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Abstract

We verify all quadrupole strengths (both normal and
skew) and determinesextupole feed-davns aswell asall

BPM gainsand BPM cross-planecouplingsby an SVD-

enhancedeast-squareftting of the phaseadvancegonly

thosewhich are accuratelydetermined)and the Greens

functions (specifiedby the local transfermatrix compo-
nentsR12, R34, R32, and R14). The phaseadwances
andthe Greens functionsare obtainedby analyzingturn-

by-turn Beam Position Monitor (BPM) datafrom high-

resolution model-independenanalysis (MIA). Once the
magnetstrengthsareverified,a magnetcorrectionpriority

sequenceanbeexercisedn the computetbeforeonetries
to correctthe real acceleratar Resultsfrom PEP-II LER

measuremerdrepresented.

1 INTRODUCTION

Local Greens functionsbetweenBPMs derived from or-

bit measurementave beenconsideredor comparingan
acceleratormachine optics with those calculatedfrom

the lattice model [1] using model-independenanalysis
(MIA) [2]. In this paper alongwith the local greenfunc-

tionswe includephaseadvancegwhich usuallycanbe de-
terminedaccurately)etweenBPMs to improve the least-
squareditting accurag.

Takingthe PEP-IILow-Enegy Ring (LER) asanexam-
ple,we describehe BPM buffer dataacquisitionin section
2, andthe extractionof 4 independenlinear orbitsin sec-
tion 3. In section4, we describehow phaseadvancebe-
tweenBPMsis calculatecandusedfor fitting. In section5,
we review thecomputatiorof thelocallinearGreensfunc-

tionsspecifiedby valuesof thetransfemmatrix components,

Ri2, R14, R32, andR34. In sectionb, we briefly describe
how we carry throughan iterative processfor the SVD-
enhancedeast-squarefitting. In section7, we presentyp-
ical resultsfrom anapplicationto the PEP-IILER.

2 BPM BUFFER DATA ACQUISITION

In the PEP-IILER, currentlythereare319 BPMsof which
152 BPMS are single-viav horizontal (X) BPMs, 142
BPMs are single-viev vertical (Y) BPMs, and 25 BPMs
are double-viav (X,Y) BPMs. Therefore,one-turnBPM

buffer datacanoffer amaximumof 177 X dataand167Y

data. Unlike linacswherethereis often enoughincoming
jitter in the beamto measureandidentify betatronmodes,
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in therings, to offsetradiationdamping,the beamis reso-
nantlyexcitedby ashaleratthehorizontalbetatron(eigen)
tuneandthenat the verticalbetatron(eigen)tune,eachfor
2800turnsto geta completesetof datawhich arestoredin
2 setsof matrices,onesetfor the horizontalandthe other
setfor the vertical excitation. Eachsethastwo matrices,
one 2800-by-177matrix for storingx dataand one 2800-
by-167matrix for storingy data. Theremaybe badBPMs
andsothecolumnsarereducedaccordingly

3 EXTRACTION OF INDEPENDENT
LINEAR ORBITS

UponperforminganFFT on eachcolumnof thedatain the
matrices besideghe 0-th FFT moderepresentinghe self-
consistentlosedorbit, onefindsa dominantFFT modeat
the resonancexcitation eigenfrequeng, representinghe
two degreesof freedomof the betatrormotionfor eachex-

citation. The cosine-like orbit is representedby the real
partandthe sine-like orbit is representedly theimaginary
part. Therefore atotal of 4 independentinear (X andY)

orbits can be extractedfrom the two eigen-modeexcita-
tions. Shown in figure 4 aretypical independentinear or-

bits. Onecanclearly seethe couplingin 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 the othertwo orbits (x3, y3) and(x4, y4)
arefrom excitationattheverticaltune.



