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1 Introduction

Theinnovative dynamicalignmentsystemof the SLS storagering [1] is basedon a 5-pointmover system
for eachof the48 magnewirders[2]. Thegirderpositionsaresurveyedinitially andperiodicallyby means
of referencemarksattachedo the girderitself andto the magnetanountedrigidly to the girder. During
operationthe girder positionis controlledby the hydrostaticlevelling system(HLS) for verticalandroll
motions,and by the horizontalpositioningsystem(HPS) for horizontalmotions. Finally a beambased
girder alignmentmay be performedby usingthe girder mover systemlike correctormagnetsor closed
orbit correction.

In this reportwe give the algorithmsrequiredto getthe girder positionsfrom surey, HLS andHPS,
andto setthe girderpositionsby meansof the mover system.We will alsoshav simulationresultsfor the
beambasedyirderalignmentprocedure.

Large figuresandtableshave beenmoved to the end of the note. Testprogramsimplementingthe
algorithmsareavailableat [8].

2 Girder motion

Thegirdercoordinatesystemasshawn in figures4 is aright handsystermwith
¢ 1 pointingoutside away from themachinecenter
e y pointingup,

¢ 2z pointingin thebeamdirection,with thebeanrotatingclockwiseseerfrom above. Sincethegirders
arestraightno curvilinearsystemhasto be definedasfor thebeam.

A girdermaybedisplacedrom its referencepositionsin six degreesof freedom:
¢ Sway, translatioru alongz-axis

¢ Heave,translatiorw alongy-axis

Sume,translationw alongz-axis

Pitch,rotationaroundaroundz-axisby angley

Yaw, rotationaroundy-axisby anglen

Roll, rotationaroundz-axisby angles



Sway, heave, pitch, yaw androll aresubjectof dynamicalignmentby meansof the 5-pointmover system.
Thesume(translatioralongz-axis)is suppressely mechanicafixationsonly. Sincesuigesarelesscritical
for beamstability they had beenomitted from dynamiccontrol. The rotationanglesy, 1, o arepositve
whentherotationis counterclockwiseasseenfrom the positive sideof the correspondinguxis. We thusget

for therotations:
1 0 0

Pitch(aroundz): R, =| 0 cosy —siny (1)
0 siny cosy

cosnp 0 sinp
Yaw (aroundy): R, = 0 1 0 (2)
—sinn 0 cosn

cosog —sinog 0
Roll (aroundz): R, = | sinoc cosoc 0 3
0 0 1

Multiplication givesthefull rotationmatrix

COsSo CosT cososinmsiny —sino cosy cososinm cosy + sino sin x
R=R.R,R, = | sinocosn sinosinnsiny +cosocosy sino sinncosx — coso sinx 4)
—sinn cosmsin x COS 1) COS X

Of coursethe determinanbf therotationmatrixis unity: |R| = 1. A linearizedrotationmatrix is obtained
by assumingy,n, 0 < 1 andneglectingall ordershigherthanlinearin R:

1 -0 17
R1in = g 1 —X (5)
-n x 1

The determinantleviatesfrom unity in secondorderof the angles:|Ryin| = 1 + x? + 7% + 02. Ry is
independenof theorderof themultiplicationswhereasR is not.
Thetranslationsandtherotationsmay be corvenientlycombinednto vectors:

u . X
t=1 v 6= 7 (6)
w o

Transformatiorfrom anidealvectorz;, into adisplacedvectorZ is givenby

Z=R(a, +1) @)
In caseof linearapproximation(whichwill be usedfrequently)this equationreducego

# = Rynd, +1 (8)

neglectingthe seconcbrdertermsfrom the productRy;, . Usingegs.5,8ve mayalsowrite

T=F,+0xT, +1 (9)
or explicitly
x To— 0Yo +N2o +u
Yy - Yo — X?o + O,y + v (10)
z Zo = NTo + XYo + W
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Figurel: Schematioziew of girdermover 1

3 Thegirder mover system

Sincethe girder mover systemhasno control of suigesw (which arelessrelevantfor beamdynamics)wve
setw = 0 duringthis sectionanduseeq.6andthe subsequergquationswith this restriction.

The girder mover systemis basedon five motordriven excentric disks orientedin z-directionwhich
supporffive contactsurfacesof thegirder. As shavn in figures4, four of thefive surfaceareslantedby 45°
andoneis horizontal.

Figure 1 shovs exaggeratedhe girder mover 1 from figure 4: It consistsof an axis locatedat point
M with the motordrive attachedo it andanexcentricdisk touchingthe girder’s contactsurface. The ball
bearingdbetweeraxis anddisk allow somerotationaroundthe z-axisin orderto avoid localizedpressure
onthedisk edgesthey thuscreatea virtual sphereof radiusr centeredat point B.

The vectorm pointsto the axis at point M. This notationwill be usedfor all points. 17 is rigid and
givenby thegeometridayout. Datafor the SLS girdersaregivenin tablel.

Thevectore pointsin thedirectionof thewaist(maximumradius)of theexcentricdisk. ¢ is therotation
angleof the axis, i.e. theinclination betweenre” andthe xz-axis. Sincethe excentercanonly rotatein the

Tablel: Geometricdatafor SLSgirdermovers

Girdermover No. 1 2 3 4 5
Midpoint of motoraxis mg [mm] | —410 +410 +410 -—-344 —476
my [mm] | —602 —-602 —-602 —-602 —-602
m; [mm] | —g -9 +g +9 +9
for g seetable3
Radiusof motoraxis e 5 5 5 5 5
Radiusof excentricdisk r 60 60 60 60 60
Excentelidealangle oo —45° —135° 0° —135° —45°
Contactsurfaceidealangle v, 45° 135° 90° 135° 45°
constantgor eq.24 c 1 -1 0 -1 1
s 1 1 V2 1 1
p -1 1 -1 1 -1




z — y plane,in theidealcasg(no distortions)thevectoré, is givenby

cos ¢,
€, =e| sing, (11)
0

e is theradiusof theaxis,i.e. thedistancebetweermotoraxis M andvirtual ball midpoint B.
71 is thenormalvectorof theplanarcontactsurface.—7 alwayspointsto point B. 7 of courses affected
by thegirdermisalignmentsu, v, x,n, o). For theidealcaseit is givenby

cos Y,
o, = | sin, (12)
0

since(in theidealcasewherey = 0) it hasno z-component.
C is thepointof contactbetweerexcenterdisk andgirdercontactsurface:

F=m+e+ri (13)

A definesary pointin the contactplanerequiredaterto testotherpointson wetherthey arein the contact
surface.For cornvenienceve choosaheideal contactpointfor this vector:

i, =2, (14)

Laterdueto misalignmentandaccordingto eq.7this pointwill move away andwill notcoincidewith the
contactpointarymore:
a#¢ (15)

Tablel givesdatafor the SLS girders(alsoseefig. 4).

