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1 Abstract

The tune-shiftsandthebeampositionsresultingfrom kicks on horizontalor ver-
tical correctormagnetsat theSLSstoragering [1] canbequalitatively well mod-
eledwith the Tracy-2 code[2]. The codeallows simulationof beamproperties
of the undisturbedstoragering aswell asafter perturbationof the system. The
codecanthereforebeusedto predictbeambehavior aftervaryingcorrectormagnet
strengths.Unfortunatelytheprecisionof thesemodelpredictionsis not very high
at the moment. Oncethe underlyingtechnicalpropertiesarebetterunderstood,
precisepredictionsof beamdynamicsby usingtheTracy-2 codewill bepossible.
This resemblesa well understoodenvironmentopposedto thesoleapplicationof
LOCO Analysis[3] which leadsto precisepredictionsof beamdynamicswithout
necessarilyenlarging understandingof theelementerrors.

2



2 Introduction

2.1 The Studies

The performedorbit studiesandthis reportare the resultof practicalstudiesre-
quiredby ETH for undergraduatestudentsof experimentalphysicsprior to taking
final exams. I have spentfour weekslearningpracticalaspectsof experimental
acceleratorphysicson site. In advanceI acquiredbasicunderstandingsof acceler-
atorphysicsin the lectures”Physicsof ParticleAccelerators”[4] givenby Lenny
Rivkin at ETH. Thefollowing reportis a summaryof theexperimentsandstudies
I carriedout at theSLSstoragering. It containsa descriptionof theexperiments
aswell asanalysisof the acquireddata. Not all questionsthat aroseduring the
experimentscouldbeansweredcompletelydueto theshorttime framegiven,but
answerswill bestatedwherethey couldactuallybefound.A completeerroranaly-
sishasn’t beendonebecausethesystematicerrorsof theBPMs,correctormagnets,
etc.couldn’t beinvestigatedduringthisshortperiodof time.

2.2 The Accelerator

TheSwissLight SourceSLS [1] is a dedicatedhigh brightnesssynchrotronlight
sourceunderconstructionat the Paul ScherrerInstitutePSI in Villigen, Switzer-
land.Theacceleratorcomplex includesa2.4GeV(low emittance)electronstorage
ring with 288m circumference,a full energy injector boostersynchrotronanda
100MeVlinearacceleratorpre-injector. Thefacility will includea first setof five
beam-lineswhenit is scheduledto startoperationin August2001.At themoment
thestoragering is undercommissioning.

2.3 Tracy-2 Software

Tracy-2 [2] is aprogrammingenvironmentto studysingleparticledynamicsbased
on modernmethods[5]. Theversionusedat SLSis implementedwith C/C++de-
rivedform theoriginal versionthatusedPascal-Scode.All theoreticalbeamanal-
ysiswasdoneusingTracy. ThegivenSLSlatticedesignwasfedasadevice input
file. Theclosedorbit couldbegeneratedwith Tracy by enteringknown component
values(correctorstrength,quadrupoleandsextupolesettings,etc.),perturbations
could thenbeappliedto studydevelopmentof beampropertiesundercertaincir-
cumstances.Thetheoreticalpredictionsthatwerecomparedwith measuredbeam
propertiesweredevelopedcompletelyusingTracy simulation.
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Figure1: Beamoscillationin horizontalplaneafterkick on ahorizontalcorrector
magnet.

3 A Peculiarity Detected in a Tracy Routine

Oneof thefirstperturbationsI wantedtoapplywasakick onahorizontalorvertical
correctormagnet.Thesecorrectorsarebuilt onto the endsof sextupolemagnets
andareusedto give the passingparticlesa kick, i.e. a deviation of their angle.
This leadsto anoscillationof thebeamaroundtheunperturbedorbit andtherefore
to a new closedorbit. Due to coupling of the horizontalandvertical planesof
motion(in anon-linearmachine,i.e. whensextupolemagnetsareswitchedon),an
oscillationfollowing a kick in oneplanewill alsobe visible in theperpendicular
plane. Figure1 illustratesthe oscillationof the beamin the sameplanethe kick
(1mradhorizontal)wasapplied. Figure2 shows the couplingeffect in the other
plane- when looking at the scaleit hasto be consideredthat the amplitudeof
theoscillationdueto couplingis muchsmaller. It is alsovery importantto keep
in mind that measurementof thebeampositioncanonly be doneat the72 beam
positionmonitors(BPM) alongthestoragering. In theexperimentit is notpossible
to observe thebeampositionin every elementashereseenin thetheoreticalplots
in figures1-4.

