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1 Introduction

Theinnovativedynamicalignmentsystemof theSLSstoragering [1] is basedon a 5-pointmover system
for eachof the48magnetgirders[2]. Thegirderpositionsaresurveyedinitially andperiodicallyby means
of referencemarksattachedto the girder itself andto the magnetsmountedrigidly to the girder. During
operationthe girder positionis controlledby the hydrostaticlevelling system(HLS) for vertical androll
motions,andby the horizontalpositioningsystem(HPS) for horizontalmotions. Finally a beambased
girder alignmentmay be performedby usingthe girder mover systemlike correctormagnetsfor closed
orbit correction.

In this reportwe give the algorithmsrequiredto get the girder positionsfrom survey, HLS andHPS,
andto setthegirderpositionsby meansof themoversystem.We will alsoshow simulationresultsfor the
beambasedgirderalignmentprocedure.

Large figuresand tableshave beenmoved to the end of the note. Test programsimplementingthe
algorithmsareavailableat [8].

2 Girder motion

Thegirdercoordinatesystemasshown in figures4 is a right handsystemwith��� pointingoutside,away from themachinecenter��� pointingup,��� pointingin thebeamdirection,with thebeamrotatingclockwiseseenfrom above.Sincethegirders
arestraightnocurvilinearsystemhasto bedefinedasfor thebeam.

A girdermaybedisplacedfrom its referencepositionsin six degreesof freedom:� Sway, translation� along � -axis� Heave,translation� along � -axis� Surge,translation� along � -axis� Pitch,rotationaroundaround� -axisby angle	� Yaw, rotationaround� -axisby angle
� Roll, rotationaround� -axisby angle�
2



Sway, heave,pitch,yaw androll aresubjectof dynamicalignmentby meansof the5-pointmoversystem.
Thesurge(translationalong � -axis)is suppressedby mechanicalfixationsonly. Sincesurgesarelesscritical
for beamstability they hadbeenomittedfrom dynamiccontrol. The rotationangles	 , 
 , � arepositive
whentherotationis counterclockwiseasseenfrom thepositivesideof thecorrespondingaxis.Wethusget
for therotations:

Pitch(around� ): ��
�� ���� � �������� 	 � ��� � 	� ���!� 	 ����� 	
"#

(1)

Yaw (around� ): ��$%� �� �&�'� 
 � ��� � 
� � �� ��� � 
 �(����� 

"#

(2)

Roll (around� ): �*)�� �� ����� � � �+�!� � ���� � � �&�'� � �� � � "#
(3)

Multiplication givesthefull rotationmatrix

�,�-��).��$/�*
�� ��0����� � ����� 
 �&��� � �+�!� 
 ���!� 	1� ��� � � ����� 	 ����� � ��� � 
 �&�'� 	32 ���!� � ���!� 	���!� � ����� 
 �+�!� � �+�!� 
 ���!� 	32 ����� � ����� 	 ��� � � ��� � 
 �&�'� 	4� �&��� � ���!� 	� ��� � 
 �&��� 
 ��� � 	 �&�'� 
 �&��� 	
"#

(4)

Of course,thedeterminantof therotationmatrix is unity: 5 �657� �
. A linearizedrotationmatrix is obtained

by assuming	98+
:8��<; �
andneglectingall ordershigherthanlinearin � :

��= > ?�� �� � �@� 
� � �A	�A
 	 � "#
(5)

The determinantdeviatesfrom unity in secondorderof the angles: 5 �B= > ?C5D� � 2E	GFB2E
HFB2I�JF . �B= > ? is
independentof theorderof themultiplicationswhereas� is not.

