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Cornell University is currently investigatingthe feasi-
bility andbene�ts of building anEnergy Recovery Linear
Accelerator(ERL) to producehigh quality x-ray beams.
Due to the small emittancesand short bunch length that
linear acceleratorscanproduce,an ERL hasthe potential
to provide signi�cantly betterx-ray beamparametersthan
a storagering. Part of this investigationis optimizing the
electronopticsto makesurethattherequiredbeamparam-
eterscanbeachievedat the locationof theundulatorsand
after theenergy recovery path. In orderto manipulatethe
beamsandto achievetheproposedresults,quadrupoleand
sextupolestrengthswithin theERL areadjusted.Hereit is
studiedhow theundulators'effect thenonlinearopticsand
thereforethequadrupoleandsextupolestrengthin theen-
ergy recoverypathof anERL thatwouldbelocatedin Cor-
nell's Wilson tunnel.We will show thatthelinearopticsis
hardly perturbedby the undulatorsandthat the changein
sextupolestrengthis no morethana factorof 2. Nonlinear
optimizationfeaturesandnonlinearwigglerdescriptionsof
LEPP'sBMAD codeswereusedto performthis study.

INTRODUCTION

Thebene�t of building anERL atCornell[1] is it' sabil-
ity to producelower electronemittances,thushigherbril-
liancex-rays,andshorterpulselengththanthestateof the
art. As opposedto storagerings, which let the bunches
circle over and over aroundthe ring until the stochastic
emissionof radiation leadsto an equilibrium beamsize,
the ERL will only let them circle onceso that the emit-
tanceis largelydeterminedby thegunandtheinjector[2].
CurrentlyCornell operatesthee+ ; e� storagering CESR,
whichproducesx-raysfor theCHESSlaboratory, but their
parametersarefar inferior to whatanERL, or a 3rd gener-
ation light sourcefor thatmatter, couldprovide. An ERL,
like a storagering, achieves the intensex-ray beamsby
meansof undulators.However in the caseof an ERL the
electronsonly travel throughthedevice oncesothatsmall
emittancescomingfrom a DC photo-cathodeelectrongun
canbepreserved,while in astoragering theelectronstravel
througheachundulatorfor millions of turns. In spiteof
this, asin a storagering, thebeamsizesandbunch-length
in eachundulatoraredeterminedby linear andnonlinear
optics of the usedmagnetstructure. We have optimized
the linear andnonlinearopticsfor onepossiblelayout for
an ERL at Cornell, asshown in Fig. 1 [3, 4]. In this pa-
per we comparetheoptimizationresultswith andwithout
undulatorsin orderto point out that theperturbationsdue
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to undulator�elds caneasily be incorporatedanddo not
signi�cantly changethemagnetrequirements.

Figure 1: One of the proposedconstructionsitesfor the
ERL, usingexisting infrastructureof CESR.

ENERGY RECOVERY LINEAR
ACCELERATOR (ERL)

As thenameimplies,theenergy recoveryschemeis able
to recover theenergy from usedelectronbeams[5]. In do-
ing so it saves electricity and allows for higher currents.
Electronsaren't dumpedwith high energiesthusre-using
thisenergysavespowerandmoney. Furthermore,theprob-
lemof �nding asuf�cient andsafemethodof dumpingvery
high beampowersis reduced.

The anticipatedmethodfor retrieving the energy from
theusedbunchesinvolvessendingthesebunchesarounda
returnloop once,extractingtheir energy on a secondturn
throughthelinac,andthendumpingthebeams.While the
particlebunchesaresentaroundtheERL they needto have
the desiredpropertiesin eachundulator. Oncethey have
beenused,they aresentthroughthe linac a secondtime.
However, this time theelectronbeamsare180degreesout
of phasewith the accelerating�elds. The �elds will then
deceleratethebeamwhich transfersits energy to theERL
cavitieswhereit is usedto acceleratethefollowingbunches
thatpassthroughthem.