While simulatingthis effect in Tracy, I foundan effect in beampositionpre-
dictions which canonly be understoodwhen actually looking at the specialap-
proachof the Tracy code. Applying a vertical kick resultsin normaloscillation
in the vertical plane. The oscillation in the horizontalplanehowever shows six
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Figure2: Beamoscillationin verticalplaneafterkick onahorizontalcorrector
magnet.

spikes which are of much higher magnitudethan the amplitudeof the oscilla-
tion (figure3). Thesesix spikeswerefoundto originatein theskew quadrupoles.
Skew quadrupolesarebasicallyquadrupoleswhich aretilted (rotationaxis is the
beam-line)at a certainangle. Calculationof the beampropertiesin theseskew
quadrupolesis doneby transformingbeamcoordinates���
	��
	���� into the rotated
system ����	�����	������ , applyingquadrupolefields andtransformingbackto the unro-
tatedsystem.A kick givenalongoneaxishastwo perpendicularnon-zerocompo-
nentsin this rotatedsystem.If onelooksat thebeampositionbeforetransforming
backto the unrotatedsystem(asif oneweresitting in the skew magnetsystem),
it seemsasif the original kick hada perpendicularcomponenttoo, thusgiving a
muchgreateramplitudeto the oscillationin the planeperpendicularto the plane
of the original kick. If onetakesinto accountthat the beampositiondatacalcu-
latedby theTracy codeis alwaysindicatedin thesystemof themeasurementpoint,
this leadsto thespikesseen.Hencea rotatedskew quadrupolemagnetwill make
Tracy rotatetheoutputat thepositionof theskew quadrupolessothatit is correct
if seenin the skew quadrupolessystem however not correctif comparedto the
otherpositionsof unrotatedelements.If thepredictedpositionvaluesof theskew
quadrupolesareremoved,thenormaloscillationdueto couplingis observed (fig-
ure 4) andshows that no changein the oscillation is generatedby this ”position
displacement”dueto thefactthatit is only displacedwhenlookedat from another
system.Tracy calculationsthereforeremaincorrect.
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Figure3: Beamoscillationin horizontalplaneafterkick on averticalcorrector
magnet.
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Figure4: Beamoscillationin horizontalplaneafterkick on averticalcorrector
magnet(suppressingskew quadrupoles).
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4 Tune-shift and the Kick Conversion Factor

A generalproblemariseswhencomparingmeasurementdata(afterapplyingkicks)
to theoreticalpredictionsby Tracy: In experimentskicks areappliedto thebeam
by giving acertaincurrentonacorrectormagnet.Thecurrentsettingis in Amperes
whereasthekicksin theTracy modelareappliedin radians.Fortunatelythecurrent
andthe angleof the kick caneasilybe related. Recall the magnetic rigidity ���
definedby: �����! � �#"%$  �&� (1)��� �'"%$  � �)(* � (2)

Theangleof thekick canbedescribedby:+ � ,���.- / �10�� � ,���2-436587:9<;�= (3)

where 9 is thenumberof turnsof coil, ; thecurrentin thecoils and = is thesize
of thevacuumchamber. Thereforethekick canbeexpressedasa linearfunctionof
thecurrent: + � * �(>-436587:9<;�= (4)

In a givenacceleratorwhereenergy andmagnetpropertiesareknown, this canbe
reducedto: +@? ACB 0�D � * B�E *GF6H �!I -!; ? J D (5)

This calibrationallows comparisonof themodelwith themeasuredtune-shiftre-
sultingfrom a correctorkick. Figure5 shows thetheoreticallyresultingtune-shift
from various(horizontal)kicks. As expectedthedependency is parabolic.Using
theabove mentionedconversionscheme(from a currentin A to a kick in radon a
correctormagnet)onecannow look atmeasuredtune-shiftvs. kick on a(horizon-
tal) correctormagnet.This is donein figure6.

Figure7 showsacomparisonbetweenthemodelandthemeasuredtune-shifts.
Onecanseeeasilythatthecurveshave thesameshape,but adifferentslope,which
is very bothering. The slope,i.e. the first derivative resultsfrom the sextupole
terms,soanobviousideawouldbeto changethesextupolestrengthuntil theslopes
areequal. This is basicallyan experimentalcheckof the assumedvalueof sex-
tupolestrength.Anotherideais to find a new calibrationconstant(seeequation5)
for theconversionin thecorrectormagnets.It is possible,thatdueto inaccuracies
in magneticfield measurementtheoriginalcalibrationconstantswerewrong.Both
ideaswerepursuedandtheresultswill bepresentedin thenext two sections.
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Figure5: Theoreticalpredictionof resultinghorizontaltune-shiftsfor different
horizontalcorrectormagnetkicks.

