SLAC-PUB-8888
August 2002

APPLICATION of MODEL-INDEPENDENT ANALYSISto PEP-II RINGS*

Y. Cai,J.Irwin, M. Sullivan,andY.T. Yan,SLAC, Stanford,CA 94309,U.S.A.

Abstract

Model IndependentAnalysis (MIA), which employs
statistical methodsto reveal one-micronchage-induced
centroidchangesn pulse-by-pulséoeam-position-monitor
(BPM) measurementat the SLAC linac [1] hasbeenex-
tendedto storagerings, andis hereappliedat PEP-II to
analyzetranswersemotion. The beamis resonantlyex-
cited by a shaler in the horizontaland vertical directions
and2050consecutie-turnmeasurementsf all BPMs are
buffered. Four high-precisionlinearly-independenorbits
aredetermined.Local Greens functionsspecifiedby the
local transfermatrix componentfR12,R34,R32,andR14
are extractedfrom theseorbits and fitted with the model
lattice using an SVD-enhancednethod. The BPM gain
andcross-planeouplingalongwith 1 normal-and1 skew-
guadrupolestrengtharedeterminedper single-viev BPM.

1 INTRODUCTION

Verificationanddiagnosisof anacceleratoopticsis de-
sirablebecausehe accuray of the constructediccelerator
beamlinegcomparedo the the designedattice) directly
determineghe acceleratoperformance.ln this paper we
presentatechniquesxtendedfrom previous studieg[1] for
verifying the linear model of an electron/positrorstorage
ring. Thecentralpartof this techniquds to vary the quads
andskews, aswell asthe equivalentquadsandskews due
to sextupolefeed-davnsin the lattice modelto fit the lo-
cal measuredsreens functionswhich, in the linear case,
arespecifiedby valuesof the transfermatrix components,
Ri2, R14, R32, and R34. Notethatthe measuremergrrors
dueto BeamPaositionMonitor (BPM) offsets,gains,cross-
plane couplings,and pin-cushiondistortionsmay also be
takeninto accountby makingBPM gainsandcross-plane
couplingsfitting variablesin calculationof local Greens
functions. Taking PEP-Il Low-Enegy Ring (LER) asan
example,in section2 we describehe BPM buffer dataac-
quisitionandtheextractionof independenlinearorbits. In
section3 we review the local Greens functions. We also
review how theBPM gainsandcross-planeouplingsalong
with the strengthsf the the normalquadfamiliesandthe
suitableskews areintroducedasvariabledor thefitting be-
tweenmeasuremerdndthelatticemodel. In section4, we
presensometypical resultsfrom SVD-enhancefitting. A
brief summaryis thengivenin section5.

* Work supportedby DOE contractDE-AC03-76SF00515.

2 EXTRACTION OF INDEPENDENT
LINEAR ORBITS

2.1 BPM buffer data acquisition and manamge-
ment

In the PEP-II LER, thereare 319 BPMs of which 160
BPMS are single-viav horizontal (X) BPMs, 146 BPMs
are single-viev vertical (Y) BPMs, and 13 BPMs are
double-viav (X,Y) BPMs. Thereforepne-turnBPM buffer
datacanoffer amaximumof 173 X dataand159Y data.
Unlike linacswherethereis often enoughincomingjitter
in thebeamto measurendidentify betatronrmodes;n the
rings, the beamis resonantlyexcited by a shaler eitherin
the the horizontaldirection at the horizontalbetatrontune
or in the vertical directionat the vertical betatrontune to
offsetsynchrotrorradiationdamping. (Note that the hori-
zontalandverticaltunesareactuallythetwo eigentunesof
a couplingring.) We usuallytake 2050turn datafor each
buffer with eithera horizontalor a vertical excitation and
storethesedatain two matricespnefor the X datawhichis
a2050-by-173matrix andthe otherfor theY datawhichis
a2050-by-159matrix. TheremaybebadBPMsandsowe
would performa SingularValue DecompositionSVD) of
eachdatamatrix to identify uncorrelateccolumnsof data
andtheneliminatethe correspondin@@PM data[1].