Thetranslationsandtherotationsmaybeconvenientlycombinedinto vectors:KL � �� � ��
"# KM � �� 	 
�

"#
(6)

Transformationfrom anidealvector
K�ON into a displacedvector

K� is givenbyK� �I�QP K� N 2 KL+R
(7)

In caseof linearapproximation(whichwill beusedfrequently)thisequationreducestoK� �S��= > ? K� N 2 KL
(8)

neglectingthesecondordertermsfrom theproduct��= > ? KL
. Usingeqs.5,6wemayalsowriteK� � K�:N 2 KM6T K�ON 2 KL

(9)

or explicitly �� � � � "# � �� � N �U� � N 2�
 � N 2V�� N �U	 � N 2�� � N 2��� N �U
 � N 2�	 � N 2��
"#

(10)
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Figure1: Schematicview of girdermover1

3 The girder mover system

Sincethegirdermoversystemhasno controlof surges � (which arelessrelevantfor beamdynamics)we
set �,g �

duringthissectionanduseeq.6andthesubsequentequationswith this restriction.

The girder mover systemis basedon five motor-drivenexcentricdisksorientedin � -directionwhich
supportfivecontactsurfacesof thegirder. As shown in figures4, four of thefivesurfaceareslantedby 45h
andoneis horizontal.

Figure1 shows exaggeratedthe girder mover 1 from figure 4: It consistsof an axis locatedat pointi
with themotordrive attachedto it andanexcentricdisk touchingthegirder’scontactsurface.Theball

bearingsbetweenaxisanddisk allow somerotationaroundthe � -axis in orderto avoid localizedpressure
on thediskedges,they thuscreatea virtual sphereof radiusj centeredatpoint k .

Thevector
Kl pointsto theaxis at point

i
. This notationwill be usedfor all points.

Kl is rigid and
givenby thegeometriclayout.Datafor theSLSgirdersaregivenin table1.

Thevector
Km pointsin thedirectionof thewaist(maximumradius)of theexcentricdisk. n is therotation

angleof the axis, i.e. the inclinationbetween
Km andthe � -axis. Sincethe excentercanonly rotatein the

Table1: Geometricdatafor SLSgirdermovers
Girdermover No. 1 2 3 4 5
Midpoint of motoraxis l 
 [mm] � 410 2 410 2 410 � 344 �AoHp/ql $ [mm] � 602 � 602 � 602 � 602 � 602l ) [mm] �sr �sr 2Br 2Br 2Br

for r seetable3
Radiusof motoraxis m 5 5 5 5 5
Radiusof excentricdisk j 60 60 60 60 60
Excenteridealangle n N �Aoutvh � �xw t�h 0h � �xw tvh �Aoutvh
Contactsurfaceidealangle y N o'tvh �xw tvh 90h �.w tvh o't�h
constantsfor eq.24 z 1 -1 0 -1 1{ 1 1 | } 1 1~ -1 1 -1 1 -1
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� � � plane,in theidealcase(nodistortions)thevector
Km/N is givenbyKm N � m ��0�&��� n N�+�!� n N� "#

(11)m is theradiusof theaxis,i.e. thedistancebetweenmotoraxis
i

andvirtual ball midpoint k .K� is thenormalvectorof theplanarcontactsurface. � K� alwayspointsto point k .
K� of courseis affected

by thegirdermisalignmentsP��G8+�O8+	�8�
:8�� R
. For theidealcaseit is givenbyK� N � ����&�'� y N��� � y N� "#

(12)

since(in theidealcase,where	�� �
) it hasno � -component.�

is thepointof contactbetweenexcenterdiskandgirdercontactsurface:Kz@� Kl 2 Km 2�j K� (13)�
definesany point in thecontactplanerequiredlaterto testotherpointson wetherthey arein thecontact

surface.For conveniencewechoosetheidealcontactpoint for thisvector:K�uN � Kz N (14)

Laterdueto misalignmentsandaccordingto eq.7this pointwill moveaway andwill not coincidewith the
contactpointanymore: K���� Kz (15)

Table1 givesdatafor theSLSgirders(alsoseefig. 4).