In orderto optimizethebeamsizein theundulators,the
magneticopticswasadjustedto thefollowing constraints:

a) � x in thecenterof eachundulatorwasrequiredto be
equalto half theundulatorlength.

b) � y = � x wasrequiredin thecenterof eachundulator.



c) � x = 0 and � y = 0 wererequiredin the centerof
eachundulator.

d) For thedispersion,D = 0 andD 0 = 0 wererequired
in eachundulator.

e) The �rst and secondorder time of �ight termsR56
andT566wererequiredto leadto 100fsbunchlength
in thecentralundulatorandto minimal energy spread
at theendof theenergy recoverypass[6].

f) For thesecondorderdispersion,D 2 = 0 andD 0
2 = 0

wererequiredin thecentralundulatorandin thelinac.

Thehereinvestigatedversionof anERL at CornellUni-
versity incorporates7 undulators.They arearrangedin a
mirror symmetricfashionaroundthe current location of
CESR's south interactionpoint. Coming form the east
thereis a 2m undulator, then two 5m undulators. Then,
closeto thecurrente+ =e� interactionpoint, thereis a un-
dulatorof 25mlength.Finally, therearetwo 5mundulators
followedby a2mundulator, all shown in Fig.2. Theundu-
latorshadaperiodof � = 17mm,sothatthe2mundulator
had118,the5mundulatorhad294,andthe25mundulator
had1470poles. A �eld strengthof 1T, which providesa
bendingradiusof � = 17m, andtheharmonicapproxima-
tion of in�nitely wide poleswasused[7]. While the hor-
izontal focusingof suchundulatorsaveragesto zeroover
many cells,they provideverticalfocusingwith anaverage
focal strengthof approximately L

2� 2 , which is only 0:04=m
for thelongestundulator. Sincethis is about10%of a typi-
cal quadrupolestrength,theundulatorsarenotexpectedto
in�uence the linear opticsstrongly. While the undulators
produceandaverageoctupolestrengthof about L

12 ( 2�
�� )2,

they donotproduceasextupolestrength.Nevertheless,the
undulatorsin�uencethesecondorderopticssincethey pro-
duce�rst andsecondorderdispersion.

Figure2: Greenarrowsindicatepositionsof theundulators
in theERL. Redarrowsindicate�t sections.

For optimizationpurposes,the arc wassplit into the 8
piecesindicatedin Fig. 2. These8 sectionsare

1) Startto centerof 2mundulator

2) centerof 2mundulatorto centerof 5mundulator

3) centerof 5mundulatorto centerof 5mundulator

4) centerof 5mundulatorto centerof 25mundulator

5) centerof 25mundulatorto centerof 5mundulator

6) centerof 5mundulatorto centerof 5mundulator

7) centerof 5mundulatorto centerof 2mundulator

8) centerof 2mundulatorto theendof thearc.

Within eachpiece,except the last, the conditionsof the
linearoptics(a-din theabovelist) werematchedby anap-
propriatechoiceof quadrupolestrengths. All except the
�rst andlastsectionshave exactlyasmany quadrupolesas
constraints.Thesecondorderconstraintsaretakencareof
by usingsix sextupoleswhich are locatedat high disper-
sionregionsto reducetheirstrength.Sequentiallyin order,
these�ts are

A) Fit �rst orderconstraintsin sections1 to 4.

B) Usesection1 to �t the �rst ordertime of �ight term
R56 in themiddleof the25mundulator

C) Fit �rst orderconstraintsin sections5 to 8.

D) Usesection8 to �t the �rst ordertime of �ight term
R56at theendof thearc.

E) Fit secondorder constraintse-f at the centerof the
25mundulator, using3 thesextupolesin section1.

F) Fit secondorderconstraintse-f at theendof thearc,
usingthe3 sextupolesin section8.

We areconcernedwith the�rst ordertime of �ight con-
straintonly in themiddleof thearcandat theend.There-
fore,aftercompletingthe�ts A) andB), section1 wasused
to adjustR56at theendof section4 while additionallyre-
quiring all �rst orderconstraintsa-d to remainsatis�ed at
theendof section1. Only section1 canbeusedfor adjust-
ing thetimeof �ight sinceall othersectionshaveexactlyas
many magnetsasassociatedconstraintsa-d. Similarly the
�rst ordertime of �ight at theendof thearcwasadjusted
by theextramagnetsin section8. Finally, thesecondorder
opticsrequirementse-f weresatis�edby thesix sextupoles.
The�rst threein section1 areusedto �x thethreesecond
orderconstraintsat thecenterof the25mundulator, thelast
threesextupolemagnetsin section8 �x theseconstraintsat
theendof thearc.

