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1 Abstract

The tune-shiftsandthe beampositionsresultingfrom kicks on horizontalor ver-
tical correctormagnetsat the SLS storagering [1] canbe qualitatively well mod-
eledwith the Tragy-2 code[2]. The codeallows simulationof beamproperties
of the undisturbedstoragering aswell as after perturbationof the system. The
codecanthereforebeusedto predictbeambehaior aftervaryingcorrectomagnet
strengths.Unfortunatelythe precisionof thesemodelpredictionsis not very high
at the moment. Oncethe underlyingtechnicalpropertiesare betterunderstood,
precisepredictionsof beamdynamicsby usingthe Tracy-2 codewill be possible.
This resemblesa well understoodenvironmentopposedo the soleapplicationof
LOCO Analysis[3] which leadsto precisepredictionsof beamdynamicswithout
necessarilenlaging understandingf the elementerrors.



2 Introduction

2.1 The Studies

The performedorbit studiesandthis reportare the resultof practicalstudiesre-

quiredby ETH for undegraduatestudentof experimentalphysicsprior to taking

final exams. | have spentfour weekslearning practicalaspectsof experimental
acceleratophysicson site. In adwancel acquiredbasicunderstandingef acceler

ator physicsin the lectures’Physicsof Particle Accelerators'T4] givenby Lenry

Rivkin at ETH. Thefollowing reportis a summaryof the experimentsandstudies
| carriedout at the SLS storagering. It containsa descriptionof the experiments
aswell asanalysisof the acquireddata. Not all questionghat aroseduring the

experimentscould be answereccompletelydueto the shorttime framegiven, but

answerswill bestatedvherethey couldactuallybefound. A completeerroranaly-
sishasnt beendonebecause¢hesystematierrorsof the BPMs,correctormagnets,
etc. couldnt beinvestigatedduringthis shortperiodof time.

2.2 TheAccderator

The SwissLight SourceSLS[1] is a dedicatecdhigh brightnesssynchrotronlight

sourceunderconstructionat the Paul Scherrennstitute PSlin Villigen, Switzer

land. Theacceleratocomple includesa 2.4GeV(low emittanceklectronstorage
ring with 288m circumferencea full enegy injector boostersynchrotronand a

100MeV linear acceleratopre-injector Thefacility will includea first setof five

beam-linesvhenit is scheduledo startoperationin August2001. At the moment
the storagering is undercommissioning.

2.3 Tracy-2 Software

Tragy-2 [2] is aprogrammingervironmentto studysingleparticledynamicshased
on modernmethodg5]. Theversionusedat SLSis implementedvith C/C++de-
rivedform the original versionthatusedPascal-Sode.All theoreticabeamanal-
ysiswasdoneusingTragy. ThegivenSLS lattice designwasfed asa device input
file. Theclosedorbit couldbegenerateavith Tragy by enteringknown component
values(correctorstrength,quadrupoleand sextupole settings,etc.), perturbations
couldthenbe appliedto studydevelopmentof beampropertiesundercertaincir-
cumstancesT hetheoreticalpredictionsthatwerecomparedvith measuredeam
propertiesveredevelopedcompletelyusing Tracy simulation.
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Figurel: Beamoscillationin horizontalplaneafterkick on a horizontalcorrector
magnet.

3 A Peculiarity Detected in a Tracy Routine

Oneof thefirst perturbation$ wantedo applywasakick onahorizontalor vertical
correctormagnet. Thesecorrectorsare built onto the endsof sextupole magnets
and are usedto give the passingparticlesa kick, i.e. a deviation of their angle.
Thisleadsto anoscillationof the beamaroundthe unperturbearbit andtherefore
to a new closedorbit. Due to coupling of the horizontaland vertical planesof
motion(in anon-lineamachinej.e. whensextupolemagnetsareswitchedon),an
oscillationfollowing a kick in oneplanewill alsobe visible in the perpendicular
plane. Figure 1 illustratesthe oscillation of the beamin the sameplanethe kick
(Imradhorizontal)was applied. Figure 2 shawvs the coupling effect in the other
plane- when looking at the scaleit hasto be consideredhat the amplitudeof
the oscillationdueto couplingis muchsmaller It is alsovery importantto keep
in mind that measurementf the beampositioncanonly be doneat the 72 beam
positionmonitors(BPM) alongthestorageaing. In theexperimentt is notpossible
to obsere thebeampositionin every elementashereseenin thetheoreticalplots
in figures1-4.