3.1 Exact calculation of excenter angles

We will now calculateexactly therotationangleof the excentersor givenvectorsi and#i determinedy
thegirdergeometryandmisalignment.

Theexcenterhascontactto the surfaceif C' is apointin the surfaceplane:
(¢—a)-n=0 (16)

The contactvector asseenfrom the excenters side,wasgiven by eq.13As long asthereis no pitch the
excentervectorappearingn eq.13is givenby eq.11asto be seenfrom figure 1. However the pitch of the
girdertilts the excentricdisk, thustherotationfrom eq.1hasto beapplied:

cos ¢
€=R,e, =e| singcosy a7
sin ¢ sin x

Yaw androll do nottilt thediskin its bearingshut just rotateit, which doesnot affect the excentervector
Sincee is afew mmandy in thefew mradrange the pitch of theexcenterwill havevirtually no effect. We
only includeit for exactnes®f thesolution.Insertingeqs.13,17nto 16 we thusget

Nz COS P + (ny cos x + n, sin x) sin ¢ = _(m—d)-itr (18)
. > e

g ~ s
~~

=k

=Ty



Thedrive rangefor the excenterangle¢ is £90° from maximumto minimumwith the ideal position¢,
providing no shift definedaszero. In orderto avoid ambiguitiesof trigonometricfunctionswhencrossing
guadranboundariesve subtractheinitial angleby defining

¢ =¢— b, (19)
andmodifying eq.18subsequently:

cos ¢ (g cos ¢, + iy sin ¢,) + sin ¢ (—ng sin ¢, + iy COS o) = k (20)

=Ty =Ty

Substitutingsineandcosineof ¢ by tangenssquaringthe equationandresubstitutingeq. 19 we getfor the

exactsolutionof excenterangles
—fghy + ky /A2 + ng — k2
(21)

=3 _ 1.2
g k

¢ = ¢, + arctan

All quantitiescontainedn eqs.18-21areknown: 11, r, e arefixedquantitiegconstants)anda, 7 aregiven
by girdergeometryandmisalignments, v, x, 5, o. In theparticularcaseof the SLSgidersthepositive root
hasto betakenfor movers1,3,5andthe negative root for 2 and4. A negative agumentof the squareroot
indicateghatthegivengirdermisalignmentsreout of reachfor the excentersNotethateq.21is generally
valid sincethe SLS-specifisimplificationsfrom egs.11and12 hadnotbeenused.

3.2 Linearized calculation of excenter angles

Sincethe rangeof girder motion as definedby the girder mover parameterss in the mm-rangefor the
translationss, v andin the mrad-rangdor therotationsy, 7, o, we may considerthesevalueassmalland
treatthe problemin linearapproximationij.e. neglectingsecondandhigherordersof thesevalues,n order
to arrive at simplerformulae.

We applythelinearizedrotationmatrix Ry, from eq.5andthetranslationfrom eq.6to the vectorsa,.
To the surfacenormalvectori, asdefinedby eq.12we apply only the rotationsincea normalvectoris
invariantto translationsintroducingtheresultsinto eq.18we arrive at

e cos ¢(cos ), — osin,) + esin ¢(sin ¢, + o cos1),) =
€08 o (Azo — My — oMy + N, + w) + sint),(ayo — my + omg — xm; + v)

Vectorda, is takenfrom eqgs.11-14andits componentsubstitutednto the right handside of the equation
above. To theleft handsidewe applytrigonometry:

l.h.s/e = cos(¢p — 1,) + o sin(¢p — 1) = cos(d — Y, — o)
Wethusget:
ecos(¢p — o — 0) = cosPo(u — omy +nm;) + sin, (v + om, — xm;) + ecos(go —¥o)  (22)

Fromtable 1 we seethat for the particularcaseof the SLS girdersthe difference(¢, — 1,) amountsto
anodd multiple of 90° for all five girdermovers,becauseheinitial excenterpositionis orthogonalo the
contactsurfacenormalvector Thusthelastcosinetermdisappearandwe get

—omy +nmy

u
¢ = 1, + o £ arccos (cos U, + sin 1,

v+ omy —sz> 23)

e



The + sign takes into accountthe ambiguity of the arccosfunction and we have to usethe right sign
dependingon the girder mover we consider We further may substitutecosineandsine of ¢, sincethese
anglesareknown andconstant.Using from table1 the constants: = v/2cos,, s = v/2sin4), andthe
constanip takinginto accountthe appropriatesigns,andfurther exploiting the freedomto subtrac2z we
finally arrive atanapplicablesimpleformulafor the5 angles:

ci(u — omy; +1nmz;) + si(v + omg; — xmzi)) 3 W] . P21 s
V2e

(24)

The differencedo the exact formula from eq.21amountto lessthan 1° in the excenterangles¢. This

correspondgo afew pm or uraderroronly whenrecalculatinghe misalignmentsrom theexcenterangles
aswewill doin thenext section.

