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Abstract

Model IndependentAnalysis (MIA), which employs
statistical methodsto reveal one-microncharge-induced
centroidchangesin pulse-by-pulsebeam-position-monitor
(BPM) measurementsat the SLAC linac [1] hasbeenex-
tendedto storagerings, and is hereappliedat PEP-II to
analyzetransversemotion. The beamis resonantlyex-
cited by a shaker in the horizontalandvertical directions
and2050consecutive-turnmeasurementsof all BPMs are
buffered. Four high-precisionlinearly-independentorbits
aredetermined.Local Green’s functionsspecifiedby the
local transfermatrix componentsR12,R34,R32,andR14
are extractedfrom theseorbits and fitted with the model
lattice using an SVD-enhancedmethod. The BPM gain
andcross-planecouplingalongwith 1 normal-and1 skew-
quadrupolestrengtharedeterminedpersingle-view BPM.

1 INTRODUCTION

Verificationanddiagnosisof anacceleratoropticsis de-
sirablebecausetheaccuracy of theconstructedaccelerator
beamlines(comparedto the the designedlattice) directly
determinestheacceleratorperformance.In this paper, we
presenta techniqueextendedfrom previousstudies[1] for
verifying the linear modelof an electron/positronstorage
ring. Thecentralpartof this techniqueis to vary thequads
andskews, aswell astheequivalentquadsandskews due
to sextupole feed-downs in the lattice model to fit the lo-
cal measuredGreen’s functionswhich, in the linear case,
arespecifiedby valuesof the transfermatrix components,���������	��
���������

and
����


. Notethatthemeasurementerrors
dueto BeamPositionMonitor (BPM) offsets,gains,cross-
planecouplings,andpin-cushiondistortionsmay alsobe
taken into accountby makingBPM gainsandcross-plane
couplingsfitting variablesin calculationof local Green’s
functions. Taking PEP-II Low-Energy Ring (LER) asan
example,in section2 we describetheBPM buffer dataac-
quisitionandtheextractionof independentlinearorbits. In
section3 we review the local Green’s functions. We also
review how theBPMgainsandcross-planecouplingsalong
with thestrengthsof the thenormalquadfamiliesandthe
suitableskewsareintroducedasvariablesfor thefitting be-
tweenmeasurementandthelatticemodel.In section4, we
presentsometypical resultsfrom SVD-enhancedfitting. A
brief summaryis thengivenin section5.

�
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2 EXTRACTION OF INDEPENDENT
LINEAR ORBITS

2.1 BPM buffer data acquisition and manamge-
ment

In the PEP-II LER, thereare319 BPMs of which 160
BPMS are single-view horizontal (X) BPMs, 146 BPMs
are single-view vertical (Y) BPMs, and 13 BPMs are
double-view (X,Y) BPMs.Therefore,one-turnBPM buffer
datacanoffer a maximumof 173 X dataand159 Y data.
Unlike linacswherethereis often enoughincomingjitter
in thebeamto measureandidentify betatronmodes;in the
rings, the beamis resonantlyexcitedby a shaker eitherin
the the horizontaldirectionat thehorizontalbetatrontune
or in the vertical directionat the vertical betatrontune to
offsetsynchrotronradiationdamping.(Note that thehori-
zontalandverticaltunesareactuallythetwo eigentunesof
a couplingring.) We usuallytake 2050turn datafor each
buffer with eithera horizontalor a vertical excitation and
storethesedatain two matrices,onefor theX datawhichis
a2050-by-173matrixandtheotherfor theY datawhich is
a 2050-by-159matrix. TheremaybebadBPMsandsowe
would performa SingularValueDecomposition(SVD) of
eachdatamatrix to identify uncorrelatedcolumnsof data
andtheneliminatethecorrespondingBPM data[1].

2.2 Extraction of independent linear orbits

Oncethe datafrom badBPMs is excludedfrom the X-
dataandtheY-datamatrices(becomesmaller-columnma-
trices),onethenperformsFFToneachcolumnof thedata.
The 0-th FFT mode,which is a real numberfor eachcol-
umn, representsthe self-consistentclosedorbit while an-
otherstandoutFFT mode,which is a complex numberfor
eachcolumnandcorrespondsto the resonanceexcitation
frequency, representsthe two degreesof freedomof the
betatronmotion. The cosine-like orbit is representedby
the real part and the sine-like orbit is representedby the
imaginarypartwhile the squareroot of the squaresumof
two representsthebetatronamplitude.Therefore,for each
buffer datawith eitherahorizontalexcitationor verticalex-
citation,onecanobtaintwo independentlinearorbits. As
to be describedin the next section,in order to calculate
the local Green’s functionsandthe global invariants,one
needs4 independentlinear (X andY) orbits. This canbe
extractedfrom a completesetof datawhich containsone
buffer data(bothX andY matrices)from a horizontalex-
citationandtheotherbuffer datafrom averticalexcitation.
Shown in figure4 aretypical independentlinearorbitsand
thecorrespondingbetatronamplitudes.Onecanclearlysee
thelocal couplingsfrom theseorbits.
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Figure 1: Four independentorbits extractedfrom PEP-II
LER BPM buffer data. The first two orbits (x1, y1) and
(x2, y2) areextractedfrom beamorbit excitationat thehor-
izontaltunewhile theothertwo orbits(x3, y3) and(x4, y4)
arefrom excitationat theverticaltune.Thecorresponding
betatronamplitudesareshown at thebottom