OPTICS CALCULA TIONS

Oncetheaboveprocedurehadbeenestablished,initially
only takinginto accountthe�rst orderopticsandnoeffect
of theundulators,satisfactorily small quadrupolestrength
areobtainedandthe betafunctionsareacceptable.After
that thesecondorderopticsconstraintswereadded.Once
this procedurewascompletedtheundulatorsandtheir lin-
earandnon-lineareffectswereadded. In order to arrive
at an optics with undulatorsthat is as close as possible



to the opticswithout undulators,the optimizationprocess
with andwithout theundulatorswasperformedin thesame
orderasdescribedabove. Furthermore,the described�ts
werecomputedafteronly two undulatorswereaddedsym-
metricallyat a time. Finally afteraddingthelong 25mun-
dulatorthe�nal magnetstrengthswereobtained.

TheparticleopticscodeBMAD [8] wasusedfor all re-
quiredcomputations.Theundulatorsweresplit up into lit-
tle sections,sincethe undulatorsare madeup of 100 to
300alternatingpolaritydipoles.For eachsectionthemag-
netic�eld is calculatedandusedto determinethenonlinear
beamtransportmap.Theconcatenationof all thesenonlin-
earmapsdeterminesthetotal nonlineareffect of theundu-
lators.

We investigatedhow many sectionswere requiredand
found that the �t resultsdid not changewhen eachpole
of the undulatorwas split into � ve or more section. To
minimizethecomputationtime,wethereforechoseto split
eachundulatorinto 5 timesthenumberof polesit contains.

RESULTS

As canbe seenfrom Fig. 3 thequadrupolestrengthK 1

that are originally obtainedwithout undulatorsand those
�nally obtainedwith undulatorsdiffer very little. The
quadrupolesthat are most affectedby the undulatorsare
naturallythoseclosestto the25mundulator. Includingthe
undulatorschangedthosequadrupolestrengthby about3.5
to 8%.

Figure3: Original and�nal quadrupolestrengthK 1, with-
outandwith undulators.

Also the sextupoles' strengthsK 2 remain suf�ciently
small, within a rangeof -0.00005/m3 to 0.02/m3, ascan
beseenin Fig. 4, whentheundulatorsareincludedinto the
opticscomputation.

The � x and � y function valueswerewithin acceptable
limits, usuallybelow 100masshown in Fig. 5. Only to-
ward theend,� x risesto about130m. Thepositionof all
quadrupolesin the section1 and8 have remainedwhere
they arecurrentlyin CESR.A rearrangementof quadrupole
positionscanmostlikely furtherreducethebetafunctionin
this region. In theFigs.5, 6, 7, and8, the7 undulatorsare

Figure4: Originaland�nal sextupolestrengthK 2, without
andwith undulators.

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

Figure5: Betafunctionvaluesafteroptimization.

The � x , � y , � and� 0 constraintswereall satis�ed to a
high accuracy asshown in Figs.6 and7.

Figure6: Alpha functionvaluesafteroptimization.

Also, thetimeof �ight constraintwassatis�edverywell,
asshown in Fig. 8. To compressthe 2psbunchlengthin
the linac to 100fs,R65 = � 0:22437m is requiredin the
centerof the arc. For energy recovery, the total arc must
haveR56 = 0 sothatthesecondhalf of thearchasR65 =
0:22437. This differenceis responsiblefor theasymmetry
in theopticsbetweentheright andtheleft sideof theERL
returnarc.



Figure7: Dispersionanddispersionprimefunctionvalues
afteroptimization.

Figure8: Time of �ight functionvaluesafteroptimization.

CONCLUSIONS

Even though further optimizationof magnetpositions
arepossible,eventheherepresentedresultsshow that the
perturbationsthat undulatorsproducein the �rst andsec-
ond orderopticscaneasilybe compensatedby moderate
changesto quadrupoleandsextupolestrengthsfor anERL
in theCESRtunnelthatwereobtainedwithout undulators
[4].
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