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Abstract

In thepion decaychannelof a neutrino factory theparticlesaretransportedin a solenoidal
magnetic field, a 1.8T constantfield in theCERNreferencescenario. Increasing thefield
strength decreasesthetransverseemittanceof thedecaymuons.To definea lower limit on
the achievable � emittance, the referencescenario is compared with a study casewhere
pionsdecay in a field of 20 T. This simulation shows that in any realistic scenario the �
emittancewill only be reducedby lessthan21� in eachtransverseplane ascompared to
thereferencescenario,andat theexpenseof anincreasein longitudinal emittance.
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1 Introduction and the Reference Scenario
In the CERN referencescenariofor a neutrinofactory[3, 4] intensebeamsof electron

andmuonneutrinosareproducedby high energy muons decayingin thelong straightsections
of a muondecayring. Thosemuonsin turn aredecayproductsof pionswhich areproduced
by a 4 MW beamof protonson a liquid mercurytarget.For pion capture,thetarget is inserted
eitherin amagnetichornor a20T solenoid. This is followedby thelong(30m) decaychannel.

Thepionproductionin thetarget,whichservesasinputdistributionfor thisdecaychannel
study, wassimulatedwith thecomputercodeMARS [1] for ����� protonsat 2.2GeV hitting the
targetinstantaneously. Thetargetis 26cmlong,hasaradiusof 0.75cmandis tilted by 50mrad
with respectto themagneticaxisof a 20 T solenoid.Theboreradiusof thesolenoidis 7.5cm
andhencepionswith a transversemomentum, �	� , of lessthanabout250MeV/c arecaptured.
In thesimulation, 
�

��������������� and ����������������� areproducedin the forwarddirection.Of
those� �!���"�#�����$��� and �
�%�&�#�����'��� fall into thelongitudinalmomentumrangeof 180MeV/c( �*) ( 450MeV/c. The20 T field is taperedto 1.8T over a distanceof 2.02meteraccording
to +,).-0/2143 5!67 �*8�9 ) at :;3<� , where =>3<� m ? 7 . Thefollowing 31 m decaychannelhasa radius
of 30 cm anda constantfield of 1.8 T. The computercodeICOOL [2] wasusedto track the
pionsandmuonsfrom theendof the target to theendof thedecaychannel.Muon decaywas
switchedoff in thesesimulations.

2 Emittance Increase during the Decay Section and the Study Case
When pions decayto muonsthe transverseand longitudinal emittanceincreases.The

amountof transverseemittanceincreasedependson thefocusingof thechannel.Theeffect of
theadditional divergencedueto decayon thetransverseemittanceis smallerfor biggerinitial
divergenceof the pionsand thereforehigher +�) . The aim of this simulation is to definethe
achievableminimumtransversemuonemittance.Thereareanumberof otherinfluencesonthe
emittance.During a drift (or propagation in a constantlongitudinal B-field) the longitudinal
rmsemittanceincreasesdueto weakrelativistic effects.Thelongitudinal emittanceof a highly
divergentrelativistic beamincreasesduring drift (or propagation)becauseof the dependence
of @ , the relativistic gammafactor, on the transversevelocity, A�� . The taperedsolenoidtrans-
forms transversemomentum into longitudinal momentum, ideally without increasingthe 6D
emittance.

To quantify the correlationbetweenthe muon emittanceand the B-field in the decay
channel,anextremescenariois chosenfor comparisonwith thereferencescenario.Thepions
decayin a long 20 T solenoidfield, andtaperingof the field from 20 to 1.8 T takesplace30
m after the target, ratherthan in the first 2 m. All realisticdecaychanneldesignswill have
a lower magneticfield, hencethis channeldefinesa lower limit for the achievabletransverse
muonemittance.

3 Results and Discussion
Thetransverseandlongitudinalphasespaceof muonsat theendof thedecaychannelis

shown in figure1.Ontheleft is thereferencescenarioandthe20T decaychannelisontheright.
Transversallyanacceptanceof 2.27 � cmrad(unnormalized)is indicated.It correspondsto 6 �
cmradnormalizedwhich is 4 timestheacceptanceof therecirculatingacceleratordownstream.
(TheCERNreferencescenarioforeseesareductionof BC� by afactorof 4 in bothplanes,[5, 6].)
Longitudinally, muonswith a �D) in the rangeof 175 to 390 MeV/c areshown. Indicatedis a
cut on a time interval of 11.4ns,half anRF periodof 44 MHz (correspondingto theRF of the
phaserotationandfirst muoncoolingsection[5, 6]).
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Figure1: Transverseandlongitudinalphasespaceof muonsafterpiondecayin afield of 1.8T
(left) and20T (right).