4 PHASE ADVANCES

If thereis no BPM crosscoupling, one can calculatethe
orbit betatronphaseat eachBPM location by simply tak-

ing the arctangenbf the ratio of theimaginarypartto the
real partof theresonancexcitation FFT mode. Phasead-
vanceshetweenadjacenBPMs canthenbe calculatedby

subtraction. Note that thesephaseadvancesare indepen-
dentof the BPM gainsbecausehey are cancelledin the
ratio. BPMswith cross-couplingrrorsareexcludedfrom

phaseadvancefitting. They canbe foundduringthefitting

processandbasedon previousexperience.Thefitting pro-
cessallows for non-zeroBPM crosscoupling. If arny BPM

crosscouplingbecomedargerthanasmallcut-off, thenthe
phaseadvanceconditionatthe BPM is dropped.

5 LINEAR GREEN'S FUNCTIONS

Thoughx’ andy’ are not directly measuredhey exist.
Giventhe abose completesetof 4 independenbrbits ob-
tainedfrom one horizontalexcitation and one vertical ex-
citation, one canconceptuallyform a non-singulamatrix
at the a** or the b** BPM consistingof the phase-space
coordinateseg.

a
Ty Xy Tz Ty
la ra ra la
Z0 — Ty Iy T3 Xy
- a a a a
Yr Y2 Y3 Ya
/a /a /la la
Y Y2 Y3 Ys

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 contains,in general,6 scalar
invariants. However, sincethe shaler is excited at the two

eigentunes,t canbeshown thatonly thetwo non-coupled
invariants@),2, Qa4 arenot0; Q13 = Q14 = Q23 = Qag =

0. Applying the symplecticpropertyof the transfermap,
RavT JRab = J, andrelationshipbetweerphase-spaceo-

ordinatesand measurearbits, (z1, y1), (z2,v2), (3, y3),

(z4,y4) to the linear phase-spaceoordinatedransferre-

lationshipbetweena andb givenby Z® = R Z% one
obtainsthefollowing 4 equationg1]:

(xtlll"g - T2$1)/Q12 + ($3$4 - T4$3)/Q34 = Rab . (1)
(Y5 — 2598)/ Q12 + (2§35 — 2§15)/Qsa = RES . (2)
(yiah —y5a8)/Quz + (Y524 — y§ab)/ Qs = RIY. (3)
(v — y5yh)/ Q2 + (¥5yh — vih) /Qaa = RS . (4)

The RHS's are always Greens function elements,
Ri2, Rz, R14, Raa; thefirstindex is 1 or 3 accordingto
whether’b’ 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-viev or only one single-viev or both double-viev
BPMs. Note thatthe amplitudeandorthogonalityof the 4
modesbeingusedentershrough@i2 andQsy.

Theselinear Greens functionsfor all combinationsof
(a,b) are not completely independentfrom each other
Sincethereare4 measurementat eachsingle-viev BPM,
1 for eachof the 4 orbits, one might expecteachBPM to
beinvolvedin 4 independenéquationgassumingio BPM
gain errors). This is indeedtrue: thereare 2 independent
"normal” measurementand 2 independentskew” mea-
surementsFor double-viev BPMs oneexpectseightrela-
tionships.Onecanshav thatall Greens functionelements
may be expressedn termsof elementdbetweemeighbors
andnext-nearesheighbors.

In orderto includethe BPM errorsinto theleast-squares
fitting processthe Greens functionsin theBPM measure-
mentframe,asgivenby Egs. 1-4, areexpressedasfollows.

ReY = gl ikt + gb Ri0%, + 00, R3S’ + 01, RE0%,.
RES = gb R4Sg% + gl 3305, + 05, Ri%g% + 00 RY505, .

+ 02, R§305,

yx?

RG = ngiLigZ + glRlzabe T+ 911;_' Rgfig?

+ 6% R%9%

b b b
7€34 = gngéng + gy agx + eyacR(ll4gZ yx yas

whereg,’s, g,'saretheBPM gains,andf,,’sandd,,’sare

the BPM cross-couplingmultipliers. Riz, R34, R32, R1a
arethe Greens functionsof the machine.