While simulatingthis effectin Tragy, | found an effect in beamposition pre-
dictionswhich canonly be understoodvhen actually looking at the specialap-
proachof the Tragy code. Applying a vertical kick resultsin normal oscillation
in the vertical plane. The oscillationin the horizontalplane howvever shaws six
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Figure2: Beamoscillationin vertical planeafterkick onahorizontalcorrector
magnet.

spikes which are of much higher magnitudethan the amplitude of the oscilla-
tion (figure 3). Thesesix spikeswerefoundto originatein the skew quadrupoles.
Skew quadrupolesre basicallyquadrupolesvhich aretilted (rotationaxisis the
beam-line)at a certainangle. Calculationof the beampropertiesin theseskew
quadrupoless doneby transformingbeamcoordinatey s, z, y) into the rotated
system(s, z', y'), applyingquadrupolefields and transformingbackto the unro-
tatedsystem.A kick givenalongoneaxishastwo perpendiculanon-zerocompo-
nentsin this rotatedsystem.lf onelooksatthebeampositionbeforetransforming
backto the unrotatedsystem(asif oneweresitting in the skew magnetsystem),
it seemsasif the original kick hada perpendiculacomponentoo, thusgiving a
much greateramplitudeto the oscillationin the planeperpendiculato the plane
of the original kick. If onetakesinto accountthatthe beampositiondatacalcu-
latedby the Tracy codeis alwaysindicatedin the systennf themeasuremerqoint,
this leadsto the spikes seen.Hencea rotatedskew quadrupolanagnetwill make
Tragy rotatethe outputat the positionof the skew quadrupolesothatit is correct
if seenin the skew quadrupolesystem however not correctif comparedo the
otherpositionsof unrotatedelements|f the predictedpositionvaluesof the skew
quadrupolesreremoved, the normaloscillationdueto couplingis obsered (fig-
ure 4) andshaws that no changein the oscillationis generatedy this "position
displacementtueto thefactthatit is only displacedvhenlooked atfrom another
system.Tracy calculationghereforeremaincorrect.
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4 Tune-shift and the Kick Conversion Factor

A generaproblemarisesvhencomparingneasuremertata(afterapplyingkicks)
to theoreticalpredictionsby Tragy: In experimentskicks areappliedto the beam
by giving acertaincurrenton acorrectormagnet.Thecurrentsettingis in Amperes
whereaghekicksin theTracy modelareappliedin radians. Fortunatelythecurrent
andthe angleof the kick caneasily be related. Recallthe magnetic rigidity Bp
definedby:

2
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Theangleof thekick canbe describedy:
o= L de—iz NIh 3)
~ Bp 5T Bp Ko

whereN is thenumberof turnsof coil, I thecurrentin the coils andh is the size
of thevacuumchamberThereforethekick canbeexpressedsalinearfunctionof
thecurrent:

ce
= % 9uNT 4
0= % 2u0NIh (4)

In agivenacceleratowhereenegy andmagnetpropertiesareknown, this canbe
reducedo:

O[rad] = calconst - I[A] (5)

This calibrationallows comparisorof the modelwith the measuredune-shiftre-
sultingfrom a correctorkick. Figure5 shaws thetheoreticallyresultingtune-shift
from various(horizontal)kicks. As expectedthe dependencis parabolic. Using
theabove mentionedcorversionschemdfrom a currentin A to akick in radona
correctormagnet)onecannow look at measuredune-shiftvs. kick on a (horizon-
tal) correctormagnet.Thisis donein figure6.