@i = Yoi + 0 + i [a.rccos (

3.3 Girder moving range

Figure5 displaysthe linearizedexcenteranglesaccordingto eq.24asfunctionsof the five misalignments
whenonly oneof the misalignmentss variedandthe otherskeptzero. The maximumrangeof misalign-
mentsis reachedvhentheargumentof thearccos-functiorin eq.24becomest1. Written explicitly for the
5 girdermoverswith thedatafrom tablel we get5 equationgor themaximumvaluesof thetranslationgin
mm) andtheangleg(in rad),with g = 1000 for theshortgirderandg = 1400 for thelong girderaccording
to table3:

GM1: lu+v+gx—gn+1920] = 5/2
GM2:  |[—u+v+gx+gn—1920] = 52
GM3: |lv—gx+4100] = 5 (25)
GM4: |—u+v—gx—gn—9460| = 52
GMS5: |u+v—gx+gn+1260] = 52

If only oneof the misalignmentss activatedwe getatableof ranges:

Misalignment Symbol Rangg+mm,+mrad] Limiting GM
shortgirder longgirder

Sway Umax 7.07 7.07 1,2,4,5
Heave Vmax 5.0 5.0 3
Pitch Xmax 5.0 3.57 3
Yaw Nmax 7.07 5.05 1,2,45
Roll Omax 7.47 7.47 4

Of course,combinationf misalignmentseducethe range: For examplemoving the girderalonga line
z = y allowsamaximumof £3.53mm for » andv, reachedvhenGM1 andGM4 arepressingheir waists
againstthe contactsurfaceswhile GM2 and GM4 are doing nothing. The pitch x correspondso heave
v andthe yaw 7 to sway » with the mover pairs GM1/5 and GM2/4 working parallelfor the translations
andantiparallelfor the rotationsasclearly visible in figure 5. Theroll motionis more complicated:For
GM1,2,5the surfacenormalvectorsalmostpointto the beamaxis,wheretheroll is defined(seefigures4),
thusthegirderis allowedto “roll” almostfreeon GM1,2,5. Roll controlis providedby GM3 and4 essen-
tially.

We may definea safegirder working region as 5-dimensionakectangularegion unfoldedby the 5
orthogonaintervalsfor independantariationof the misalignmentsin the2-dimensionatasefor example
if we considerns andw only, theworking window is arhombwhichturnsinto a square-shapethombif we
normalizethe coordinatego their maximumvaluesfrom thetableabove: 4 := u/umax. Obviously we get
themaximumsquareareawithin limitations of i, = Om = 1/2.



Thethird row of equatior25definesanoctaederi.e. a3-D rhomb,for v, x ande, whereasheotherfour
rows definethe equivalentof arhombin five dimensions. Fromsymmetryconsiderationsve immediately
seethatwe getdy,, = 1/n etc. in caseof ann-dimensionathomh Fromthefive girdermoverswe thus
getonecubical(GM3) andfour hyperhypercubicd working regions. The commonworking region for all
moversis mostsimply definedby the minimum of the five limitationsfrom every mover andgivenin the
tablebelov. Notethatthis commonworking region happengo bedefinedby GM4 alone.Also notethatit
is not necessarilyhelargestpossiblecommonworking region.

Misalignment Symbol Rangg+mm,+mrad]
shortgirder longgirder

Sway Ulim 1.41 1.41
Heave Vlim 1.41 1.41
Pitch Xlim 1.41 1.01
Yaw Mim 1.41 1.01
Roll Olim 1.49 1.49

3.4 Calculation of girder displacementsfrom excenter angles

Calculationof the excenterangleswasdoneindependentlyor eachgirdermover sincethe contactsurface
wasgivenfrom the girder positionstatus.If the surfacewasout of reachfor the excentemo solutionwas
found. For the oppositeproblemof finding the girderpositionfor givenexcenteranglesjn contrarythefive
angleswill becorrelatedy therigid girder. Furtherasolutionwill befoundin ary casesincethegirderhas
5 degreesof freedonto follow the5 movers.Sincethe girder positionis foundfrom a systemof 5 coupled
equationnly alineartreatmentanbe done. The systemis givenfrom inversionof eq.24:The r-offsets
andthesignconstanp; disappeam inversionsincethey wereonly constructedo resole theambiguityof
thearccos-functionWe furtherremembethats <« 1 andget:

M-T=q (26)
with T and(jS—dimensionailectorsT containingthe misalignmentsve wantto know,
T = (u,v,x,7,0),
andq containingthe excenterangles:
qi:\/iecos(gb,-—d)o) 1=1...5
Therow-vectorsof the5 x 5 matrix M aregivenby
M; = (ciy Siy —M2iSi, M2iCiy Di) i=1...5

with
Di = Mgisi — Myic; — V2esin(¢; — o)

Thefirst four columnvectorsof matrix M containconstantgivenin tablel. The5**-columnvectorg and
theright handsidevectorg containthe excenterangles Eventuallythe alignmentsaresimply givenby

-

However the instructionset of the processingunit (SPS)to be usedfor controlling the excentermotors
includesno matrix inversionprocedure Thusan explicit formulawasderivedfrom eq.27by meansof the

1a5-D objectconsistingof 10 corners 40 edges80 surfaces 80 cellsand32 hypercells!



symboliccodeMAPLE:

u = —[ﬁ(—psih + 2ps5qa + Psq2 — Paqr + Page + gsP1 + qap1 — 2Pags — gsP2 — qaP2)
+2(—q3p1 + p3gs + @3p2 — P3qa + P3q1 — Psq3 — P3ga + pags)]/(4D)

v = —[V2(gsp1 — paqi + @up1 + Gsp2 + QP2 — Psq1 — P52 — Paga)
+2(p3qa + p3qi — Psq3 + P3q2 — Paqs + P3gs — q3p1 — q3p2)]/(4D)

X = —[V2(gsp1 — pagi + qapr + gsp2 + qup2 — Psqi — Psge — Pago)
+2(—p3qs + p3q1 + psqs + P3q2 + Paqg3 — P3qs — q3p1 — q3p2)]/(49D)

n = [V2(=paqi + gsp1 + qap1 + 2paqs — gsP2 — qaP2 — Psq1 — 2Ps5qa + Psga + Pago)
+2(g3p2 + P3gs — P3G2 — Pags — @31 — P3Gs + Psqs + p3qi)]/(4gD)

o = [V2(gs +as) — 243]/D

with
D = V2(ps+ps) —2ps

Figure6 shavsthemisalignmentasfunctionof theexcursionof asingleexcenter(¢ — ¢,) while theother
excentersareat their ideal positionsg,. Measurementsn the real girderwerecarriedout and confirmed
thatthe girdermovesaspredicted3].

4 Calculation of misalignmentsfrom survey data

The girder positionshave to be measuredy geodeticsurey afterinstallationaswell aslateronin order
to control settingmotionsof the hall. The surey datawill be usedto calibratethe online positioncontrol
systemdHLS andHPS.