-0.0015

-0.001

-0.0005

0

0.0005

0.001

0.0015

0.002

0.0025

0.003

-0.0004 -0.0003 -0.0002 -0.0001 0 1e-04 0.0002 0.0003 0.0004

tu
ne

sh
ift

*2
pi

 [r
ad

]

kick [rad]

Measured data
Parabolic fit

Figure6: Measuredvaluesof resultinghorizontaltune-shiftsfor different
horizontalcorrectormagnetskicks.
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Figure7: Comparisonbetweenthetheoreticalandthemeasuredtune-shifts.

4.1 Varying Sextupole Strength

As statedabove, thefirst derivative correspondsto thesextupoletermsandsothe
firstapproachis to reducethesextupolemagnetstrengthin orderto reducetheslope
of theparabolauntil dataandtheoreticalvaluesmatch.If applicablethisprocedure
canbeusedto obtainnew andmoreprecisevaluesof thesextupolestrength.Figure
8 shows a comparisonbetweenthe original 100%strengthandthe reduced90%
strengthsextupoles. One seesclearly that the slopeof the parabolais reduced.
Unfortunatelythis reductionis not sufficient to matchtheoreticalhypothesiswith
our data(seefigure 9). Anotherattemptto matchboth is presentedin figure 10:
After reducingsextupolestrengthby 50% (!) we achieve a satisfactorymatchin
theregion of zeroperturbation;but nevertheless,furtheraway from this point the
slopesareverydifferent.Eventakingintoaccountthatmagneticfieldmeasurement
is not completelyprecise,it hasa higherconfidencelevel thanthe50%sextupole
strengtherrorwouldallow. Thereforethisprocedureof findinganew valuefor the
sextupolestrengthhasto begivenup in favor of finding theerrorin thecalibration
factor.

4.2 Correcting the Calibration Constant

Theotherideamentionedwasto find a new calibrationconstantwhich would, on
onehand,matchthemeasureddatato thetheoreticalpredictionsand,on theother
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Figure8: Comparison(theoreticalprediction)betweentheoriginalandreduced
sextupolestrengths.
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Figure9: Comparisonbetweenthetheoretical(90%reducedsextupoles)and
measuredtune-shifts.
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Figure10: Comparisonbetweenthetheoretical(50%reducedsextupoles)andthe
measuredtune-shifts.

hand,give us new understandingsof thecorrectormagnets,i.e. correctvaluesof
the propertiesthat leadto the calibrationconstant(e.g. numberof turnsof coil,
current,dimensionsof the vacuumchamber, etc.). The implementationis fairly
simple:Themeasureddatais plottedagain,but undertheassumptionthattheused
calibrationfactor is not known accurately. Assumethat the measuredtune-shift
is exact and find what kick a certainmeasuredtune-shiftcorrespondsto. This
leadsto several valuesfor the calibrationconstant. Thesedifferent valuescan
thenbe plottedagainsteachotherand if they arecloseenough the meanvalue
gives you an an idea of the realistic calibrationconstant. Figure 11 shows the
calculatedcalibrationconstantswith respectto the original constant(which was
assumedwrong).Themeanvalueof thecalculatedvaluesis plottedaswell.

Evenif oneusesthecalculatedmeanvalueasthecalibrationconstantandcom-
paresthepredictedtheoreticalvalueswith themeasuredandconvertedvalues,there
is noobviousmatch(seefigure12). Theparabolasmeetin theregionof zerokick,
but theirslopesaredifferentassoonasonestartsto raisethekick value.Therefore
thismethodof correctingthecalibrationconstanthasto beabandonedaswell.