Figure7 shavs acomparisorbetweerthemodelandthe measuredune-shifts.
Onecanseeeasilythatthecurveshave thesameshapeput a differentslope ,which
is very bothering. The slope,i.e. the first derivative resultsfrom the sextupole
terms,soanolviousideawould beto changehesextupolestrengthuntil theslopes
areequal. This is basicallyan experimentalcheckof the assumedralue of sex-
tupolestrength.Anotherideais to find a new calibrationconstan{seeequations)
for the corversionin the correctormagnetslt is possible thatdueto inaccuracies
in magnetidield measuremertheoriginal calibrationconstantsverewrong. Both
ideaswerepursuedandtheresultswill be presentedhn the next two sections.
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4.1 Varying Sextupole Strength

As statedabore, thefirst derivative correspondso the sextupoletermsandsothe
firstapproachs to reducehesextupolemagnestrengthn orderto reduceheslope
of theparabolauntil dataandtheoreticalvaluesmatch.If applicablethis procedure
canbeusedto obtainnew andmoreprecisevaluesof the sextupolestrength Figure
8 shaws a comparisorbetweenthe original 100% strengthandthe reduced90%
strengthsextupoles. One seesclearly that the slope of the parabolais reduced.
Unfortunatelythis reductionis not sufficient to matchtheoreticalhypothesiswith
our data(seefigure 9). Anotherattemptto matchbothis presentedn figure 10:
After reducingsextupole strengthby 50% (!) we achieve a satishctory matchin
theregion of zeroperturbationput neverthelessfurther away from this point the
slopesarevery different. Eventakinginto accounthatmagnetidield measurement
is not completelyprecise;it hasa higherconfidencdevel thanthe 50% sextupole
strengtherrorwould allow. Thereforethis procedureof finding a new valuefor the
sextupolestrengthhasto be givenupin favor of finding the errorin the calibration
factor

4.2 Correcting the Calibration Constant

The otherideamentionedwasto find a new calibrationconstantwhich would, on
onehand,matchthe measurediatato the theoreticalpredictionsand,on the other
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hand,give us newv understandingsf the correctormagnetsj.e. correctvaluesof

the propertiesthat leadto the calibrationconstant(e.g. numberof turnsof coil,

current,dimensionsof the vacuumchamberetc.). The implementations fairly

simple: Themeasurediatais plottedagain,but undertheassumptiorthattheused
calibrationfactoris not knovn accurately Assumethat the measuredune-shift
is exact and find what kick a certainmeasuredune-shiftcorrespondg¢o. This
leadsto several valuesfor the calibration constant. Thesedifferent valuescan
thenbe plotted againsteachotherand if they arecloseenough the meanvalue
gives you an an idea of the realistic calibration constant. Figure 11 shaws the
calculatedcalibrationconstantswith respecto the original constant(which was
assumeadvrong). The meanvalueof the calculatedvaluesis plottedaswell.

Evenif oneuseghecalculatedneanvalueasthecalibrationconstanandcom-
pareghepredictedheoreticavalueswith themeasuredndcorvertedvaluesthere
is no obvious match(seefigure 12). The parabolasneetin theregion of zerokick,
but their slopesaredifferentassoonasonestartsto raisethekick value. Therefore
this methodof correctingthe calibrationconstantasto beabandonedswell.