6 SVD-ENHANCED LEAST-SQUARES
FITTING

Usingtheexpressiorfor local linear Greensfunctionsand
the phaseadvancesbetweenBPMs, we canstartan SVD-

enhancedeast-squareéitting by initializing BPM gains
andcrosscouplingsandthequadrupolendsextupolefeed-
down variablesn thelatticemodelwith areasonablguess
(for example, initialization with the machineconfigura-
tion). To easethe programmatiditting processwe form

all variablesandall measuremerderivedquantitiegphase
advancesandtheindependenGreens functions)into one-
dimensionalarrays,i.e. vectors,representedy X and
Ym respectiely. The correspondingarametergrom the
model, which areimplicit functionsof all the fitting vari-

ables, arealsoformedinto a vectorfunctionalform given
byY( ) Denotmgthereasonablguesse&arlablevalues
as’z,, andlettlngX = T, + ¥, onehas

V(Z, + ) = Y(&,) + MZ + ij(Z) = Ym,
where7j(Z) containsnonlineartermsof the the Taylor ex-
pansionof Y (7, + #), which is ignoredin the iteration

equationgivenby



Sincetherecouldbedegeneraciesausingheleast-squares
fitting solution, # = (MTM)~'MTh, to diverge, we
use an SVD-enhancedeast-squareditting which solves
the above iteration equationby selectingdominantSVD
modes. At eachiteration,the guessedariablevalues,?,
is updatedand so the linear derivative matrix, M, is also
updatedor the next iteration.

Throughiterations, the correspondingophaseadwances
and local linear Greens functions calculatedfrom the
modelgetmuchcloserto thosemeasuredOncetheresid-
ualscanno longerbereducedtheiterative processtops.
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Figure2: Comparisorof thephaseadvancegrom measure-
mentandmodelfor thehorizontaleigenplane(top) andthe
verticaleigenplane(bottom). Thelinesshow the phasead-
vancesmeasuredetweenBPMs while the dots shav the
correspondinphaseadvancegalculatedromtheideallat-
tice model beforeleast-squareftting. (BPM buffer data
acquiredon April 9, 2002from the PEP-IILER.)

7 RESULTS FROM APPLICATION TO
THE PEP-Il LER

We have applied the abore SVD-enhancedeast-squares
Fitting procedureto the PEP-II LER. Comparisonof the
phaseadwancesderived from the orbits and model are
shawvn in Figure 2 beforefitting and Figure 3 afterfitting.
Comparisorof the Greens functions(R12 andR34) from
measuremendnd modelare shavn in Figure 4 beforefit-
ting andFigure5 afterfitting for a typical case.Oncethe
fitting proceduréhascorvergedthe machinds linearly ver-
ified.

Oncethelinearmachinélatticeis verified, one-turnma-
tricesatall magnetmarker, andBPM locationscanbecal-
culated.Thebetafunctions linearcouplinganglesandlin-
earcouplingstrengthgsanthenbe derivedfrom theseone-
turn matrices Figure6 comparesheverifiedbetafunctions
with thatof the idealattice modelat BPM locationswhile
figure 7 shavs betafunctionsin the vicinity of IP where
the verified 3; and3; arealsoshavn. At eachinterested
location, the verified betafunctionsare obtainedfrom the
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Figure3: Comparisorof thephaseadvancegrom measure-
mentandfitted modelfor the horizontaleigenplane(top)
andthe vertical eigenplane(bottom). The lines show the
phaseadvancesmeasuredetweenBPMs while the dots
shav the correspondingphaseadwancescalculatedfrom
thelattice modelafter SVD-enhancedkast-squarestting.
(BPM buffer dataacquiredon April 9, 2002from the PEP-

Il LER.)

one-turnlinear mapsextractedfrom the fitted model, that
is, from the verified machindattice.

60

40

Local R12
N
S

35
30
25

& 20

ocal R34

3

10

o

0

S 150

®

before fitting

TR
ol §

*

*
o o

& ®

o]

*

SRR o
@%@ sl

*T

before fitting

]

50 100

150 200
BPM Sequence Number

250

300

350

Figure4: Comparisorof local Greens’functions,R> and
Ra4, betweermeasuremergndthatcalculatedrom lattice
modelbeforefitting. Thestarsarefrom measuremenwhile
the circles are from the lattice model. (BPM buffer data
acquiredon April 9, 2002from the PEP-IILER.)