We assumethattherearen monumentsattachedigidly to eachgirder, their ideal positionsz,; (¢ =
1...n) areknown, andtheir displacedpositionsZ; aremeasurediuring surey. Fromthe differencesf
measuredo ideal positionswe will now derive the girder misalignments.We further assumehat every
measuremert; is accompanietly anindividual vectorof errors(z;, dy;, 62;).

Unlike in the previous sectionswe do no longerexcludea suige errorw that could be causedhrough
mountingthe girder but is out of control for the excenters.We thususethe full translationand rotation
vectorsasdefinedin eq.6.

The problemof fitting linear model parametersi.e. the girder misalignmentsto a numberof mea-
surementswith errors,i.e. the monumentsjs treatedby the standardprocedureof linear leastsquare
minimization. It will give usthe misalignmenparametersvith error estimatesandthe probability for the
validity of theresultasdescribedn [4]:

n 2 , 2
— T Yi —Yi Zi — % .
— 2
Z( 5, ) ("52) + (%) —mn @9

1=

Theestimatevectorsz; aregivenby applyingthetransformatiorfrom eq.7to theidealpositionsz,; using
the errorvectorsfrom eq.6. Sincethe six girder misalingmentsarelinearly independanteq.28falls apart
into six equationdor the partialderivatives,e.g.

82 xz - aw‘t
-2 ...=0 etc.
T

The following calculationis straightforward: Assumingsmall misalignmentsve usethe linear, explicit
transformatiorfrom eq.10,do the differentation extractthe six misalignmenparameterandwrite the six



equationssa6 x 6 linearsystem:

(e 5)(5)-(

=T =B

S

) (29)

The3 x 3 submatricesregivenby (we omit the summatiorindex 7):

Y5z 0 0 0 5 T 30
N = 0 X5 O K=| -Xs 0 > 5
0 0 Y e o 0
I=| -Zik Si+i Dk
andtheright handsidesubrectorscontainthe measurements:
z’ﬁ;_z; . gg(z) - g;g + Yoo (# - #)
e=| Tk d=| Y58 - 53 + %% (575 — 52)
= 25 — 2 + 2oy, (5 — 50 )

In caseof identicalerrorsé; for all dimensiongheright handsidevectorscouldbewritten nicely as

. r—Z, - Ty X T
c= - d:E R
62 02

-

ThealignmentvectorT = (%, ) thenis obtainedfrom
T=M"'B
Thevariance®f thealignmentvectorcomponentaregivenby thediagonalelementof theinversematrix

(covariancematrix):
(6T)* = M;;' — du=+/M7" etc

The quality of the fit is expresseddy the value of the sum (also referencedo asx?) from eq.28when
insertingthefitted parametersanda probabilityfor thevalidity of thefit canbederived. For detailssee[4].

Note: If thesurwey dataaremeasuredh theglobalcoordinatesystemall vectorshaveto betransformed
into the girderssystemby the inverseof eq.41. Thisis incorrectlydonefor the vectorof individual errors
(6=, 8y;, 02;) sinceit actuallycontainsno lengthesbut the radii of an error ellipsoid. The rotationalpart
of thetransformationthencreatesa shearecllipsoid of correlatederrorsin the girder’s system.ln caseof
identicalerrorsd; for all dimensionghetransformations correct.

5 Misalignmentsof the bending magnets

The SLS bendingmagnetare locatedbetweengirdersand supportedoy a threepoint bearing. We will
calculatenow how the misalignment®f the girderstranslatanto a misalignmenbf the bendbetween.

10



Forthe TRACY [6] beamdynamicamodelwe only needsway, heave androll, but for completenesae
will calculatesurge,pitchandyaw too. Thederivationis similarto obtainingthegirdermisalignment$rom
excenteranglessincebothareproblemsof arigid bodysupportedy severalballs.

We defineacoordinatesystenof thebendingmagnetwvith thez-axispointingin directionof thesagitta,
the z-axis alongthe line connectingthe ideal pointswherethe beamentersandleavesthe bend,andthe
y-axis pointing up, i.e. in field direction. The beamdoesnot travel throughthe origin of this coordinate
systembut througha point with coordinate®f (sagitta0,0) asshovn in figure 2.

A
X

4 ;o
:%: 4 C

"»¢
N

A\

Figure2: Threepointbearingof bendingmagnetbn two girders

Thebendis supportedy threebearingsandheld down to the bearingdy its weight. The bearingsare
balls of 40 mm diametercreating[virtual] contactpointsto the bendsbottomplane. Bearings4 and B
areon the upstreangirder, bearingC downstream.The bearingsarefixedrigidly to the girdersandallow
differentdegreesof freedomonthebendside: C is a coneproviding a circularline of contactwith the ball
andthuscreatesvirtual contactpointallowing notranslations A is justasurfaceandallows 2-dimensional
freedomof motion. At B is a grove in the bendandallows translationonly alongits direction. Thusthe
bends positionis uniquelydefined.

With 6,5,6themidpointsof theballsin thebendscoordinatesystemandr theball radiuswe mayexpress
theconstraintdrom thebearingsn threeequations:

A: contactto aflat surface.The contactpointis givenby @ + r# with yetunknowvn normalvectors of
thebendingmagnetdottomplane.q'is ary pointof thatplane.

@+rii—-7=0 (30)

_ B:contacttoa line in thebends bottomplanedefinedby any pointE of theline andits normalvector
I. Thescalar) givesthelocationalongtheline wherethe contactoccurs:

b+riv=k+ M\ (31)
C': contactto apointand,with §'the contactpointon thebendingmagnetside,simply givenby

E+rii=7 (32)

11



With the scalerequation30 andthe two vectorequations31 and 32 we thushave seven equationsor
sevenunknownn quantities:Thebends misalignmentss, v, w, x, , o andthe paramete’ whichwe don't
needbut we getit free.