Up to now, no satisfyingexplanationfor the deviation of experimentallyac-
quired tune-shiftsfrom the theoreticallypredictedvaluescould be found. The
investigationof this questionwill continue. Unfortunatelythe calculatedvalues
arevery far apartfrom eachotherwhich of courseletsdoubtariseif building the
meanreally leadsto a realisticvalue.Evenworse— themeanvalueof thecalcu-
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Figure11: Calculatedcalibrationconstantscorrespondingto measuredtune-shifts.
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latedconstantslies at a valueaboutfive timesgreaterthanexpected.Eventaking
into accountthat inaccuraciesoccur during measurementof the magnetproper-
ties,thereis no possibilityof thecalibrationconstantbeingsohigh. Cross-checks
doneby otherSLS membersusingvariousmeasurementtechniqueshave proven
theestimatedfactorto notbeoff by a factorof five.
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5 Response Matrix Measurements

5.1 The Response Matrix

Thebasicideabehinda responsematrix measurementis to introducea smallper-
turbationto the storagering (i.e. exciting a correctormagnet)andthenmeasure
thepositionof thenew closedorbit. In presenceof suchakick [4] � ��L

or � �ML
is now longera solution. If we look at this kick asa field errorwe cancalculatea
new closed orbit: �N���O� � +�P Q ���O� Q@R3TSVU�W ��X
YZ�\[G] S ?_^ ���6�a`bX
Y\D (6)

where
+

is thekick in radians,
Q@R

is thevalueof the
Q

-functionat thepositionof
thecorrectormagnetwherethekick is applied, Y is thebetatrontune,and

^ ���6� is
thephaseadvance.Particleswill now performbetatronoscillationsaroundthisnew
closedorbit. SobasicallyaresponseMatrix will resultif (aftergiving acertainkick
to eachcorrectormagnet)theorbit displacementsarereadat variousspotsalong
thestoragering, e.g. if we have m correctormagnetsandn BPMsthenthevalueA4ced � + � will representthedisplacementof thebeamat BPM f inducedby correctorg

whenapplyinga kick strength
+
. So the resultof sucha responsemeasurement

will betheResponse Matrixh � + � � ? A � + � ced D cjilk�memem npo dqilk�memem r
Themeasurementsconductedhereareonly two columnvectorsout of sucha ma-
trix, sAut!vxw cjy v r6z�{}| � ? A � + � c�~ D c�ilk�memem n�oek��@~u��rsA!�}��w zjcj~G{}| � ? A � + � cj| D c�ilk�memem n�oek��@|���r
i.e. onecorrector(horizontalandvertical)kicks thebeamwith acertainamplitude
andthentheresponseof thebeamis measuredon all of the72 BPMs. Theexper-
imentconsistedof takingdatafrom all of the72 BPMsafterhaving givenoncea
horizontalkick of +1A on thefirst horizontalcorrectormagnetandonceavertical
kick of +2A on averticalcorrectormagnet.A kick of +1A on ahorizontalcorrec-
tor correspondsto

+ � ` L�� ,G$ AOB 0 whereasa kick of +2A on a vertical corrector
correspondsto

+ � ` L�� 3C� $ AOB 0 . Theresultof thesekicks canbeseenin figures
13 and14.

Tocomparethetheoreticalmodelwith measureddata,it is agoodideato divide
thepositionof theparticlesby thesquarerootof the

Q
-function.Recallequation6

whichwill thenbetransformedto:�T���6�P Q ���O� � +�� Q�R3TS}U�W ��X
Y�� [G] S ?_^ ���O�T`bX
Y�D (7)
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Figure13: ResponseMatrix measurementfor akick onahorizontalcorrector.
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Figure14: ResponseMatrix measurementfor akick on averticalcorrector.
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Figure15: Comparisonof resultsof equation7 for ahorizontalkick between
measureddataandtheoreticalprediction.

All factorsoutsidethecosineareconstantandsousingequation7 wecanstudythe
form of thecosinewith respectto thephaseadvancê ���O� . A comparisonof these
values(seefigures15and16)shows thatthephaseis well predictedby theory(the
tunesdiffer by lessthanahalf-integer).

If wewantto comparetheamplitudesof thesevaluesit is betterto look at their
differenceasin figures17 and18. However it is importantto keepin mind that
thereis alsoa resolutionproblem:Thereareonly 72 BPMseventhoughthebeam
positionis oscillatingvery quickly, so that readingsmay look offset even though
they arein goodagreementwith theory;this canbeseenin figures15 and16.
Figures17 and18 show a modulationof the beampositionamplitudesover the
periodof thestoragering. This comesfrom theso-calledbeta-beat which canbe
derivedfrom theseplots.

5.2 The Beta-Beat

If oneassumesthat thebeampositionof the theoreticalcalculationandthemea-
surementshave to lie overeachotherandthetune,thephaseandthekick aremea-
suredcorrectly, then a differencebetweentheoreticallypredictedand measuredQ

-function(i.e. thebeta-beat)canbecalculated.Takingequation6 onereceives:
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Figure16: Comparisonof resultsof equation7 for averticalkick between
measureddataandtheoreticalprediction.
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Figure17: Comparisonof theamplitudesof measureddataandtheoretical
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Figure18: Comparisonof theamplitudesof measureddataandtheoretical
predictionfor averticalkick.