3 LINEAR GREEN’S FUNCTIONS

Thoughx’ andy’ arenot directly measuredthey exist.
Givenacompletesetof 4 independentorbitsobtainedfrom
onehorizontalexcitation andonevertical excitation, one
canconceptuallyform a non-singularmatrix at the ����� or
the ����� BPM consistingof thephase-spacecoordinates:eg.

�����
� � � � �� � �� � �
��� �� � � �� � � �� � � �
! � � ! �� ! �� ! �
!"� �� !"� �� !"� �� !"� �


#

Applying the symplecticcondition (dampingis offset by
the excitation to an equilibrium state),oneobtainsthe in-
variants(constantsaroundthering) representedby ananti-

symmetricmatrix $ �%��&�')(*�+&,�-� � ' (*� � # This anti-
symmetricinvariant matrix has, in general,6 invariants.
However, sincetheshaker is excitedat thetwo eigentunes,
it canbe shown that only the two non-coupledinvariants$ �.� � $ ��
 arenot 0. Theother4 coupledinvariantsareall
0, i.e., $ ��� � $ �.
 � $ ��� � $ ��
 �0/

. Applying thesym-

plecticpropertyof the transfermap,
� � &�')(*� � &1�2(3�

and
relationshipbetweenphase-spacecoordinatesand mea-
suredorbits, (� � � ! � ), (� � � ! � ), (� � � ! � ), (� 
 � ! 
 ) to the lin-
earphase-spacecoordinatestransferrelationshipbetween� and � givenby

� & �4� � & � � �
, oneobtainsthefollowing

4 equations[2]:

5 � � � � &��6 � �� � & �87:9 $ ����; 5 � �� � &
�6 � �
 � &�37:9 $ ��
��<� � &�.� # 5>= 7
5 � � � ! &�?6 � �� ! & �@7A9 $ ��� ; 5 � �� ! &
B6 � �
 ! &�C7A9 $ ��
 �D� � &��� # 5�E 7
5 ! � � � &�F6 ! �� � & �@7A9 $ ��� ; 5 ! �� � &
F6 ! �
 � &�37:9 $ ��
 �<�F� &�.
 # 5�G 7
5 ! � � ! &� 6 ! �� ! & � 7A9 $ ��� ; 5 ! �� ! &
 6 ! �
 ! &� 7:9 $ ��
 �<�F� &��
 # 5�H 7

The RHS’s are always Green’s function elements,� ��� �@� ��� �@� �.
 �I� ��

; the first index is 1 or 3 accordingto

whether’b’ is horizontalor vertical,andthesecondindex
is 2 or 4 accordingto whether’a’ is horizontalor vertical.
Oneor two or four of the above equationswill apply de-
pendingon whetherthe two BPMs at ’a’ and’b’ areboth
single-view or only onesingle-view or both double-view
BPMs. Note that only measurementsat ’a’ and ’b’ enter
theequations;whathappensat otherBPM locationsis ac-
tually irrelevant.Theamplitudeandorthogonalityof the4
modesbeingusedentersthrough $ �.� and $ ��
 .

Theselinear Green’s functionsfor all combinationsof
(a,b) are not completely independentfrom each other.
Sincethereare4 measurementsat eachsingle-view BPM,
1 for eachof the 4 orbits,onemight expecteachBPM to
beinvolvedin 4 independentequations.Thisis indeedtrue:
thereare2 independent”normal” measurementsand2 in-
dependent”skew” measurements.For double-view BPMs
one expectseight relationships. One can show that all
Green’s function elementsmay be expressedin termsof
elementsbetweenneighborsandnext-nearestneighbors.