3.1 Exact calculation of excenter angles

We will now calculateexactly therotationangleof theexcentersfor givenvectors
K� and

K� determinedby
thegirdergeometryandmisalignment.

Theexcenterhascontactto thesurfaceif
�

is a point in thesurfaceplane:P Kz9� K� R�� K� � �
(16)

Thecontactvector, asseenfrom the excenter’s side,wasgivenby eq.13As long asthereis no pitch the
excentervectorappearingin eq.13is givenby eq.11asto beseenfrom figure1. However thepitch of the
girdertilts theexcentricdisk, thustherotationfrom eq.1hasto beapplied:Km �S� 
 Km/N � m �� �&�'� n�+�!� n ����� 	�+�!� n ���!� 	

"#
(17)

Yaw androll do not tilt thedisk in its bearingsbut just rotateit, which doesnot affect theexcentervector.
Sincem is a few mmand 	 in thefew mradrange,thepitchof theexcenterwill havevirtually noeffect. We
only includeit for exactnessof thesolution.Insertingeqs.13,17into 16wethusget� 
 ����� nQ2-P � $ �&�'� 	�2 � ) ��� � 	� ��� �� ����7� R �+�!� n���� P Kl � K� R�� K� 2�jm� �&� �� ��� (18)

5



Thedrive rangefor theexcenterangle n is �*� � h from maximumto minimumwith the idealposition n N
providing no shift definedaszero. In orderto avoid ambiguitiesof trigonometricfunctionswhencrossing
quadrantboundarieswesubtracttheinitial angleby defining�n��In���n N (19)

andmodifyingeq.18subsequently:����� �n�P � 
 ����� n N 2��� $ �+�!� n N R� �&� �� �A �v¡ 2 ��� � �n�P¢� � 
 ��� � n N 2��� $ �&�'� n N R� ��� �� �A � � �,£ (20)

Substitutingsineandcosineof
�n by tangens,squaringtheequationandresubstitutingeq.19wegetfor the

exactsolutionof excenterangles

n3�,n N 2�¤v¥ �&¦ ¤ � �� � �� 
 �� $@�V£¨§ �� F
 2 �� F$ ��£ F�� F$ ��£ F "#
(21)

All quantitiescontainedin eqs.18-21areknown:
Kl , j , m arefixedquantities(constants),and

K� ,
K� aregiven

by girdergeometryandmisalignments� , � , 	 , 
 , � . In theparticularcaseof theSLSgidersthepositiveroot
hasto betakenfor movers1,3,5andthenegative root for 2 and4. A negativeargumentof thesquareroot
indicatesthatthegivengirdermisalignmentsareoutof reachfor theexcenters.Notethateq.21is generally
valid sincetheSLS-specificsimplificationsfrom eqs.11and12hadnotbeenused.

3.2 Linearized calculation of excenter angles

Sincethe rangeof girder motion asdefinedby the girder mover parametersis in the mm-rangefor the
translations� , � andin themrad-rangefor therotations	 , 
 , � , we mayconsiderthesevalueassmalland
treattheproblemin linearapproximation,i.e. neglectingsecondandhigherordersof thesevalues,in order
to arriveat simplerformulae.

We applythelinearizedrotationmatrix ��= > ? from eq.5andthetranslationfrom eq.6to thevectors
K� N .

To the surfacenormalvector
K� N asdefinedby eq.12we apply only the rotationsincea normalvectoris

invariantto translations.Introducingtheresultsinto eq.18wearriveatm ����� nGP �&��� y N �U� ��� � y N R 2 m �+�!� nGP ��� � n N 2V� �&�'� y N R ������ y N P � 
 N � l 
%�U� l $A2�
 l )©2�� R 2 �+�!� y N P � $ N � l $@2�� l 
ª��	 l )s2�� R
Vector