Up to now, no satisfyingexplanationfor the deviation of experimentallyac-
quired tune-shiftsfrom the theoretically predictedvaluescould be found. The
investigationof this questionwill continue. Unfortunatelythe calculatedvalues
arevery far apartfrom eachotherwhich of courselets doubtariseif building the
meanreally leadsto arealisticvalue. Evenworse— the meanvalueof the calcu-

11
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latedconstantdies at a valueaboutfive timesgreaterthanexpected.Eventaking
into accountthat inaccuracieccur during measuremendf the magnetproper
ties, thereis no possibility of the calibrationconstanbeingsohigh. Cross-checks
doneby other SLS memberausing variousmeasuremertechniquesave proven
the estimatedactorto notbe off by afactorof five.
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5 Response Matrix Measurements

5.1 TheResponse Matrix

Thebasicideabehinda responsenatrix measuremernis to introducea small per
turbationto the storagering (i.e. exciting a correctormagnet)andthenmeasure
the positionof the new closedorbit. In presencef suchakick [4] z =0ory =0
is now longerasolution. If we look at this kick asafield errorwe cancalculatea
new closed orhit:

o(5) = 55 oy o8l9(e) 7 ©
wheref is thekick in radians, gy is the valueof the g-function at the position of
the correctormagnetwherethekick is applied,@ is the betatrontune,and¢(s) is
thephaseadwance.Particleswill now performbetatroroscillationsarouncthis new
closedorbit. Sobasicallyarespons@latrix will resultif (aftergiving acertainkick
to eachcorrectormagnet)the orbit displacementarereadat variousspotsalong
the storagering, e.g. if we have m correctormagnetsandn BPMsthenthe value
r;;(0) will representhe displacementf thebeamat BPM j inducedby corrector
1 whenapplyingakick strengthd. Sotheresultof sucharesponseneasurement
will bethe Response Matrix

R(0) = [r(0)iji=1...mj=1..n

The measurementsonductechereareonly two columnvectorsout of suchama-
trix,

'Fhorizontal = [T(g)ik]izl...m,lgkgn

Tyertikal = [7(0)it)i=1..m,1<i<n

i.e. onecorrector(horizontalandvertical) kicks the beamwith a certainamplitude
andthentheresponsef the beamis measuredn all of the 72 BPMs. The exper

imentconsistedf taking datafrom all of the 72 BPMs after having givenoncea
horizontalkick of +1A onthefirst horizontalcorrectormagnetandoncea vertical
kick of +2A onavertical correctormagnet.A kick of +1A onahorizontalcorrec-

tor corresponds$o § = —0.1mrad whereasakick of +2A on a vertical corrector
correspondso # = —0.25mrad. Theresultof thesekicks canbe seenin figures
13and14.

To comparéghetheoreticamodelwith measuredata,it is agoodideato divide
the positionof the particlesby the squareaoot of the S-function. Recallequationé
whichwill thenbetransformedo:

\;% = 2s0h\1/(?Q) cos[p(s) — Q)] (7)

14
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Figure15: Comparisorof resultsof equation7 for a horizontalkick between
measurediataandtheoreticalprediction.

All factorsoutsidethe cosineareconstantindsousingequation7 we canstudythe
form of the cosinewith respecto the phaseadvance¢(s). A comparisorof these
values(seefiguresl5and16) shavs thatthe phasds well predictedoy theory(the
tunesdiffer by lessthanahalf-integer).

If wewantto compargheamplitudesof thesevaluesit is betterto look attheir
differenceasin figures17 and18. However it is importantto keepin mind that
thereis alsoa resolutionproblem: Thereareonly 72 BPMseventhoughthebeam
positionis oscillating very quickly, sothatreadingsmay look offset even though
they arein goodagreementvith theory;this canbeseenin figuresl5and16.
Figures17 and 18 shawv a modulationof the beamposition amplitudesover the
periodof the storagering. This comesfrom the so-calledbeta-beat which canbe
derivedfrom theseplots.

5.2 TheBeta-Beat

If oneassumeshatthe beampositionof the theoreticalcalculationandthe mea-
surementhave to lie over eachotherandthetune,the phaseandthekick aremea-
suredcorrectly then a differencebetweentheoreticallypredictedand measured
B-function(i.e. thebeta-beatfanbe calculated.Taking equation6 onereceves:

16
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Ttheory (5) _ ﬂtheory (5)
= (8)
Tdata (3) Bdata (3)
And this thenleadsto a valuefor the actual3-function of the storagering at ary
givenpositions:

2
ﬁ(s) = /Btheory(s) : (M%) 9

Ttheory\S

A plot of this actuals-function comparedo the theoretical3-functionis givenin
figure 19.