� z t!��vxw�� ���O���� {Vz�{ ���6� ��� Q z t!�xvxwx� ���6�Q � {Vz�{ ���O� (8)

And this thenleadsto a valuefor theactual
Q

-functionof thestoragering at any
givenposition � : Q ���O� � Q z t!�xvxw�� ���O� -N� ��� {}z�{ ���O�� z t4��vxw�� ���O�u� & (9)

A plot of this actual
Q

-functioncomparedto thetheoretical
Q

-functionis givenin
figure19.

Anotherinterestingdiscovery arethe two spikesat BPM 28 (bpm 05sd)and
BPM 59 (bpm 10me).It turnedout thatBPM 59 (bpm 10me)wasturnedoff dur-
ing measurement(becauseof a malfunction)andBPM 28 (bpm 05sd)wasgiving
thewrongreadoutdueto insufficient settings.As a consequenceof this measure-
menttheseerrorswerecorrected.

5.3 Varying the Calibration Constant and the Tune

As alreadymentioned,theamplitudesof theoreticalpredictionandof datado not
matchperfectly. Aside from the modulationof their differencedueto beta-beat,
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Figure19: Comparisonof the
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-functionsof measureddatawith theoretical
prediction.

thereseemsto bea thresholdin difference.Thisagainleadsto theassumptionthat
undercircumstancesthecalibrationfactorof thecorrectormagnetswasnot evalu-
atedcorrectly. Figure20shows minimizationof thedifferencebetweentheoretical
predictionsandmeasuredvaluesafterchangingthehorizontalcalibrationconstant:* B�E *GFuH �4I t!vxw cjy v r6z�{}|���� � ��- , L��@� `�� ,!� � � - , L��@�
This leadsto a minimizeddifferenceof thetwo plots(their differencehasa mean
of � - , L �@� anda RMS of , � ��- , L ��  ), but it doesn’t give usany proof considering
thepropertiesof ourcorrectormagnets.Onceagainthecalibrationconstantwould
have to bechangedby a greatfactorwhich at themomentcannotbe legitimated.
Thefactthatthedifferencebetweenthetwo calibrationconstantsis almostexactly
a factortwo is evenmorebothering.

Thereis however anotherpossibleapproach:Perhapsthe
Q

-function usedby
theTracy codeis not identicalto theactual

Q
-functionwhenwetookexperimental

data.Recallthat in equation6 thephaseandthe
Q

-functiondependon eachother
asa resultof solvingHill’ s equation[4]:^ ���6� �¢¡2£7 0 �Q � �C� (10)

Thereforeabeta-beatwill have influenceonthephase.This influencemaybeonly
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Figure21: Nicely matchinghorizontalbeampositionsafteradaptingtheTracy
tunevalue.Thedifferencebetweenmeasureddataandtheoreticalvalueshasa

meanof , � ��- , L �@¤ andaRMSof 3\- , L ��  .
small becauseof the inverserelationshipbut neverthelessit shouldbe taken into
account.Of courseif thephaseis shiftedby only a smalldeviation this will have
greatconsequencesfor the BPM readingsbecausetheir position(in referenceto
phaseadvance)is shifted. Even if this shift is small, the position readingsmay
be completelyoff becauseof the strongoscillationof the beampositionaround
referenceorbit.

ThustheTracy codewasmodifiedto includethepossibilityof tuneadjustment
(by quadrupolemagnets).The vertical beampositionswere in good agreement
with theoreticallycalculatedvalues,but horizontalpositionswereway off. There-
fore the horizontal tune was adjustedin the Tracy evaluationuntil good agree-
mentbetweenexperimentaldataandtheoreticalvalueswasachieved. The result
is shown in figure21(thedifferencebetweenmeasureddataandtheoreticalvalues
hasa meanof , � ��- , L �@¤ anda RMS of 3�- , L ��  ). Thecorrespondingtunevalues
were(tunein verticaldirectionleft unchanged):Y�¥ � , � � ,Y � �M¦�� �
So this methodbasicallyillustratesa way of tunemeasurement.We cannow be
assuredthat thetuneof thestoragering (while we took experimentaldata)wasat
thevaluesY�¥ o � statedabove.
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