K� N is taken from eqs.11-14andits componentssubstitutedinto theright handsideof theequation
above.To theleft handsideweapplytrigonometry:

l.h.s« m � �&��� P¬n3�Uy N R 2�� ���!� P¬n���y�­ R¯® ����� P°n±�Uy N ��� R
We thusget:m �&�'� P¬n��Uy N �U� R � �&�'� y N P��3�U� l $A2�
 l ) R 2 ��� � y N P²�ª2V� l 
³��	 l ) R 2 m ����� P°n N ��y N R

(22)

From table1 we seethat for the particularcaseof the SLS girdersthe difference P°n N �´y N R
amountsto

anoddmultiple of 90h for all five girdermovers,becausetheinitial excenterpositionis orthogonalto the
contactsurfacenormalvector. Thusthelastcosinetermdisappearsandwegetn3�Iy N 2��±�V¤7¥ �������Aµ¶����� y N ���U� l $@2�
 l )m 2 �+�!� y N �ª2V� l 
³��	 l )m · (23)
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The � sign takes into accountthe ambiguity of the arccosfunction and we have to usethe right sign
dependingon thegirdermover we consider. We furthermaysubstitutecosineandsineof y N sincethese
anglesareknown andconstant.Using from table1 theconstantsz¸� | } �&��� y N , { � | } �+�!� y N andthe
constant~ taking into accounttheappropriatesigns,andfurtherexploiting thefreedomto subtract}/¹ we
finally arriveatanapplicablesimpleformulafor the5 angles:nOºD�Iy N º»2V�±2 ~ ºs¼�¤7¥ ���&�'� µ z&º�P������ l $&º»2�
 l )½º R 2 { º+P²�ª2V� l 
.ºJ�U	 l )½º R| } m · ��¹:¾¸��¹ ¿À� ��Á�Á�Á t

(24)
The differencesto the exact formula from eq.21amountto lessthan1h in the excenteranglesn . This
correspondsto a few Â m or Â raderroronly whenrecalculatingthemisalignmentsfrom theexcenterangles
aswewill do in thenext section.

3.3 Girder moving range

Figure5 displaysthe linearizedexcenteranglesaccordingto eq.24asfunctionsof thefive misalignments
whenonly oneof themisalignmentsis variedandtheotherskeptzero. Themaximumrangeof misalign-
mentsis reachedwhentheargumentof thearccos-functionin eq.24becomes� �

. Writtenexplicitly for the
5 girdermoverswith thedatafrom table1 weget5 equationsfor themaximumvaluesof thetranslations(in
mm)andtheangles(in rad),with rQ� �x�v���

for theshortgirderand rQ� � o ���
for thelonggirderaccording

to table3:
GM1: 5 �Q2��%2�ru	4�1ru
ª2 � �'}À�¯5Ã� t�| }
GM2: 5Ä���Q2��%2�ru	32�ru
�� � �'}À�¯5Ã� t�| }
GM3: 5 ����r'	32�o �.� �¯5Ã� t
GM4: 5Ä���Q2����1ru	4�1ru
����7o'q¯�¯5Ã� t�| }
GM5: 5 �Q2����1ru	32�ru
ª2 � }vq¯�¯5Ã� t | } (25)

If only oneof themisalignmentsis activatedwegeta tableof ranges:

Misalignment Symbol Range[ � mm, � mrad] Limiting GM
shortgirder longgirder

Sway �OÅÀÆ+Ç 7.07 7.07 1,2,4,5
Heave �/ÅÀÆ+Ç 5.0 5.0 3
Pitch 	 ÅÀÆ�Ç 5.0 3.57 3
Yaw 
 ÅÀÆ+Ç 7.07 5.05 1,2,4,5
Roll � ÅÀÆ�Ç 7.47 7.47 4

Of course,combinationsof misalignmentsreducethe range:For examplemoving thegirderalonga line� � � allowsamaximumof � 3.53mmfor � and � , reachedwhenGM1 andGM4 arepressingtheirwaists
againstthe contactsurfaceswhile GM2 andGM4 aredoing nothing. The pitch 	 correspondsto heave� andtheyaw 
 to sway � with themover pairsGM1/5 andGM2/4 working parallelfor the translations
andantiparallelfor the rotationsasclearlyvisible in figure5. The roll motion is morecomplicated:For
GM1,2,5thesurfacenormalvectorsalmostpoint to thebeamaxis,wheretheroll is defined(seefigures4),
thusthegirderis allowedto “roll” almostfreeonGM1,2,5. Roll controlis providedby GM3 and4 essen-
tially.