All thevectorsdefinedby thebendingmagnetaregivenby theiridealvaluesve know andthemisalign-
menttransformatiorasgivenby eq.7.In the next stepwe applytheinversetransformatior, = R~'% — ¢
to all vectorsj.e. we move into the misalignedbends coordinatesystem(only therotationis appliedto the
normalvectors):

A: (R'G@—t+ 77, —P,) - flo =0 (33)
B: R —T+rit, = ky + M, (34)
C: R1¢—t+rit, =, (35)

We identify p, = ¢, + r7i, sincethisis justideal contactpointfor bearingC. In the sameway we usethe
Ereedomto choosej, andk, anywherein the planeresp.in thegrove to identify themwith @, + r#, and
b, + rii, resp.Thuswe get

A: Rld-iy,—t-f, =d, -, (36)
B: R —%— A, =0, (37)
C: R'¢—t=2¢&, (38)

Introducingthe inverseof the linearrotationmatrix from eq.5 andthe misalingmem/ectorst"andﬁfrom
eq.6wefinally canwrite thesesevenequationsaslinearsystem:

0 Nao MNyo Nuo [EXTle [@XT,)y [@XT,), A (@—d,) -,

log 1 0 0 0 b, —by u by — box

loy O 1 0 —b, 0 by v by — boy

lo, O 0 1 by —b, 0 w = b, — by, (39)
0 1 0 0 0 C, —Cy X Cz — Coz

0 0 1 0 —C, 0 Cp n Cy — Coy

0 0 0 1 Cy —Cy 0 o Cy — Coz

In beamdynamicsstudieson misaligmentghis rathercomplex calculationwould be executedratherfre-
guently Ontheotherhandonly sway, heave androll have afirst ordereffect onthebeamwherein caseof
the SLS storagering usingonly gradientfree rectangulabendingmagnetssway doesnot affect the beam
atall.

In orderto simplify eq.39 we first make useof the SLS specificgeometricfeatureshatl,, = 0 and
1, = (0,1,0). Thenthe programMAPLE wasusedto generatexplicit andexact expressiongor heave
androll:

v = —(—ascyby +azbyc, + azeyb; + azcboy — azciby — aoyciby + aycby 4+ byazc,y,

—ayb ey + aoyb.cy — boyazcy — agb,coy) /D

0 = (=bsay+b.cy+b.aoy+ c.boy — bicoy —c2by —
—aboy + a;Coy —azcy +azby +cay — c.a0y)/D
with
D = =b.,ap+b.,cy —a.c; +a.b, —cby +c.a,

Note: Thevectorsi,b,é aredefinedin the bendingmagnets coordinatesystemput they areaffectedby the
misalingment®f the adjacengirderssupportingthe bendingmagnet. Thusseveral transformationhave
to bedoneusingegs.8,41in orderto move from the bendingmagnets systento the global system from
thereto thegirder’s system applythe misalignmentandmove backto the bendingmagnets system.

12



Figure3: Principleof the horizontalpositioningsystem

6 Girder position monitoring systems

Thehydrostatideveling system(HLS) andthe horizontalpositioningsystem(HPS)continuouslymonitor
the movementsof the girders. While the HLS, basedon communicatingubesconnectedall aroundthe
machine usesgravity asanabsolutereferencdor verticalpositionsthe HPS,dueto lack of acomparable
referencen thehorizontal,measuresnly relatve movementdetweertwo girdersor betweeragirderand
amonument.

The third systemat the SLS storagering, the BPM position monitoring system(POMS) for online
compensationf thermalandotherdrifts of the beampositionmonitorsrelative to thegirders,is beyondthe
scopeof this note[7].

6.1 Thehydrostatic leveling system

Four HLS sensorswhich arebasicallywaterpotswith capacitve readoutsaremountedon every girderat
locationsgivenin table2. They allow to determineheare, pitch androll of the girder Threesensowould
be sufiicient, thefourth oneis redundanto coverfailuresandincreaseprecision.

Theformulato obtainheave, pitch androll from HLS sensosignalsis immediatelyextractedfrom the
previous calculationof all six girder misalignmentfrom surney data: In eq. 29 we simply omit all even
numberedtolumnsandrows which arerelatedto sway, suigeandyaw andget:

Sk -TF T v &
Y T L% || x|=| o= (40)
!
% - e Y d Y 2ot

Ay' arethe measuredifferencegelative to theidealmachindevel. § aretheindividual sensoeerrors.

6.2 Thehorizontal positioning system

Figure3 shaws the principle of the horizontalpositioningsystem:Two adjacengirdersareconnectedy
pairsof leverarmsmountedunderneatithe bendingmagnet.Fromeachgirderaboltis pressedgainsthe
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Table2: Datafor the positionmeasuremergystems

Geometriadataof HLS systenfmm]:

X y z
sensotocations +410 - +g
Geometriadataof HPSsystemmm]:
X y z

sensobolt origin a T, y* +(g + 24)
sensobolt direction et cos ¢+ 0 — sin ¢F
contactplatelocation ~ m* T y* +(g9+ 2m)
contactplatenormal pr 1 0 0
with g from table3 andthe otherconstantslependingn location:
girdernumber nmod4 2+ 3~ 1t 27 3+ 4~ 1-,4%
gaptype: wide narrov endpoint

o* F7° F4° -180°

Zq 54.495 30.805 -405.0

T -43.0 -25.0 -

Za 917.192 611.828 715.0

Zm 861.229 559.879 -

Yy~ -457.0 -457.0 -322.0

yT -490.0 -490.0 -322.0

*Exceptiongor 1~ and48+: ¢ = 0° andz, = +405.0

contactplaneat the endof thelever armfixedto its neighbour The elongationof the bolt is measuredby
meansof an optical sensomwith micrometemresolutionover a rangeof severalmillimeters[7]. Eitherall
girdersaroundthe machinemaybelinkedin thisway (“full trainlink™) or only groupsof girdersarelinked
(“partial trainlink”) with monumentserminatingthetrainatits ends.In caseof SLSgroupsof four girders
extendingoveroneof the 12 TBAs form partialtrains.

We now will calculatehow to obtainsway andyaw for all girdersfrom thereadoutof theHPSsensors:
Sincewe considercorrelationsdbetweergirderswe have to move into the “global” SLS coordinatesystem
(X,Y, Z) with the origin atthe centerof the SLS hall (We will usecapitalletterto identify vectorsin the
globalcoordinatesystem).With G, the midpointof girdern and®,, its angleof orientation(i.e. theangle
betweerbeamand Z-axis)thetransformatiorfrom local to globalcoordinatess givenby

L cos®, 0 sind,
X =G, + F,%, with F,= 0 1 0 (42)
—sin®,, 0 cos®,

Datafor SLSgirdermidpointsandorientationsaregivenin table3.

