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In uence of undulators on nonlinear ERL optics
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Abstract

Cornell University is currently investigatingthe feasi-
bility andbene ts of building an Eneigy Recovery Linear
Accelerator(ERL) to producehigh quality x-ray beams.
Due to the small emittancesand short bunch length that
linear acceleratorganproduce,an ERL hasthe potential
to provide signi cantly betterx-ray beamparametershan
a storagering. Part of this investigationis optimizing the
electronopticsto make surethattherequiredbeamparam-
eterscanbe achieved at the locationof the undulatorsand
afterthe enepgy recovery path. In orderto manipulatethe
beamsandto achieve the proposedesults,quadrupoleand
sextupolestrengthswithin the ERL areadjusted Hereit is
studiedhow the undulators'effect the nonlinearopticsand
thereforethe quadrupoleand sextupole strengthin the en-
ergy recovery pathof anERL thatwould belocatedin Cor-
nell's Wilson tunnel. We will shav thatthelinearopticsis
hardly perturbedby the undulatorsandthatthe changein
sextupolestrengthis no morethanafactorof 2. Nonlinear
optimizationfeaturesandnonlineamwiggler description®of
LEPPSBMAD codeswereusedto performthis study

INTRODUCTION

Thebene t of building anERL at Cornell[1] isit's abil-
ity to producelower electronemittancesthushigherbril-
liancex-rays,andshorterpulselengththanthe stateof the
art. As opposedto storagerings, which let the bunches
circle over and over aroundthe ring until the stochastic
emissionof radiationleadsto an equilibrium beamsize,
the ERL will only let them circle onceso that the emit-
tanceis largely determinedyy the gunandtheinjector|[2].
CurrentlyCornell operateghee” ;e storagering CESR,
which produces-raysfor the CHESSlaboratory but their
parametergrefarinferior to whatan ERL, or a 3rd gener
ationlight sourcefor that matter could provide. An ERL,
like a storagering, achievesthe intensex-ray beamsby
meansof undulators.However in the caseof an ERL the
electronsonly travel throughthe device oncesothatsmall
emittancesomingfrom a DC photo-cathodelectrongun
canbepresered,whilein astorageing theelectrongravel
througheachundulatorfor millions of turns. In spite of
this, asin a storagering, the beamsizesandbunch-length
in eachundulatorare determinedby linear and nonlinear
optics of the usedmagnetstructure. We have optimized
the linear and nonlinearopticsfor one possiblelayout for
an ERL at Cornell,asshavn in Fig. 1 [3, 4]. In this pa-
perwe comparethe optimizationresultswith andwithout
undulatorsin orderto point out thatthe perturbationsiue
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to undulator elds caneasily be incorporatedand do not
signi cantly changehe magnetequirements.
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Figure 1: One of the proposedconstructionsitesfor the
ERL, usingexisting infrastructureof CESR.

ENERGY RECOVERY LINEAR
ACCELERATOR (ERL)

As thenameimplies,theenegy recosery schemas able
to recoverthe enegy from usedelectronbeamd5]. In do-
ing so it saves electricity and allows for higher currents.
Electronsarent dumpedwith high enegiesthusre-using
thisenegy savespowerandmoney. Furthermoretheprob-
lemof nding asufcient andsafemethodof dumpingvery
high beampowersis reduced.

The anticipatedmethodfor retrieving the enegy from
the usedbunchesnvolvessendingthesebunchesarounda
returnloop once,extractingtheir enegy on a secondurn
throughthelinac, andthendumpingthe beams While the
particlebunchesaresentaroundthe ERL they needto have
the desiredpropertiesin eachundulator Oncethey have
beenused,they are sentthroughthe linac a secondtime.
However, this time the electronbeamsare 180 degreesout
of phasewith the acceleratingelds. The elds will then
deceleratehe beamwhich transfersts enegy to the ERL
cavitieswhereit is usedto accelerat¢hefollowing bunches
thatpasshroughthem.