We may definea safegirder working region as5-dimensionalrectangularregion unfoldedby the 5
orthogonalintervalsfor independantvariationof themisalignments.In the2-dimensionalcase,for example
if weconsider� and � only, theworkingwindow is a rhombwhich turnsinto a square-shapedrhombif we
normalizethecoordinatesto their maximumvaluesfrom thetableabove:

���ÈÉ�I�J«/� ÅÀÆ�Ç . Obviouslyweget
themaximumsquareareawithin limitationsof

�� = > Å � �� = > Å � � «v} .
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Thethird row of equation25definesanoctaeder, i.e. a3-D rhomb,for � , 	 and � , whereastheotherfour
rowsdefinetheequivalentof a rhombin fivedimensions1. Fromsymmetryconsiderationswe immediately
seethatwe get

�� = > Å � � « � etc. in caseof an � -dimensionalrhomb. Fromthefive girdermoverswe thus
getonecubical(GM3) andfour hyper-hyper-cubical working regions.Thecommonworking region for all
moversis mostsimply definedby theminimumof thefive limitationsfrom every mover andgivenin the
tablebelow. Notethatthis commonworking regionhappensto bedefinedby GM4 alone.Also notethatit
is notnecessarilythelargestpossiblecommonworkingregion.

Misalignment Symbol Range[ � mm, � mrad]
shortgirder longgirder

Sway �»= > Å 1.41 1.41
Heave �/= > Å 1.41 1.41
Pitch 	D= > Å 1.41 1.01
Yaw 
7= > Å 1.41 1.01
Roll �¶= > Å 1.49 1.49

3.4 Calculation of girder displacements from excenter angles

Calculationof theexcenterangleswasdoneindependentlyfor eachgirdermoversincethecontactsurface
wasgivenfrom thegirderpositionstatus.If thesurfacewasout of reachfor theexcenterno solutionwas
found.For theoppositeproblemof findingthegirderpositionfor givenexcenterangles,in contrarythefive
angleswill becorrelatedby therigid girder. Furtherasolutionwill befoundin any casesincethegirderhas
5 degreesof freedomto follow the5 movers.Sincethegirderpositionis foundfrom a systemof 5 coupled
equationsonly a lineartreatmentcanbedone.Thesystemis givenfrom inversionof eq.24:The ¹ -offsets
andthesignconstant

�~ º disappearin inversionsincethey wereonly constructedto resolvetheambiguityof
thearccos-function.We furtherrememberthat �4; �

andget:i � KÊ � KË (26)

with
KÊ

and
KË 5-dimensionalvectors,

KÊ
containingthemisalignmentswewantto know,KÊ �ÌP��G8+�O8+	98+
:8�� R 8

and
KË containingtheexcenterangles:Ë º � | } m �&�'� P°n º ��y N R ¿À� �¯ÁxÁ�Á t

Therow-vectorsof the t T t matrix
i

aregivenbyKi º �ÍP¬z º 8 { º 8A� l )½º { º 8 l )Îº z º 8 ~ º R ¿G� �¯Á�ÁxÁ t
with ~ º � l 
xº { º � l $&º z º � | } m ��� � P°n º �Uy N º R
Thefirst four columnvectorsof matrix

i
containconstantsgivenin table1. The t/Ï²Ð -columnvector

K~ and
theright handsidevector

KË containtheexcenterangles.EventuallythealignmentsaresimplygivenbyKÊ � i0Ñ¨Ò � KË (27)