The contactfrom the sensomolt to the contactplate of the adjacentirderis shavn in figure 3: With
Aa point on the sensorolt, C the normalvectorof its directionas determinedby the fixation allowing
elongatiorastheonly degreeof freedom M ary vectorin thecontactplaneand]3 thenormalvectorof the
contactplane we find for the conditionof contact

(A+~+C—M)-P=0 (42)

with ~ the elongationof the bolt, i.e. thereadoutof the HPSsensar It is importantto note,that 4 andC
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move with girdern whereasM and P move with girdern — 1. Eq.42is exactandmakesneitheruseof
linearizationnor of SLS specificgeometricdata.

For the ideal casethe HPS shouldgive zeroreadingsij.e. v, = 0 and 4, = M,, i.e.thevectorsA,
and M, aredefinedto coincidefor theideal case.Thusthe correspondingectorsin the local coordinate
systemsarerelatedby . .
anl + anlmnfl,o = Gn + Fna:n,o (43)
In orderto derive girdermisalignment$rom HPSreadoutsve have to calculateheinverseof eq.42.Since
themisalingments&resmallwe will linearizeeq.42in orderto becomeableto invertit andset

v =d~y|, sincey, =0
Mosttermsof thetotal differentialat“0” disappeadueto (M, — 4,) = 0 andwe get

_ (dM|, - dAl,)- P,
G, - P,

Now we insertthetransformatiorfrom local coordinatesiccordingo eq.41.Theorigin vectorsG disappear
underdifferentiation;to thenormalvectorsthey arent appliedanyway:

+ ( ":l:ldmnzl:1| - F, dai| ) "ilpnzl:lo

£ (44)
Fncn,o : Fn:ﬁ:lpnil,o

Here we have written two equationsgn one becausesvery girder hastwo sensorst its upstream(-) and
downstrean{+) ends Thecontactplatevector&nn 1 B;F onthedownstream endof the upstream girder
n — 1 andthesensobolt vectorsd,; , ¢, ontheupstream sideof girdern areinvolvedin themeasurement
situationshown in figure 3.

Calculatingthe total differentialsdm, 7, andda with respecto all misalignmentss equivalentto
applicationof thelinearizedtransformatiorfrom eq.8

dZ=%-%,=(R-1)Z, +1

Sincethe scalarproductsareindependanbf the coordinatesystemwe rotateinto a systemparallelto the
upstrearngirder by multiplicationwith F, :|:1 in orderto exploit the simple structureof the normalvector
P T asgivenin table2:

-

+ ((Rnil - ]-) n:l:l 0 + tnil F,::éan((Rn - 1)_);:0 + tn)) ’ ﬁn:,'::tl,o

Y = e (45)
" Fn:l:ancifo ’ prle:I:I,o

For the sensordetweengirdersasinstalledunderall bendingmagnetsthe anglesof orientationof the
sensotbolt normalvectorsaregivenby

1 +1— @
oF = %
For the sensorstthe endsof thetrain measuringpositionagainstixedmonumentshey aregivenby
¢y = dx =—

Thusthetransformationg”, !, ), arerotationsby —2¢.
Now we insertthe explicit transformationgrom eq.10andthe SLS specificvaluesct, = cos¢* and
i, =1, p, = pi, = 0 fromtable2 into eq.45:

+ + + + —
Upt1 + mn:,'::tl,oznnzl:l - Cn Un — (Cn n 0z + Sn n oz)nn -

+ + + +
Vr COS ¢n + m:f:i:l,oyo—”il Cn a’n oy - Sn anp oan - Sn Wn, (46)
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with
Cf =cos(¢y)  Si=sin(¢})

Introducingthe constantgjivenin table2 we alsomaywrite for corvenience

Un+1 F (gnzl:l + zm,n:l:l) Mn+l — Cyz;‘,:un - (Syz;l,:xa,n + C;;F(gn + za,n)) Nn =
Vo €08 Gy + Y1 Onk1 — Cr Y On — Sy Xn — Sy wn (47)

wheretheappropriateonstanthave to be choserdependingn thevalueof n.

Thequantitieu,,+1, Mn+1, Un, N, ONtheleft sideareto bemeasurety theHP S, whereaghequantities
On+1,0n, Xn, Wy ONtheright sidedisturbthe measuremen@ndthushave to bedeterminedn advanceby
the HLS system. The suige w,, whichis out of controlfor the girder moversarnyway andthushopefully
neverwill changeijs setto zeroby initial HPScalibration.

Sincetbe HPSsensoraremountedunder the beamlocation(whichis origin of the girder's coordinate
systemXherolls of bothgirdersshav strongandoppositeeffects. Sincethe contactplateatmF is oriented
parallelto the adjacentgirder’s (y,+1, 2,+1) plane,its heae v, 11, pitch x,+1 andsuge w,+1 cannot
affectthevaluesof v;F. Howeverseerfrom theothergirderthecontactplateis tilted by ¢ causingaslight
influencefrom its own pitch x,, andsulge w,,. Only theheave v,, is suppressedincethe plateis at least
parallelto they,,-axis.

Eqgs.46,47alsoapplyto thefirst (v, ) andlast(y3;) girderof a partialtrain facingterminatingmonu-
mentsby settingthen + 1 indexed quantitiesto zero. Insertingall valuesfor n = 1... N, eq.46 or 47
formsa2N dimensionalinearsystem.

This systemmay be written asa 4-diagonal2N x 2N matrix
multiplied with the 2NV vector of horizontalmisalignmentsas -

shavn besiddor N = 4. Only theshadedlement@renonzero. ul
In caseof a full circulartrain link alsothe cross-markd ele- nl
mentswould be nonzero. Inversionof the matrix providesthe u2
uniquesolutionof horizontalmisalignments.However in case n2
of afull trainlink the matrix becomesingular probablythis re- u3
flectsthe factthatin caseof afull trainlink the whole machine n3
is “floating” anduniquesolutionsfor the misalignmentsannot u4
be found. Replacingary of the links by two monumentsagain L n4l]

givesauniquesolution.