2.2 Extraction of independent linear orbits

Oncethe datafrom badBPMs is excludedfrom the X-
dataandthe Y-datamatrices(becomesmallercolumnma-
trices),onethenperformsFFT on eachcolumnof thedata.
The 0-th FFT mode,which is areal numberfor eachcol-
umn, representshe self-consistentlosedorbit while an-
otherstandout~-FT mode,which is a complex numberfor
eachcolumnand correspondgo the resonancexcitation
frequeng, representshe two degreesof freedomof the
betatronmotion. The cosine-like orbit is representedy
the real part and the sine-like orbit is representedby the
imaginarypartwhile the squareroot of the squaresum of
two representshe betatronamplitude.Therefore for each
buffer datawith eitherahorizontalexcitationor verticalex-
citation, one canobtaintwo independenltinear orbits. As
to be describedin the next section,in orderto calculate
the local Greens functionsandthe global invariants,one
needs4 independentinear (X andY) orbits. This canbe
extractedfrom a completesetof datawhich containsone
buffer data(both X andY matrices)from a horizontalex-
citationandthe otherbuffer datafrom a verticalexcitation.
Shown in figure4 aretypical independenltinearorbitsand
thecorrespondindpetatroramplitudes Onecanclearlysee
thelocal couplingsfrom theseorbits.
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Figure 1: Four independenbrbits extractedfrom PEP-II
LER BPM buffer data. The first two orbits (x1, y1) and
(x2,y2) areextractedfrom beamorbit excitationatthehor-
izontaltunewhile theothertwo orbits(x3, y3) and(x4, y4)
arefrom excitationat the verticaltune. The corresponding
betatronamplitudesareshavn atthe bottom

3 LINEAR GREEN'SFUNCTIONS

Thoughx’ andy’ arenot directly measuredhey exist.
Givenacompletesetof 4 independenorbitsobtainedrom
one horizontal excitation and one vertical excitation, one
canconceptuallyform a non-singulamatrix at the a** or
theb” BPM consistingof the phase-spaceoordinateseg.
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Applying the symplecticcondition (dampingis offset by

the excitation to an equilibrium state),one obtainsthe in-

variants(constant@aroundthering) representedly ananti-

symmetricmatrix Q = z°" Jzb = 79T jZa. This anti-

symmetricinvariant matrix has, in general,6 invariants.
However, sincetheshaleris excitedatthetwo eigentunes,
it canbe shown that only the two non-couplednvariants
Q12, Q34 arenot 0. The other4 coupledinvariantsareall

0,i.e.,Q13 = Q11 = Q23 = Q24 = 0. Applying thesym-
plectic propertyof thetransfermap, R*" JR® = J, and
relationship betweenphase-spaceoordinatesand mea-
suredorbits, (21, y1), (z2,y2), (z3,y3), (x4, y4) to thelin-

ear phase-spaceoordinategransferrelationshipbetween
a andb givenby Z® = R Z%, oneobtainsthe following

4 equationg2]:

(z92h — 252%)/Qra + (252 — 2§23) /Qsa = (1)
(x5 — 2590)/ Q12 + (5§ — 23y3)/Qsa = R3S (2)
(yiah — y3a3)/Quz + (Y3l — yia})/Qsa = (3)
(Ufl/g U2U1)/Q12 + (U?UZ 1/41/3)/6234 = Ré’fi (4)

The RHS's are always Greens function elements,
Ri2, R3a, R14, R34; thefirstindex is 1 or 3 accordingto
whether'd’ is horizontalor vertical,andthe secondndex
is 2 or 4 accordingto whether'a’ is horizontalor vertical.
Oneor two or four of the above equationswill apply de-
pendingon whetherthetwo BPMsat’a’ and’b’ areboth
single-viav or only one single-viev or both double-viav
BPMs. Note thatonly measurementat’a’ and’b’ enter
the equationswhathappensat otherBPM locationsis ac-
tually irrelevant. The amplitudeandorthogonalityof the 4
modesheingusedentershrough@i> andQsy.

Theselinear Greens functionsfor all combinationsof
(a,b) are not completely independentfrom each other
Sincethereare4 measurementat eachsingle-vieav BPM,
1 for eachof the 4 orbits, one might expecteachBPM to
beinvolvedin 4 independenéquationsThisis indeedrue:
thereare2 independentnormal” measurementand?2 in-
dependentskew” measurementd-or double-viav BPMs
one expectseight relationships. One can shawv that all
Greens function elementsmay be expressedn termsof
elementdbetweemeighborsaandnext-nearestheighbors.