Due to BPM gain errorsand cross-couplings,Eqs. 1-
4, have to be modified. Ideally, the BPM gains, JCK ’s,JCL ’s, and the cross-couplingmultipliers, MNK8L ’s and MOLOK ’s
can be introducedinto the LHS of the Green’s function
equationsif all BPMs aredouble-view BPMs. But this is
not thecase.Therefore,theequationsaretransformedinto
themeasurementframesothat theLHS’s of theequations
arekept the samewhile the RHS’s aremodifiedsuchthat�	���C�@�������@���.
��

and
����


arereplacedwith P �.�C� P ���C� P ��
��
andP ��
 , where[2]

P ���Q� J &K �	��� J �K ; J &K ����
 M �K8L ; M &K�L ����� J �K ; M &K8L ���
 M �K8L �
P ���Q� J &L ���� J �K ; J &L ����
 M �K�L ; M &LOK �	��� J �K ; M &LOK ����
 M �K8L �
P ��
 � J &K � ��
 J �L ; J &K � ��� M �LOK ; M &K�L � ��
 J �L ; M &K8L � ��� M �L@K �
P ��
 � J &L � ��
 J �L ; J &L � ��� M �LOK ; M &LOK � ��
 J �L ; M &LOK � ��� M �L � #
4 RESULTS FROM PEP-II LER FITTING

TheLHS’s of themodifiedEqs.1-4 canbedirectly cal-
culatedwith the 4 independentorbits while the RHS can
alsobe calculatedif all JCK ’s, JCL ’s, MOLOK ’s MOK�L ’s areknown
andall

� ���
,
� ���

,
� �.


, and
� ��


arecalculatedfrom thelat-
tice model. Consideringasvariablesall JCK ’s, JCL ’s, MOLOK ’sM K�L ’s andthe strengthsof normalquadfamiliesandquad
skewsaswell asthefeed-downsof thesextupoles,onecan
iterativelyachievethebestfit to themodifiedEqs,1-4. This
yields the BPM errorsandthe differencebetweenthe lat-
tice modelandthe built accelerator. We usean SVD en-
hancedmethodfor the thefitting. First we obtaina linear
derivative matrix suchthat the linearizeddifference(rep-
resentedby a vector RS ) betweenthe LHS andRHS of all
themodifiedGreen’sfunctionequationsin eachiterationof
the fitting is givenby RS �UT RV , where RV is the increment
of thevariablesto bedeterminedthroughSVD analysisat
eachiteration.
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Figure2: Comparisonof local Greens’functions,
� �.�

and� ���
, betweenmeasurementandthatcalculatedfrom lattice

modelbeforefitting. The redstarsarefrom measurement
while thebluecirclesarefrom thelatticemodel.

Comparisonof the Green’s functions,
� �.�

’s and
� ���

’
for adjacentBPMsof theentirering areshown in Figure2
beforefitting andin Figure3 afterfitting for a typicalPEP-
II LER case. The ’star’ symbolsrepresentthe calculated
valuesfrom LHS usingthe 4 independentorbitsextracted
from the BPM buffer datawith a resolutionenhancement
by a factorof about W E /�/�/ while the’circle’ symbolsrep-
resentthecalculatedvaluesfrom theRHSof themodified
Green’s function equations.The residualsafter fitting are
muchreducedFittedvaluesof BPM gainsandcross-plane
couplingsanddeviationsbetweenmodelandmeasurement
for themagnetstrengthsareshown in Figure4. The large
gain errors(differencefrom 1) and the large cross-plane
couplings(differencefrom 0) areerrorsfrom malfunction-
ing BPMs not identified before the fitting since the bad
BPM datahavebeenexcluded.Therearea few largemag-
net strengthdifferencesbetweenmeasurementandlattice
model.They aremostlythosequadrupolesusedfor chang-
ing thetunesof themachine.

5 SUMMARY

We have extendedMIA from thestudyof linacsto stor-
age rings by fitting the local Green’s functions between
measurementand lattice model. The fitting resultscan
identify malfunctioningBPMs and large magnetstrength
differencesbetweenthe machineand the lattice model.
However, for finetuningof themachine,westill needsome
moreeffort to improvethis techniquein termsof (a)better
choiceof fitting variablesat theright phase(right location),
(b) more precisecalculation of local Green’s functions
from thelatticemodel(suchasmodelingthesolenoidmore
accurately).and(c) further improvementof the measure-
mentresolutionfrom our achievedfactorof about W E /�/�/ .
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Figure3: Comparisonof local Greens’functions,
� ���

and� ���
, betweenmeasurementand that calculatedfrom lat-

tice modelafter fitting. The fitting variablesareall BPM
gainsand cross-planecouplingsand the strengthsof the
quadfamiliesandquadskews andsextupolefeed-downs.
Theredstarsarefrom measurementwhile thebluecircles
arefrom thelatticemodel.
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Figure 4: The BPM gains (the top plots) and the BPM
cross-planecouplings(themiddleplots)andthedifference
of the integratedmagnetstrengthof thequadfamiliesand
quadskewsobtainedfrom fitting for thelocalGreen’sfunc-
tions betweenmeasurementand the lattice model. Note
thatbadBPM datahavebeenexcludedfrom fitting
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