7 Beam based girder alignment

Correctionof the beamorbit in the SLS storagering is performedby adjustingeach/N=72 horizontaland
vertical correctormagnetsuntil the M =72 beampositionmonitors(BPM) returnzeroreadings. There-
sponsematrix correlateghe excitationsof correctordo the BPM readingsandmay be derivedfrom theory
or measuredvith the beam. Its inverseis calledthe correctionmatrix, it correlateshe BPM readingsto
the correctorsj.e. it tells how the correctorshave to be excitedin orderto affect the readingof a single
BPM. While theresponsenatrix is coveredeverywherewith betatronoscillations the correctionmatrix of
awell designedrbit correctionschemas atridiagonalmatrix revealingthelocal bumpsasusedcommonly
in orbit correction. In the particularcaseof SLS both matricesare squarematrices,however in general
M maybelargeror smallerthanV leadingto under or overdeterminedystems Furthermorehe system
may be degeneratei.e. therankis reducedjf somecorrectorsarelinear combinationsof othersor don't
work at all. Thatsituationis treatedbestby the methodof singularvaluedecompositior{(SVD), which is
ableto solve non-squarsystemsn aleastsquaresensdor eitherthe correctorstrengthe¢M < N) or the
BPMreadingdM > N), allowsto “invert” non-squaraswell assingularmatricesandreturnsavectorof
weightfactorsindicatingthe efficiencgy of the differentcorrectors.Very low weightfactorsexposeuseless
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correctorsvhich containtherisk to amplify noiseandsteerthe systento extremevalues.They will be set
to zeroin orderto reducetherank of the systemto a smallersetof efficient correctorsgproviding a robust
evennotcompletesolution[4].

This methodhadbeenappliedto staticanddynamicclosedorbit correctionin the SLS storagering [5].
We will now applyit to beambasedgirderalignmentby treatingthe girder misalignmentdik e correctors.
We define“correctors”asdisplacementsf girder endsandthusget 96 horizontalandvertical correctors
from 48 girdersin SLS(n = 1...48):

Tap—1 = Up — Lnnn/2 Top = Up + Lnnn/2 Yan—1 = Up — Lan/2 Yo2n = Up + Lan/2

L, is the lengthof girdern. Girderrolls are omitted prelimarily. An excitation of the “corrector” will
somehow affectthebeambecausé will pasgshemagnet®nthegirderoff-axisandthusreceire somekick.
Thecorrelatedaxis errorsof magnetandBPMsdueto girder misalignmentsvereeasilymodelledthanks
to theflexibility of the TRACY beamdynamicscode[6], theresponsenatriceswere“measured’in simu-
lation, andthe correctionmatriceswereobtainedfrom SVD (SVD codefrom CERNLIB). Theresultsare
shavn in figure 7: Theresponsenatricesshav the betatronmotionsalongthe monitoraxisandthelattice
structurealongthe girderaxis: Horizontalandvertical betatrontunesare20.82and8.28for SLS,andthe
latticeis aperiodthreelattice composef 12 TBA sectorsThecorrectionrmatricesshav adiagonalstruc-
tureasexpected However comparedo the classiccorrectormagnetasedridiagonalcorrectionmatrix as
shavnin [5], thegirdercorrectionmatrix diagonalis diluted: moreoff-diagonalelementsareinvolved,i.e.
severalmorethanthreegirdersarerequiredto correctthe orbit in oneparticularBPM, or otherspeaking,
local bumpsextendoverlargerregions. This is dueto thefinite lengthof the girders,whereaghe corrector
magnetsveretreatedasthin lenses.

Examinationof the weightfactorsw; indicatessomedegenerayg in the horizontal: The lowestweight
factoris only 3.7 - 10~* of thelargestone. Probablythe girdersproducingthe palebandsof smallnumbers
in the horizontalresponsenatrix imageof fig. 7 areinefficient dueto betatronphaseadvancesof ~180°
over agirder, leadingto alineardependangof thetwo “correctors”correspondingo displacementsf its
ends. Note, that the averagephaseadvanceper girder alreadyamountsto 156° in the horizontal. In the
verticaltheratio of minimumto maximumweightfactoris a moderatevalueof 0.013andno degenerayg
occurs.

For testingthe beambasedyirderalignment,200randomseeddor misalignmentsveregeneratecnd
corrected:The applicationof randomerrorsassumegbartialtrain links over four girders(onesector)with
anrms(cutat2 sigma)displacemengrrorof 300um for the[virtual] girderjoints, 100 m for thejoint play
(i.e. theprecisionof HLS andHPSsystemspand50 pm for the mountingof magnetsandBPMsrelative to
thegirder. No roll errorswereappliedandno misalignment®f thebendingmagnetsvereset.No threader
wasusedand191linitial orbitswerefound.

As afirst steptheorbit correctionwasdonein the classicway by excitationof the correctormagnets3
orbitswerelostin this processi.e. theorbit correctiondiverged.

In asecondstepthe correctorswvereresetto zerowhile keepingthe samesetof randomseedsandthe
girder “correctors”were now usedto correctthe beam. Afterwardsthe correctormagnetsvere activated
againto suppressaury residualorbit left overfrom girderalingment.Finally thevaluesof correctorstrength
fromfirst step,i.e. without,andsecondstep,i.e. with beambasedjirderalignmentwerecomparedResults
areshown in figure8:

The procedurewnorked perfectlyin the vertical: The correctorsremainedat zero strengthafter girder
alignment,i.e. all static vertical closedorbit correctionis fully coveredby girder alignment! This is
a very beneficialresult sincethe maximumecorrectorstrenghtesip to 0.6 mrad beforegirder alingment
were alreadycloseto the correctors’capabilities(0.74 mrad at 2.4 GeV). Thereis little changein the
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rmsor maximumgirder heave beforeandafter correctionshowevertheindividual valueswereexchanged
completelymoving from arandonto anoptimumpatternof misalignmentslin the pitchwe seeasystematic
fluctuationafteralignment,obviously the pitch of girdersin the TBAs wasreducedandthe pitch of girders
atthe straightswasincreasedleadingto anincreaseof the maximumpitch occurring,but still well within
thelimits definedin section3.3.

In the horizontalsomemorecarewasrequired:

¢ No filtering of weightfactors,i.e. allowing the algorithmto useall 96 “correctors”(all 48 girders)
resultedin switchedoff horizontalcorrectorstoo, however 16 of the 188 seedswere lost dueto
divergenceof the correctionloop. In reality this schemewould not be applicablesinceit is too
sensitve to noisein BPM readingsandto finite precisionof girderalignment.