However the instructionsetof the processingunit (SPS)to be usedfor controlling the excentermotors
includesno matrix inversionprocedure.Thusanexplicit formulawasderivedfrom eq.27by meansof the

1a5-D objectconsistingof 10 corners,40edges,80surfaces,80cellsand32hypercells!
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symboliccodeMAPLE:� � �³Ó | }CP¢� ~OÔ�Ë Ò 2´} ~OÔ�Ë�Õ 2 ~OÔ�Ë F � ~»ÕxË Ò 2 ~»ÕxË F 2 ËxÔ¢~ Ò 2 Ë�Õ+~ Ò ��} ~CÕ�ËxÔ � ËxÔ¢~ F � Ë�Õ+~ F R2ª}¶P+� Ë�Ö+~ Ò 2 ~»Ö�Ë Ô 2 Ë�Ö¢~ F � ~»Ö�Ë Õ 2 ~»Ö�Ë Ò � ~ Ô ËxÖ � ~OÖ�Ë F 2 ~ Õ ËxÖ RØ× «HP²o�Ù R� � �³Ó | }CP Ë Ô ~ Ò � ~ Õ Ë Ò 2 Ë Õ ~ Ò 2 Ë Ô ~ F 2 Ë Õ ~ F � ~ Ô Ë Ò � ~ Ô Ë F � ~ Õ Ë F R2ª}¶P ~ Ö Ë&Õ 2 ~ Ö Ë Ò � ~»Ô�Ë Ö 2 ~ Ö Ë F � ~CÕxË Ö 2 ~ Ö ËxÔ � Ë Ö ~ Ò � Ë Ö ~ F RÚ× «¶P�o�Ù R	 � �³Ó | }CP ËxÔ¢~ Ò � ~»ÕxË Ò 2 Ë�Õ+~ Ò 2 Ë�Ô�~ F 2 Ë&Õ�~ F � ~»ÔxË Ò � ~»ÔxË F � ~CÕ.Ë F R2ª}¶P+� ~ Ö Ë�Õ 2 ~ Ö Ë Ò 2 ~»Ô�Ë Ö 2 ~ Ö Ë F 2 ~CÕxË Ö � ~ Ö ËxÔ � Ë Ö ~ Ò � Ë Ö ~ F RØ× «HP²o7rHÙ R
 � Ó | }HP¢� ~ Õ Ë Ò 2 Ë Ô ~ Ò 2 Ë Õ ~ Ò 2´} ~ Õ Ë Ô � Ë Ô ~ F � Ë Õ ~ F � ~ Ô Ë Ò ��} ~ Ô Ë Õ 2 ~ Ô Ë F 2 ~ Õ Ë F R2ª}¶P Ë�Ö+~ F 2 ~»ÖxË Õ � ~»Ö�Ë F � ~ Õ ËxÖ � Ë�Ö¢~ Ò � ~»Ö�Ë Ô 2 ~ Ô ËxÖ 2 ~OÖ�Ë Ò RÚ× «¶P�o7rHÙ R� � Ó | }HP ËxÔ 2 Ë�Õ R ��} Ë Ö × «/Ù
withÙ � | }HP ~»Ô 2 ~CÕ R ��} ~ Ö

Figure6 showsthemisalignmentsasfunctionof theexcursionof asingleexcenterP¬nª��n N R
while theother

excentersareat their idealpositionsn N . Measurementson therealgirderwerecarriedout andconfirmed
thatthegirdermovesaspredicted[3].

4 Calculation of misalignments from survey data

Thegirderpositionshave to bemeasuredby geodeticsurvey after installationaswell aslateron in order
to controlsettingmotionsof thehall. Thesurvey datawill beusedto calibratetheonlinepositioncontrol
systemsHLS andHPS.