Due to BPM gain errorsand cross-couplingsggs. 1-
4, have to be modified. Ideally, the BPM gains, ¢.'s,
gy'S, andthe cross-couplingmultipliers, 6,,’s and 6,,’s
can be introducedinto the LHS of the Greens function
equationgf all BPMs aredouble-viev BPMs. But this is
notthe case.Therefore the equationsaretransformednto
the measuremerframesothatthe LHS's of the equations
arekeptthe samewhile the RHS's are modified suchthat
Ri5, R3s, R4, and R34 are replacedNith Ri2,R32, Ria,
andR 34, Where[2]

Riz = ghR129% + g0 R146%, + 05, Raog? + 65, R340%,,
Rsz = g Raz2g% + g Rsab}, + 00, R129% + 0%, R1405,,
Ris = goRiag) + gL R1205, + 05, Rasgl + 05, Raz0s,.,
Ras = goRaaglh + g} Raabll, + 00, Riagl + 00, R1205,

4 RESULTSFROM PEP-II LERFITTING

The LHS's of themodifiedEqgs. 1-4 canbedirectly cal-
culatedwith the 4 independenbrbits while the RHS can
alsobe calculatedf all g,'s, g,’S, 'S 0.,'s areknown
andall R12, R32, R14, and R34 arecalculatedrom thelat-
tice model. Consideringasvariablesall g,'s, g,'s, 0y.'S
0.,’s andthe strengthsof normal quadfamiliesand quad
skews aswell asthefeed-davnsof the sextupoles,onecan
iteratively achiezethebestfit to themodifiedEqgs,1-4. This
yields the BPM errorsandthe differencebetweenthe lat-
tice modelandthe built acceleratar We usean SVD en-
hancedmethodfor the the fitting. First we obtaina linear
derivative matrix suchthat the linearizeddifference(rep-
resentecby a vector&) betweenthe LHS andRHS of all
themodifiedGreensfunctionequationsn eachiterationof
thefitting is givenby A = M¢, where€ is theincrement
of the variablesto be determinedhroughSVD analysisat
eachiteration.
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Figure2: Comparisorof local Greens’functions,R;> and
R32, betweermeasuremerandthatcalculatedrom lattice
modelbeforefitting. Thered starsarefrom measurement
while thebluecirclesarefrom the lattice model.

Comparisonof the Greens functions, R15’s and R3s’
for adjacenBPMsof the entirering areshavn in Figure2
beforefitting andin Figure3 afterfitting for atypical PEP-
Il LER case. The 'star’ symbolsrepresenthe calculated
valuesfrom LHS usingthe 4 independenbrbits extracted
from the BPM buffer datawith a resolutionenhancement
by afactorof abouty/2000 while thecircle’ symbolsrep-
resentthe calculatedvaluesfrom the RHS of the modified
Greens function equations.The residualsafter fitting are
muchreducedritted valuesof BPM gainsandcross-plane
couplingsanddeviationsbetweermodelandmeasurement
for the magnetstrengthsareshown in Figure4. Thelarge
gain errors (differencefrom 1) andthe large cross-plane
couplings(differencefrom 0) areerrorsfrom malfunction-
ing BPMs not identified before the fitting since the bad
BPM datahave beenexcluded.Therearea few largemag-
net strengthdifferencesbetweenmeasuremenand lattice
model. They aremostlythosequadrupolesisedfor chang-
ing thetunesof the machine.

5 SUMMARY

We have extendedMIA from the studyof linacsto stor
agerings by fitting the local Greens functions between
measuremenand lattice model. The fitting resultscan
identify malfunctioningBPMs and large magnetstrength
differencesbetweenthe machineand the lattice model.
However, for finetuningof themachinewe still needsome
moreeffort to improve this techniqudn termsof (a) better
choiceof fitting variablesattheright phasgright location),
(b) more precise calculation of local Greens functions
from thelatticemodel(suchasmodelingthe solenoidmore
accurately).and(c) furtherimprovementof the measure-
mentresolutionfrom our achievedfactorof about\/2000.
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Figure3: Comparisorof local Greens’functions,R;» and
R32, betweenmeasuremenand that calculatedfrom lat-
tice modelafter fitting. The fitting variablesare all BPM
gainsand cross-planecouplingsand the strengthsof the
quadfamilies and quadskews and sextupole feed-davns.
Theredstarsarefrom measuremenwhile the bluecircles
arefrom thelatticemodel.
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Figure 4: The BPM gains (the top plots) and the BPM

cross-planeouplings(the middle plots) andthe difference
of theintegratedmagnetstrengthof the quadfamiliesand
quadskews obtainedrom fitting for thelocal Greensfunc-

tions betweenmeasuremenand the lattice model. Note
thatbadBPM datahave beenexcludedfrom fitting
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