Table1 summarizesthenormalizedrmsemittancesof pionswith 180MeV/c ( �E) ( 450
MeV/c, 10 cm after the targetandof thedecaymuonsfrom thesepions33 m after the target.
Thetransversermsemittanceincreasedueto decayis 40.5F in the1.8T caseand11.1F in the
20 T casein bothplanes.The longitudinal rmsemittanceis 4.8 timesbiggerin the20 T case
thanin thereferencescenario.

Thenumberof muons33 m after the targetwithin the transverseacceptanceof 6 � cm
rad,in therangeof 175MeV/c ( �G) ( 390MeV/c anda time interval of 11.4nsis 
*��HI�������
for adecaychannelat 1.8T and J!��K;�L����� for adecaychannelat 20T.B [ � cm rad] BNM BPO BRQ BNM"S�BNO&S BRQ� (10cm aftertarget) 1.74 1.69 1.3 3.8� (decayedat 1.8T) 2.38 2.44 49.4 287� (decayedat 20T) 1.91 1.90 237 860

Table1: Summaryof normalizedrmsemittances.Pionsareat10cmafterthetargetandmuons
at theendof thedecaychannel(33 m after thetarget).Both channelshave thesametransmis-
sion.

The differencein longitudinal phasespacein the two scenariosmainly originatesfrom
thetravel time difference,TVU , over thesamedistancebetweentwo pionswith thesame��) and
a �
� of zeroandmaximum transversemomentum, �G�!W XZY[M , respectively:

TVU\3]U�^ _a`�b*c\S de �gf �*h�!W XZYNMi h ^ _j`�b*clk �nmoqp (1)

WhereU�^ _a`�b*c and
i ^ _a`�b*c aretheflight timeandenergy of apionwith �r�s3t� , and�
��W XuY[M

is a functionof theB-field. In theapproximation of adiabaticB-field changes,theinvarianceof
theactionintegral leadsto + /� h� = const.The geometryat the target gives �r�!W XZY[M�vxwzy {g|�}�~&�
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Figure2: Relative travel time differenceover a distanceof 30 m betweenpionsof thesame��)
asa functionof B.

���!�xK�S�� +")�v��4~ . Figure2 shows TVUP|.U�^ _a`�b*c asa functionof +") for pionswith a �G) of 200MeV/c
in thisapproximation.Thefunctionis nearlylinearin therangeof 0 T ( +V) ( 20T andreaches
43F at 20T.

4 Conclusions
Rmsemittancesandthenumberof muonsin agivenacceptance(longitudinalacceptance

of the first cooling sectionand 4 times the transverseacceptanceof the recirculatinglinac)
havebeencomparedfor thereferencecoolingchannelandanextremescenario.HigherB-fields
decreasethetransverseandincreasethelongitudinalemittance.In any realisticscenario(with a
B-field lessthan20T) thetransverseemittancewill bedecreasedby lessthan21F in eachplane
ascomparedto thereferencescenario.Thefinal choiceof +�) will dependon theperformance
andacceptanceof the following elementsfor coolingandacceleration. Thenumberof muons
in a given acceptanceis higherfor thelowervalueof +�) , but furthersimulationsarenecessary
to determinethepositionof themaximum.

References
[1] S. Gilardoni, Review andcomparisonof solenoidandhorn capturescheme,to be pub-

lished.
[2] R.C. Fernow, ICOOL: A simulation codefor ionization cooling of muonbeams,Proc.

1999ParticleAcceleratorConference,New York (1999).
[3] H. Haserothfor theCERNNeutrinoFactoryWorking Group,CERNIdeasandPlansfor

aNeutrinoFactory, submittedto NIMPR-A, CERN/PS2000-064(PP).
[4] R. Garobyfor the Neutrino Factory Working Group,CurrentActivities for a Neutrino

Factoryat CERN,HEACC’2001,CERN/PS2001-007(RF).
[5] G. Franchettiet al., PhaseRotation,CoolingandAccelerationof Muon Beams:a Com-

parisonof differentApproaches,submittedto NIMPR-A, CERN/PS2000-054.
[6] A. Lombardi,A 40-80MHz Systemfor PhaseRotationandCooling,CERN-NUFACT

note34(2000).

3


