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Abstract:Dynamicaperture(DA)isplayingamoreandmoreimportantroleincircularaccelera灢
tors,especiallyinthemodernstoragerings.Inthispaper,theDAofCSReisanalyzedbyMAD
program.ComparingtheDAundervariousassumptions,wefindthatthemultipoleerrorsindi灢
polesorquadrupoles,andthesextupoleswhichbringstrongnon灢linearities,andlimittheDAof
CSRe.Fortunately,theDAislargerthanthephysicalapertureinallthecases,andthatislarge
enoughtosatisfythehighprecisionphysicalexperimentalrequest.
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1暋Introduction
暋暋Inordertosatisfythehighprecisionphysical
experimentalrequest,themodernacceleratorsde灢
velopwiththetrendtohigherenergy,highercur灢
rentandlongerlife.Inthenewgenerationofac灢
celerators,forexample,thestorageringofthe
newgenerationsynchrotronradiationsource,high
focusingareusedtoachievelow emittancesand
highbrillianceswithverystrongsextupolestocor灢
rectthelargechromaticities[1].Consequently,sex灢
tupoleswithhighstrengthsintroducevariouskinds
ofgeometricand chromaticaberrations,which
limitthedynamicaperture(DA).Intheerror
dominatedmachines,forexample,thehigher灢or灢
derfielderrorsofmagnetsinthelargehadroncol灢
lider(LHC)arethemainsourceofnon灢linearities,

duetothepoorfieldqualityofsuperconducting
magnets.Errorsarefromofthesystematicfield
imperfections,whicharegeneratedbypersistent
currentfielddistortionsatlowexcitation,andthe
randomerrorsfrom manufacturingtolerances.So

theDAislimitedbytheseerrorsandneedstobe
improvedbycompensatingtheseerrors.Butnor灢
mally,inabovekindsofmachines,alargeDAis

necessarytoaccommodatetheoscillationsofscat灢
teredparticlestoobtainalongbeamlifetime.

2暋IntroductionoftheCSRe

暋暋 CSReistheexperimentalringofHIRFL灢CSR

complex[2].TheheavyionbeamsfromtheHIRFL
willbeaccumulated,cooledandacceleratedinCS灢
Rm,andthenextractedtoproduceradioactiveion
beams(RIB)orhighlychargedheavyions.The
secondarybeamscanbeacceptedbytheCSReand
storedinitforinternal灢targetexperimentsorhigh
precisionspectroscopywithe灢cooling.
暋暋CSReisaracetrackshapeandconsistsoftwo
quasi灢symmetricparts[2].Oneistheinternaltarget
partandtheotheristhee灢coolerpart.Eachpart
consistsoftwoidenticalarcsections.Eacharcsec灢
tionconsistsoffourdipoles,twotripletsorone
tripletandonedoublet.11independentvariables
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forquadrupoleareusedinCSRe.CSReisalsoa
high灢resolutionspectrometer.Inordertomeetthe
differentexperimentalneeds,threelatticemodes
areadopted.Thefirstoneistheinternal灢target
modewithsmall毬灢functioninthetargetpointand
largetransverseacceptance.Thesecondoneisthe
high灢resolution mode also called Normal mode
usedformassspectrometerwithlargemomentum
acceptance.Thethird modeistheisochronous
modeforthemassmeasurementsofshortlifetime
nucleiusingTime灢of灢Flightmethod.Table1isthe
latticeparametersofCSRefortheNormalmode,

andFig.1isthedistributionof毬灢functionsanddis灢
persionforthismode.

Table1暋LatticeparametersoftheNormalmode

Quantity Value

Circumference/m 128.80

B氀max/Tm 8.4
毭tr 2.629

Betatrontunevalues Qx/Qy=2.53/2.57
Naturalchromaticity Q曚x/Q曚y=-3.10/-3.74

Max.毬灢amplitude/m

暋
毬x/毬y=17.6/8.2(Dipole)

毬x/毬y=30.9/22.3(Quad.)

Max.Dispersion/m

暋

Dmax=6.5(Dipole,毬x=13)

Dmax=7.8(Quad.,毬y=16)

Injectionsection/m

暋
毬x=30.4,Dx=0(Septum)

毬x=30.9,Dx=0(Quad.)

E灢coolersection/m 毬x/毬y=12.5/16.0,Dx=0

Fig.1暋The毬灢functionsanddispersionfortheNormalmode

oftheCSRe.

3暋DiscussiononDynamicAperture

暋暋Inthedesignofaccelerator,itisveryimpor灢

tanttoensurethatbeamlossduetothenonlinear
multipoleerrorisassmallaspossible.Whenthe
initialamplitudeand phaseofparticle motion,
(A0,氄0),aregiven,itisrequiredthattheampli灢
tudeatanytimetshouldsatisfy|A(t)|<B,

whereBisafiniteboundary.Ifwecanfindamax灢
imumA0foranyphase氄0suchthatA(t)keepsfi灢
niteforalongenoughtime,andthebetatronmo灢
tionwithaninitialamplitudesmallerthanA0is
stable,suchanA0iscalledDA[3].
暋暋HereweusetheE.Todescotheory[4],andana灢
lyzea4Dsymplecticmapping,whichcanbewrittenas

X曚=F(X),X=(x,px,y,py), (1)

whereX isavectorinthe4D Euclideanphase
space.Thelinear motionisgivenbythedirect

productoftwoconstantrotationsintheplanes(X,

Px)and(Y,Py)bythelineartunes氃1and氃2.Let
usconsiderthephasespacevolumeoftheinitial
conditionswhichareboundedafterNiterations:

曇曇曇曇氈(x,px,y,py)dxdpxdydpy, (2)

where氈(x,px,y,py)isthegeneralizationofthe
characteristicfunctiontothe4Dcase.Iftheparti灢
clesstillrunningafterN灢turns,氈(x,px,y,py)

=1otherwise氈(x,px,y,py)=0.
暋暋Inordertoexcludethedisconnectedpartof
thestabilitydomain,wehavetochooseasuitable
coordinatetransformation:

x=rcos毩cos毴1,

px =rcos毩sin毴1,

y=rsin毩cos毴2,

py =rsin毩sin毴2,
where

r暿 [0,+曓]
毴1,毴2 暿 [0,2毿]
毩暿 [0,毿/2] (3)

SubstitutingEq.(3)inEq.(2)weobtain

曇氈(r,毩,毴1,毴2)r3sin(毩)cos(毩)drd毩d毴1d毴2.(4)

暋暋Fixed毩,毴1,and毴2andletr(毩,毴1,毴2)bethe
firstvalueofrwhoseorbitisnotboundedafterN
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iterations,then,theareaofaconnectedstability
domainis

A毩,毴1,毴2 =1
8曇曇曇[r(毩,毴1,毴2)]4暳

sin(毩)d毩d毴1d毴2. (5)

暋暋WedefinetheDAastheradiusofthehyper灢
spherethathasthesamevolumeasthestability
domain:

D毩,毴1,毴2 =
2A毩,毴1,毴2

毿
é

ë
ê
ê

ù

û
ú
ú2

1
4

. (6)

4暋SimulationofCSReDA

暋暋TheDAofCSRestorageringhasbeeninves灢
tigatedusingtheMADprogram[5].Inordertoes灢
timatetheeffectsofthechromaticitysextupoles,
multipoleerrorsinthedipolesandquadrupolesand
themomentumspread,severalcasesaresimulated
andcompariedwitheachother.

4.1暋TheDAofIdealLatticeandwithsextupoles

暋暋First,wesimulatetheIdealLatticeofCSRe
withdifferent momentum spreadatenergy0.6
GeV.Then,westudythecasewithsextupoles.
From Fig.2,wecanseethattheimpactofthe
chromaticitysextupolesontheDAisverystrong,

图2DAofIdealLatticeandwithsextupoleswithdifferent
dp/p
(a)DAwithoutsextupoles,(b)DAwithsextupoles.

buttheeffectofthemomentumspreadontheDA
issmall.
4.2暋TheDAwithmultipolesindipolesandquadru灢

poles
暋暋Consideringthehigh灢ordercomponenterrors
indipolesandquadrupoles,theDAofCSReshould
beinvestigated.Fig.3showsthe DA withthe
chromaticitysextupolesandmultipleerrorsindi灢
polesandquadrupoles.Fromtheseresults,wecan
findthatmultipleerrorsinthequadrupolesplaya
littleeffectontheDA,andtheeffectsofthemul灢
tipleerrorsinthedipolesplayamoreimportant
roleintheDAofCSRe.

Fig.3暋DAwithsextupolesandmultipoleserrors.

4.3暋TheDAofdifferentturns

暋暋Inordertoestimatethenegativeeffectsof
thesehigherordermultipolesonthelong灢termsta灢
bilityoftheCSRe,theDAof104and105turnsare
alsosimulated.Fig.4showstheDAofthethree
differentturns,theresultsinthesecasesareexact灢
lythesame.

Fig.4暋Thecompareofdifferentturns.

4.4暋TheexperimentresultofCSRe

暋暋Fromthefollowingformulawecancalculate
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thebeemlife.

Nt=N0e-t/氂,暋氂= t
ln(N0/Nt)

. (7)

暋暋ThecalculatedbeamlifeinCSReisabout1暳
103s,andtheparticleswillrunabout2暳109turns
duringthistime.SoinFig.4,wegetthesamere灢
sultindifferentturns,forthebeamintheringis
verystable.
暋暋Throughtheabovesimulation,wefindthat
thebeaminCSReisverystableintheory.Actual灢
ly,wefindthesamecaseinexperiment.Fig.5
showstheresultofDCCTforthe660 MeV C6+

beaminCSReinOct2007,andwecanseethatthe
beamcurrentofCSReisabout1.2 mA,thatis
enoughforphysicalexperiment.

Fig.5暋TheDCCToftheCSRewithC6+ .

5暋Conclusion
暋暋InthispaperwesimulatetheDAofCSRein

severalcasesbyMADprogram,andwefindthat
theDAreducesrapidlywiththechromaticitysex灢
tupoles,andthemultipoleserrorsindipolestakea
much morenegativeeffectthanthatinquadru灢
poles.TheDAisverylargeifonlythemultipleer灢
rorsinthedipolesandquadrupolesareincluded.
Howeveritwillreducerapidlywhenthechroma灢
ticitysextuplesareswitchedon.Fromthemore
turnsstudyandtheactuallyresult,wecanconclu灢
sionthattheDAofCSReismuchlargerthanthe
physicalaperture,andthatislargeenoughtosat灢
isfythehighprecisionphysicalexperimentalsre灢
quest.
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CSRe储存环动力学孔径研究*
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摘暋要:动力学孔径对环形加速器,尤其是现代的储存环,起着越来越重要的作用。采用 MAD程序研究

了兰州重离子加速器实验环(CSRe)的动力学孔径。通过对比几种情况下的模拟结果,发现六极铁和二极

铁的高阶场对束流的动力学孔径影响较大,使CSRe的动力学孔径减小,但减小后的动力学孔径也远大于

该环的物理孔径。因此,束流可以长期、稳定的存在。
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