versusinput emittance(r.m.s., normalized)for an input beam

enegy of 230MeV. Thecoolingefficieng is aroundl4%andhenceslightly worsethanfor the
casewith 200MeV.
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We will now considerthe channelwith only 4 cavities. A priori, the coolingefficiencgy is
worsethanfor 8 cavities andit will becomeavenworseat higherinput enegy than200 MeV.
Therefore the two caseswith the nominalinput enegy of 200 MeV andwith a significantly
lower input enegy of 140 MeV have beenstudied.Figures16-18 shav outputversusinput
emittance transmissiorand cooling efficiency for a rangeof input emittancesand an input
beamenegy of 200MeV. Theacceptancef thechannels the sameasfor the casewith 8 cav-
ities. The coolingefficiency dropswith respecto the caseof 8 cavities. The maximumvalueis
about10%.

Figures19-21shaw the correspondinglots for aninput beamenegy of 140 MeV. As canbe
seenfrom Fig21,the cooling efficiency improvesslightly with respecto the caseat 200 MeV.
The maximumvalueis still around10%. The performanceof a systemwith 8 cavities is not
reached.

To summarizethe cooling performancdor a systemof 4 cavities, we consideran input emit-
tanceof 5000mm mrad,for which the transmissions 100%.For this input emittanceandthe
two inputenepiesconsideredthecoolingefficiengy is summarizedn Tah 2. Thesolenoidfield
in thecoolingcell hasvaluesof 2.7T (200MeV) and2.5T (140MeV). For aninputenegy of
140MeV thecoolingperformances hencebetterandlower solenoidfieldsarerequired.

E;, [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
variousinputbeamenenpies.
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Figure 16: Output emittanceversusinput emittance(r.m.s.,normalized)for a systemwith 4
cavities andaninputbeamenegy of 200MeV.
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Figure17: Transmissiorversusinput emittance(r.m.s.,normalized)for a systemof 4 cavities
andaninput beamenepgy of 200MeV. Theacceptancef the channels comparableéo 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 beamenegy of 200 MeV. The cooling efficiency is obviously worsethan
for thecasewith 8 cavities.
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Figure19: Outputemittanceversusinput emittance(r.m.s.,normalized)or a systemof 4 cavi-
tiesandaninputbeamenegy of 140MeV.
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Figure20: Transmissiorversusinput emittance(r.m.s.,normalized)for a systemof 4 cavities
andaninput beamenepgy of 140MeV.

13



N
o

Ei=140 MeV

[any
[&)]

)
\

O
o1

cooling performance in 6D [%]
(&)

00 I?O/ 5500 7500 9500

input emittance [mm mrad]

N

-10

Figure21: Coolingefficiengy versusnputemittancer.m.s.,normalized)or a systemof 4 cav-
itiesandaninputbeamenepgy of 140MeV. Thereis aslightimprovementin coolingefficiency
by going to lower beamenegy but the performanceof a systemwith 8 cavities cannotbe
reachedNote, thatthe resultsaresubjectto fluctuations(statisticalprocesses the absorbers)
which canexplain the bumparound7500mm mrad.
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5 Conclusion

Two possibleoptionsfor acoolingexperimentbasedn 88 MHz cavities have beenstud-
ied. Both set-upsare subsetf the 88 MHz part of the muoncooling channelin the CERN
referencescenaridor a neutrinofactory Thefirst systemstudieduses8 cavities andtwo liquid
hydrogenabsorberef 47 cm lengtheach the secondcasestudiedusesonly 4 cavities andtwo
liquid hydrogenabsorber®f 23.5cm lengtheach.For eachof thesesystemsthe cooling effi-
ciengy hasbeenexploredfor a rangeof input beamenepgiesandinput beamemittancelt has
beenshown that, dependingon the beamenepy, a systemwith 8 cavities canreacha cooling
efficienciesbetweenl4 and 19%. For a channelwhich usesonly 4 cavities, the performance
dropsroughlydown in proportion.
The study shaws that a cooling experimentbasedon 88 MHz cavities can provide the emit-
tancereductionrequiredto do a single-particleneasurementf the phasespacedistribution as
proposedy [4].
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