The verified machinelattice canguidethereal machine
corrections.For example,Figure 6 showvs betabeatingfor
the verified machineon April 9, 2002 (alsoshowvn in Fig-
ure 8 for a re-scaledplot). Indeed,therewas significant
betabeatingfor the PEP-II LER. Although this betabeat-
ing hasno negative effect on the PEP-II performanceat
the working tunesas canbe shown in Figure 7, the veri-
fied betafunctions(3*’s) arefavorably smallerthanthose
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Figure5: Comparisorof local Greens’functions,R12 and
R34, betweenmeasuremendand that calculatedfrom lat-
tice model after fitting. The fitting variablesareall BPM
gainsand cross-planecouplingsand the strengthsof the
guadfamiliesand quadskews and sextupole feed-davns.
The starsarefrom measurementhile the circlesarefrom
the lattice model. (BPM buffer dataacquiredon April 9,
2002from the PEP-IILER.)
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Figure 6: Comparisorof the verified betafunctionswith
those of the idea lattice model at BPM locations. (a)
horizontalbetafunctionsfor ideal lattice model; (b) ver
ified horizontalbetafunctions; (c) vertical betafunctions
for ideallattice model; (d) verified vertical betafunctions;
(BPM buffer dataacquiredon April 9, 2002from the PEP-
Il LER.)

of the ideal lattice. The beatingresultingfrom coupling
may be oneof the majorreasondor thetroublein adjust-
ing the horizontalworking tune closerto a half integerin
orderto reducethe beam-beaneffects. The effect of re-
ducingaskew quad(SK4)to 45%of its verifiedstrengthof
4.1 Teslais shovn in Figure9 which displaysreducedoeta
beatingandin Figure 10 which displaysreducedvariation
of the phaseadvancedn the arcsascomparedo Figure3.
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Figure7: Comparisorof the betafunctionsin thevicinity
of IP for the horizontal betafunctions(a and ¢) and the
vertical betafunctions (b andd). The blue lines are for
thosecalculatedfrom the ideal lattice model while those
calculatedrom theverifiedmachindatticearerepresented
by the redlines (bottomat IP whereS=0, but top on both
sidesof theplot) Notethat/3; is closeto thedesignedalue
asshawn in (d) while the 3 is smallerthanthe designed
valueasshown in (c). (BPM buffer dataacquiredon April
9,2002from the PEP-IILER.)

This reducedbetabeatingis also verified in the mostre-
centdataacquiredon Junel3, 2002from the PEP-IILER
(with areducedsK4)asshavnin Figurell,displayingre-
ducedvariationof themeasureghhaseadvancesn thearcs
ascomparedo Figure3.
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Figure8: Theverifiedbetafunctionswith asmallervertical
scalein the plots to shov betabeatings. Note that at the
arcs,theideal betafunctionsshouldhave the samevalues.
(BPM buffer dataacquiredon April 9, 2002from the PEP-
Il LER.)
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Figure 9: The betafunctionswith a reducedskew (SK4)

value that shavs much reducedbetabeatings. Note that
at the arcs,the ideal betafunctionsshouldhave the same
values. (BPM buffer dataacquiredon April 9, 2002from

the PEP-IILER.)
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Figure10: Thephaseadvanceswith areducedskew (SK4)
value that shavs reducedbetabeatings. Note that at the
arcs,theidealphaseadvanceshouldhavethesamevalues.
(BPM buffer dataacquiredon April 9, 2002from the PEP-
Il LER.)

8 SUMMARY

With SVD-enhancedeast-squareftting, we fit the local

Greens functions and phaseadvancesbetweenmeasure-
ment and lattice model. The fitting resultscan identify

malfunctioningBPMs andmagnetstrengthdifferencede-

tweenthemachineandthelattice model. Oncethe magnet
strengthsareverified. we canexerciseanacceleratooptics

correctionin the computemith theverifiedmachindattice

beforeactuallycorrectingthe machine.
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Figure 11: The measureghaseadvanceswith a reduced
skew (SK4) valuethat shows reducedbetabeatings.Note
that at the arcs,the ideal phaseadvancesshouldhave the
samevalues.Also notethatthelarge phaseadvanceqv,,)

at BPM number209 is due to missedBPM number208
which is excludedbecausef baddata. (BPM buffer data
acquiredon Junel3, 2002from the PEP-IILER.)
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