Anotherinterestingdiscovery arethe two spikesat BPM 28 (bpm 05sd)and
BPM 59 (bpm.10me).It turnedoutthatBPM 59 (bpm.10me)wasturnedoff dur
ing measuremertbecaus®f a malfunction)andBPM 28 (bpm 05sd)wasgiving
thewrongreadoutdueto insufiicient settings.As a consequencef this measure-
menttheseerrorswerecorrected.

5.3 Varyingthe Calibration Constant and the Tune

As alreadymentionedthe amplitudesof theoreticalpredictionandof datado not
matchperfectly Aside from the modulationof their differencedueto beta-beat,

18
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thereseemgo beathresholdn difference.This againleadsto theassumptiorthat
undercircumstancethe calibrationfactorof the correctormagnetavasnot evalu-
atedcorrectly Figure20 shavs minimizationof thedifferencebetweertheoretical
predictionsandmeasuredaluesafterchanginghehorizontalcalibrationconstant:

calconsthorizonta : 8-5 - 1073 — 16.6 - 1073

This leadsto a minimizeddifferenceof thetwo plots (their differencehasa mean
of 3-107% andaRMSof 1.5 - 10~%), but it doesnt give usary proof considering
the propertiesof our correctormagnetsOnceagainthe calibrationconstantvould
have to be changeddy a greatfactorwhich at the momentcannotbe legitimated.
Thefactthatthedifferencebetweerthetwo calibrationconstantgs almostexactly
afactortwo is evenmorebothering.

Thereis however anothemossibleapproach:Perhapghe s-function usedby
the Tragy codeis notidenticalto the actual-functionwhenwe took experimental
data.Recallthatin equation6 the phaseandthe 8-function dependon eachother
asaresultof solvingHill' s equation4]:

5 ds

Thereforeabeta-beawill have influenceonthephase Thisinfluencemaybeonly

(10)
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Figure20: Comparisorof theamplitudesof measuredlata(with adapted
calibrationconstantndtheoreticalprediction. Their differencehasa meanof

20 30

10

3-10~% andaRMSof 1.5 - 10—,
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Figure21: Nicely matchinghorizontalbeampositionsafteradaptingthe Tracy
tunevalue. Thedifferencebetweemmeasuredlataandtheoreticalvalueshasa

meanof 1.5 - 10~° andaRMSof 2 - 10~%.

small becausef the inverserelationshipbut neverthelesst shouldbe taken into
account.Of courseif the phaseis shiftedby only a smalldeviation this will have
greatconsequence®r the BPM readingsbecauseéheir position (in referenceo
phaseadwance)is shifted. Evenif this shift is small, the position readingsmay
be completelyoff becauseof the strongoscillation of the beampositionaround
referenceorbit.

Thusthe Tracy codewasmaodifiedto includethe possibility of tuneadjustment
(by quadrupolemagnets). The vertical beampositionswerein good agreement
with theoreticallycalculatedvalues but horizontalpositionswereway off. There-
fore the horizontaltune was adjustedin the Tracy evaluationuntil good agree-
mentbetweenexperimentaldataandtheoreticalvalueswasachiered. The result
is shavn in figure 21 (the differencebetweemmeasurediataandtheoreticalvalues
hasameanof 1.5 - 10~° andaRMS of 2 - 10~4). The correspondingunevalues
were(tunein verticaldirectionleft unchanged):

Q. = 15.1

Q, =96

Sothis methodbasicallyillustratesa way of tune measurementWe cannow be
assuredhatthetuneof the storagering (while we took experimentaldata)wasat
thevaluesQ), , statedabove.
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