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Abstract

We report on beamdynamicsstudiesconcerningthe
EMMA electronmodelof a muonnon-scalingFFAG for
theNeutrinoFactory.

INTRODUCTION

EMMA (ElectronModel of a Muon Accelerator)[1] is
a designof a 10 to 20 MeV electronmodel of the lin-
ear“�x ed�eld alternatinggradient”accelerators(FFAG in
the following) proposedfor theaccelerationto 20 GeV of
muonsin theneutrinofactory(NuFact)[2].

EMMA is supposedto accelerateanelectronbunchwith
largetransversesize(several100¼mm.mradrange,norm.)
andlarge longitudinalemittance,basedon a stronglynon-
linearout of bucket dynamicsmethod(detailsaregivenin
the following), with non-negligible couplingto transverse
motion at large amplitude. From the point of vue of de-
sign studiesand optimization, this raisesthe questionof
correctbeamdynamicssimulationsin presenceof thenon-
linearitiesthat affect particlemotion : fringe �elds, mul-
tipolar defectsin the lattice combinedfunction (dipole +
quadrupole)magnets,largeamplitudemotion.

For thesereasons,weresortto stepwiseray-tracing.The
goalsof thepresentworkare,toshow theoutcomesonecan
expectfrom ray-tracingmeans,to give preliminaryresults
concerninglargebunchdynamicsin EMMA, andto estab-
lish basisdataandproceduresfor possiblefurther studies
concerning�eld andalignmentdefects.In that,thepresent
studyis not very differentfrom earlieronesbasedon ma-
trix or otherdrift-kick methods[1, 2], with the advantage
that it is basedon realisticmagnetic�eld models,aswell
ason accuratelarge amplitudetracking,yielding reliable
knowledgeof dynamicapertures.

FIELDS AND CELL PARAMETERS

EMMA lattice is basedon a unique type of cell, a
quadrupoledoubletwith two straightsections,one short
andonelong for, in particular, allowing spacefor RF cavi-
ties(Fig.1). This latticehasbeensubjectto extensivestud-
ies andpublications[1, 3]. The setof parametersconsid-
eredaresummarizedin Tab. 1.

Thefocusing(F) anddefocusing(D) quadrupolesin the
doubletcell arepositionedradially so to ensurethe bend-
ing - andorbit closure- at all energy, they actascombined
function dipoles,with alternatingbendsign over mostof
theenergy span.Thelongitudinalphaseslip is minimized,
akey criterionfor ef�cient useof �x edfrequency RF. This
correlatesto optimizationof the dispersionfunction,with
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Figure1: Closedorbits from 10 to 20 MeV (inner to outertra-
jectories)in apairof FD cells.RFcavitiesarelocatedin thelong
straight.

Table1: Cell parameters.Bendsaretreatedasstraightmultipoles
with dipolecomponentandgradient,radiallydisplaced.

Optical Length Dipole Gradient
element component

(m) (T) (T/m)
BF 0.06 -0.050721 7.4286
BD 0.07 0.074852 -4.6195
shortdrift 0.04
longdrift 0.2

thebene�cialeffectof reducedoverall transverseexcursion
during acceleration(which determinesthe horizontalop-
tical aperture).Fig. 2 shows the correspondingevolution
of magnetic�eld shapeacrossthe cell dependingon en-
ergy. Closedorbit dependenceon energy, a speci�c prop-
ertyof FFAGs,showsageneralbehavior of outwardspiral-
ing from injectionto topenergy (Fig. 1).

The focusing strengthdecreaseswith energy (natural
chromaticity- sextupolesareavoidedso to preserve large
dynamicaperture),with behavior asshown in Fig. 3. the
largestcell tunes,correspondingto lowestenergy, aretaken
below the half integer, whereasthe high energy tunesare
keptreasonablyhigh.

The cell geometryalso ensures,in the presentoptics,
the working hypothesisof identical time of �ight (TOF)
at both injection and extraction energies ; on the other
handit resultsfrom thelongitudinaldynamicthattheover-
all TOF behavior is almostquadraticin momentumdiffer-
ence± ´ ±p=p (and but weak higher order dependence
in ±), seeFig. 3, which alsocomparesthe linear parame-
tersin presenceof, or without fringe �elds. Thechangein
vertical tunedueto non-zerofringe �eld extent, is weak,
andhowever canberecoveredfrom matrixmethodsby us-
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Figure2: Field on closedorbits alongthe cell, at variousener-
gies,in thesharp-edge(left) or fringe �eld (right) magnetmodel.
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Figure3: Left : Cell tunesasa functionof energy. Right : (T ¡
TR ef )=TR ef asa functionof energy.

ing appropriateextent parameter(f ) in the focusingterm
(z0=z) = ¡ tan(w)=½+ f =(6½2 cos(w)) (w = wedgean-
gle,½= curvatureradius).

STABILITY LIMITS

Fig. 4 shows the limit horizontalphasespacetrajecto-
riesat variousenergies,in caseof purehorizontalmotion,
or including quasi-zeroz motion, with or without fringe
�elds. Thepresenceof arbitrarily smallz motionsubstan-
tially decreasestheDA. Thepresenceof fringe �elds with
4-D motion tendsto increasethe DA, in caseof coupled
motion ; examinationof tunesvs. amplitudeshows that
thiseffectcouldbecorrelatedto adifferentbehavior of the
amplitudedetuning.

Thefactthattheinvariantsshown in Fig. 4 arevery thin
givescon�dencein thesymplecticbehavior of theintegra-
tion. In particular, anincreaseof initial particlepositionby
abouta % in the vicinity of the invariantsshown, results
in theparticlebeingkickedoff (lost),withoutshowing any
fuzzybehavior.

LONGITUDIN AL MOTION

Serpentine

Fig.5-(top,left) showsaccelerationof aninitially ellipti-
cal ring, for zerotransverseemittance.Theellipsecontour
is positionedin phaseat start (closeto ¼) so as to accel-
eratefrom 10 to 20 MeV. Fig. 5-(top, left) shows the �nal
shapeof thebunchcontour, dependingon the initial value
of theellipseorientationparameter, ®, a possiblevariable
in attemptsto optimizethetransmission.
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Figure4: 2-D motion(x; x0), stabilitylimits for 2000cell passes,
with about5%precisionin x, at10,12,14,15,16,18and20MeV
(from inner to outer invarianton left graph),andcorresponding
cell tunesat stability limits (resonancelines up to 5th orderare
represented).From top to bottom: (i) purehorizontalmotion,
no fringe �elds, (ii) in presenceof verysmallz motion,no fringe
�elds, (iii) correspondingtunes,(iv) in presenceof very small z
motion,fringe �elds set,(v) correspondingtunes.