In orderto optimizethe beamsizein theundulatorsthe
magneticopticswasadjustedo thefollowing constraints:

a)  inthecenterof eachundulatorwasrequiredto be
equalto half theundulatorength.

b) y = x wasrequiredin thecenterof eachundulator



c) x = 0and y = O wererequiredin the centerof
eachundulator

d) ForthedispersionD = 0andD®= 0 wererequired
in eachundulator

e) The rst andsecondordertime of ight termsR56
andT 566wererequiredto leadto 100fsbunchlength
in the centralundulatorandto minimal enegy spread
attheendof theenegy recorery pasg6].

f) ForthesecondrderdispersionD, = 0 andDJ =
wererequiredin thecentralundulatorandin thelinac.

The hereinvestigatedsersionof anERL at CornellUni-
versity incorporates/ undulators. They arearrangedn a
mirror symmetricfashionaroundthe currentlocation of
CESRS southinteractionpoint. Coming form the east
thereis a 2m undulator thentwo 5m undulators. Then,
closeto thecurrente* =e interactionpoint, thereis a un-
dulatorof 25mlength.Finally, therearetwo 5Smundulators
followedby a2m undulatorall shovnin Fig. 2. Theundu-
latorshadaperiodof = 17mm,sothatthe2mundulator
had118,the 5m undulatorhad294,andthe 25mundulator
had1470poles. A eld strengthof 1T, which providesa
bendingradiusof = 17m, andthe harmonicapproxima-
tion of in nitely wide poleswasused[7]. While the hor-
izontal focusingof suchundulatorsaveragedo zeroover
mary cells, they provide verticalfocusingwith anaverage
focal strengthof approximaterZL—z, whichis only 0:04=m
for thelongestundulator Sincethisis aboutl0%of atypi-
cal quadrupolestrengththe undulatorsarenot expectedto
in uence the linear optics strongly While the undulators
produceand averageoctupolestrengthof aboutlL—z(z—)z,
they do not producea sextupolestrength Neverthelessthe
undulatorsn uencethesecondrderopticssincethey pro-
duce rst andsecondrderdispersion.
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Figure2: Greenarrowsindicatepositionsof theundulators
in theERL. Redarronvsindicate t sections.

For optimizationpurposesthe arc was split into the 8
piecesindicatedin Fig. 2. TheseB sectionsare

1) Startto centerof 2m undulator
2) centerof 2m undulatorto centerof 5mundulator

3) centerof 5m undulatorto centerof 5mundulator

4) centerof 5mundulatorto centerof 25mundulator
5) centerof 25mundulatorto centerof 5m undulator
6) centerof 5m undulatorto centerof 5mundulator
7) centerof 5m undulatorto centerof 2m undulator
8) centerof 2mundulatorto theendof thearc.

Within eachpiece, exceptthe last, the conditionsof the
linearoptics(a-din theabovelist) werematchedoy anap-
propriatechoice of quadrupolestrengths. All exceptthe
rst andlastsectionshave exactly asmary quadrupoless
constraints.The secondorderconstraintsaretaken careof
by using six sextupoleswhich are locatedat high disper
sionregionsto reducetheir strength.Sequentiallyin order,
thesets are

A) Fit rst orderconstraintsn sectionsl to 4.

B) Usesectionlto t the rst ordertime of ight term
R56in the middle of the25mundulator

C) Fit rst orderconstraintsn sections to 8.

D) Usesection8to t the rst ordertime of ight term
R56 attheendof thearc.

E) Fit secondorder constraintse-f at the centerof the
25mundulatorusing3 the sextupolesin sectionl.

F) Fit secondorderconstraintse-f at the endof the arc,
usingthe 3 sextupolesin section8.

We areconcernedvith the rst ordertime of ight con-

straintonly in the middle of thearcandatthe end. There-
fore,aftercompletingthe ts A) andB), sectionl wasused
to adjustR56 atthe endof section4 while additionallyre-
quiring all rst orderconstraintsa-dto remainsatis ed at
theendof sectionl. Only sectionl canbe usedfor adjust-
ing thetimeof ight sinceall othersectionshave exactlyas
mary magnetsaasassociated@onstraintaa-d. Similarly the
rst ordertime of ight attheendof the arcwasadjusted
by the extramagnetsn section8. Finally, thesecondbrder
opticsrequiremente-f weresatis edby thesix sextupoles.
The rst threein sectionl areusedto x thethreesecond
orderconstraintsatthecenterof the25mundulatorthelast
threesextupolemagnetsn section8 x theseconstraintsat
theendof thearc.