¢ Filtering the weightfactorsby the requirementv; > 0.01 - wmax left only 21 from 96 correctors.
Consequentlyno seedwaslost, but the girderalignmentwaschangedy very little amountsandno
loadwastakenaway from the correctormagnets.

¢ Filteringtheweightfactorsby therequirementv; > 0.001 - wmax left 60 from 96 correctors Again
no seedwaslost, but now therms andmaximumcorrectormagnetstrengthwasreducedoy a factor
four by justreshufling thegirdermisalingmentsvhile notor little increasingheirrmsandmaximum
sway andyaw. Thiscases shavnin figure8.

Beambasedjirderalignments ableto lowerthecorrectormagnestrengthesignificantlybothhorizontally
andvertical. It thusmaytake over mostof thestatic(DC) orbit correctionandleave thecorrectorstrengtito
dynamiccorrection(active orbit feedback)andlocal bump creationfor matchingto beamlineacceptances
or for machinestudies.Sincebeambasedyirderalignmentis a dynamicmethodand,in principle, maybe
doneonlinewith the storedbeam |t appearso be a superiorsubstitutefor magnetorting.

More detailedstudieson beambasedyirderalignmentarein progressBasicallyit shouldbe possible
to optimizethe emittancecouplingby steeringtheroll motionof the girders. Also bendingmagnetmisal-
ingmentswill beincludedin furthersimulations.Resultswill be reportedaftercommissioningf the SLS
storageing andtestingthe algorithmwith realbeam.
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Figure4: Girdermovers
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Figure8: Beambasedgirder alignment; Correctorstrengthesnd girder misalignmentgor doing closed
orbit correctionswithout (red) and with (blue) precedingbeambasealignmentof the girders. Maxima
(dashedrndrms (solid) valuesfrom a 188 valid of total 200 randomseedsare given. The greencurves
give the changein girder parameters.The applicationof randomerrorsassumedatrtial train links over
four girders(onesector)with anrms (cut at 2 sigma)displacemenérror of 300 um for the[virtual] girder
joints, 100 um for thejoint play (i.e. the precisionof HLS andHPSsystemsand50 um for the mounting
of magnetsaand BPMsrrelative to the girder. No roll errorswereapplied. The SVD weightfactorswere
filteredby theconstrainu; > 0.001 - wy,ax andandreducedhesetof girderparameterfreefor closedorbit
correctionto 60 out of 96 in the horizontal,leadingto a residualorbit after girder alignmentandnonzero
correctorstrengthegblue). In the vertical the systemis lessdegenerateandall 96 parametersverefree
to centerthe beamin 72 BPMs. resultingin zerocorrectorstrength,i.e. the [static] vertical closedorbit
correctionis coveredcompletelyby beambasedjirderalignment.
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Table3: Girdermidpointsandorientationdn the SLS coordinatesystem(in mm)

n X Y Z P g
1 41533.573 1400.000 16465.118 348.0 1400.0
2 40207.879 1400.000 21088.361 340.0 1400.0
3 37762.434 1400.000 25887.817 326.0 1400.0
4 35069.027 1400.000 29380.543 318.0 1000.0
5 30505.556 1400.000 34448.790 318.0 1000.0
6 27313.502 1400.000 37492.532 310.0 1400.0
7  22795.956 1400.000 40426.260 296.0 1400.0
8 18717.035 1400.000 42104.345 288.0 1000.0
9 9605.913 1400.000 45064.728 288.0 1000.0
10 5319.643 1400.000 46104.659 280.0 1400.0
11 -59.531 1400.000 46386.569 266.0 1400.0
12 -4431.023 1400.000 45800.373 258.0 1000.0
13 -11101.990 1400.000 44382.415 258.0 1000.0
14 -15333.974 1400.000 43139.886 250.0 1400.0
15 -20133.430 1400.000 40694.441 236.0 1400.0
16 -23923.414 1400.000 37733.382 228.0 1400.0
17 -35025.997 1400.000 27736.570 228.0 1400.0
18 -38366.997 1400.000 24276.864 220.0 1400.0
19 -41300.725 1400.000 19759.319 206.0 1400.0
20 -42978.810 1400.000 15680.397 198.0 1000.0
21 -45086.306 1400.000 9194.191 198.0 1000.0
22 -46126.237 1400.000 4907.921 190.0 1400.0
23 -46408.147 1400.000 -471.253 176.0 1400.0
24 -45821.951 1400.000 -4842.745 168.0 1000.0
25 -43830.157 1400.000 -14213.399 168.0 1000.0
26 -42587.628 1400.000 -18445.384 160.0 1400.0
27 -40142.183 1400.000 -23244.840 146.0 1400.0
28 -37448.776 1400.000 -26737.565 138.0 1000.0
29 -32885.305 1400.000 -31805.813 138.0 1000.0
30 -29693.251 1400.000 -34849.554 130.0 1400.0
31 -25175.706 1400.000 -37783.283 116.0 1400.0
32 -20716.361 1400.000 -39584.975 108.0 1400.0
33  -6507.577 1400.000 -44201.689 108.0 1400.0
34  -1840.883 1400.000 -45365.226 100.0 1400.0
35 3538.290 1400.000 -45647.136 86.0 1400.0
36 7909.782 1400.000 -45060.940 78.0 1000.0
37 14580.749 1400.000 -43642.982 78.0 1000.0
38 18812.734 1400.000 -42400.453 70.0 1400.0
39 23612.189 1400.000 -39955.008 56.0 1400.0
40 27104.915 1400.000 -37261.601 48.0 1000.0
41  34224.242 1400.000 -30851.330 48.0 1000.0
42  37267.984 1400.000 -27659.276 40.0 1400.0
43 40201.712 1400.000 -23141.730 26.0 1400.0
44  41879.797 1400.000 -19062.809 18.0 1000.0
45  43987.293 1400.000 -12576.603 18.0 1000.0
46  45027.224 1400.000 -8290.332 10.0 1400.0
47  45309.134 1400.000 -2911.159 -4.0 1400.0
48  44639.773 1400.000 1851592 -12.0 1400.0
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