OPTICS CALCULA TIONS

Oncetheabove proceduréhadbeenestablisheditially
only takinginto accounthe rst orderopticsandno effect
of the undulators satisfctorily small quadrupolestrength
are obtainedandthe betafunctionsare acceptable.After
thatthe secondorderopticsconstraintsvereadded.Once
this proceduravascompletedhe undulatorsandtheir lin-
earand non-lineareffectswere added. In orderto arrive
at an optics with undulatorsthat is as close as possible



to the opticswithout undulatorsthe optimizationprocess
with andwithouttheundulatorsvasperformedn thesame
orderasdescribedabove. Furthermorethe describedts
werecomputedafteronly two undulatorsvereaddedsym-
metricallyatatime. Finally afteraddingthelong 25mun-
dulatorthe nal magnetstrengthsvereobtained.

The particleopticscodeBMAD [8] wasusedfor all re-
quiredcomputationsTheundulatorsveresplit up into lit-
tle sections,sincethe undulatorsare madeup of 100 to
300alternatingpolarity dipoles.For eachsectionthe mag-
netic eld is calculatecandusedto determinghenonlinear
beamtransporimap. Theconcatenatiownf all thesenonlin-
earmapsdetermineghetotal nonlineareffect of theundu-
lators.

We investigatedhow mary sectionswere requiredand
found that the t resultsdid not changewhen eachpole
of the undulatorwas split into ve or more section. To
minimizethe computatiortime, we thereforechoseto split
eachundulatorinto 5 timesthenumberof polesit contains.

RESULTS

As canbe seenfrom Fig. 3 the quadrupolestrengthK ;
that are originally obtainedwithout undulatorsand those
nally obtainedwith undulatorsdiffer very little. The
guadrupoleghat are most affectedby the undulatorsare
naturallythoseclosesto the 25mundulator Includingthe
undulatorchangedhosequadrupolestrengthby about3.5
to 8%.

Figure3: Originaland nal quadrupolestrengthK ;, with-
outandwith undulators.

Also the sextupoles' strengthsK , remain sufciently
small, within a rangeof -0.00005M? to 0.02Mm3, ascan
beseenn Fig. 4, whentheundulatorsareincludedinto the
opticscomputation.

The 4 and y function valueswere within acceptable
limits, usuallybelovn 100masshavn in Fig. 5. Only to-
wardtheend, 4 risesto about130m. The positionof all
guadrupolesn the sectionl and 8 have remainedwhere
they arecurrentlyin CESR A rearrangemertf quadrupole
positionscanmostlik ely furtherreducethebetafunctionin
thisregion. In theFigs.5, 6, 7, and8, the 7 undulatorsare

Figure4: Originaland nal sextupolestrengthK ,, without
andwith undulators.

locatedat 113m, 133m, 155m, 188m, 220m, 242m, and
262m.

Figure5: Betafunctionvaluesafteroptimization.

The 4, y, and 0 constraintswvereall satis edto a
high accurag asshavn in Figs.6 and?.

Figure6: Alphafunctionvaluesafteroptimization.

Also, thetimeof ight constraintvassatis edverywell,
asshowvn in Fig. 8. To compresghe 2psbunchlengthin
thelinac to 100fs,R65 =  0:22437m is requiredin the
centerof the arc. For enegy recovery, the total arc must
have R56 = 0 sothatthe secondhalf of thearchasR65 =
0:22437 This differenceis responsibldor the asymmetry
in the opticsbetweertheright andtheleft sideof the ERL
returnarc.



Figure7: Dispersionanddispersiorprime functionvalues
afteroptimization.

Figure8: Time of ight functionvaluesafteroptimization.

CONCLUSIONS

Even though further optimization of magnetpositions
arepossible eventhe herepresentedesultsshav thatthe
perturbationghat undulatorsproducein the rst andsec-
ond order optics can easily be compensatedy moderate
changedo quadrupoleandsextupolestrengthdor anERL
in the CESRtunnelthatwereobtainedwithout undulators

[4].
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