We assumethat thereare � monumentsattachedrigidly to eachgirder, their ideal positions
K� N º ( ¿%��¯Á�ÁxÁ � ) areknown, andtheir displacedpositions ÛK� º aremeasuredduringsurvey. From the differencesof

measuredto ideal positionswe will now derive the girder misalignments.We further assumethat every
measurementÛK� º is accompaniedby anindividualvectorof errors P¬Ü � º�8�Ü � º�8�Ü � º R .

Unlike in theprevioussectionswe do no longerexcludea surgeerror � thatcouldbecausedthrough
mountingthe girder but is out of control for the excenters.We thususethe full translationandrotation
vectorsasdefinedin eq.6.

The problemof fitting linear modelparameters,i.e. the girder misalignments,to a numberof mea-
surementswith errors, i.e. the monuments,is treatedby the standardprocedureof linear leastsquare
minimization. It will give us themisalignmentparameterswith errorestimatesandtheprobabilityfor the
validity of theresultasdescribedin [4]:�Ý º � Ò µ Û� º�� � ºÜ � º · F 2 µ Û� ºJ� � ºÜ � º · F 2 µ Û� ºJ� � ºÜ � º · F �:Þ min (28)

Theestimatevectors
K� º aregivenby applyingthetransformationfrom eq.7to theidealpositions

K�:N º using
theerrorvectorsfrom eq.6. Sincethesix girdermisalingmentsarelinearly independant,eq.28falls apart
into six equationsfor thepartialderivatives,e.g.ß*à P ÁxÁ�Á Rß � ���B} �Ý º � Ò P Û� º¨� � º RÜ � Fº ß � ºß � 2 ÁxÁ�Á � �

etc.

The following calculationis straightforward: Assumingsmall misalignmentswe usethe linear, explicit
transformationfrom eq.10,do thedifferentation,extractthesix misalignmentparametersandwrite thesix
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equationsasa q T q linearsystem: µâá ãã�ä å ·� ��� �� ��æ � µ KL KM ·� ��� �� �¸çä � µ Kz Kè ·� ��� �� �6çé (29)

The
w T w

submatricesaregivenby (we omit thesummationindex ¿ ):
á � �� à Òê 
xë � �� à Òê $&ë �� � à Òê )½ë

"# ã � �� � à )�ìê 
.ë � à $ ìê 
.ë� à )Îìê $ ë � à 
.ìê $ ëà $�ìê ) ë � à 
 ìê ) ë � "#
å � �íí� à $ ëìê ) ë 2 ) ëìê $ ë � à 
.ì�$�ìê ) ë � à 
 ì ) ìê $ ë� à 
Äì�$½ìê )Îë à 
 ë ìê )Îë 2 ) ëìê 
xë � à $½ì�)�ìê 
.ë� à 
 ì ) ìê $ ë � à $ ì ) ìê 
 ë à 
 ë ìê $ ë 2 $ ëìê 
 ë

"�îî#
andtheright handsidesubvectorscontainthemeasurements:

KzA� ��ïà�ð
 Ñ 
 ìê 
 ëà ð$ Ñ $�ìê $�ëà ð) Ñ ) ìê ) ë
"# Kè � �íí� à ð)½$�ìê )Îë � ð$�)�ìê $&ë 2 ��N��/NBñ Òê $&ë � Òê )½ë�òà ð
x) ìê 
.ë � ð)�
 ìê )Îë 2 � N � NBó Òê )½ë � Òê 
xë'ôà ð$&
Äìê $ ë � ð
.$�ìê 
 ë 2 � N � N ñ Òê 
 ë � Òê $ ë ò

"�îî#
In caseof identicalerrors Ü�º for all dimensionstheright handsidevectorscouldbewrittennicelyasKzA� Ý ÛK� � K� NÜ F Kè � Ý K� N T ÛK�Ü F
Thealignmentvector

KÊ �ÌP KL 8 KM R
thenis obtainedfromKÊ � i0Ñ¨Ò Kk

Thevariancesof thealignmentvectorcomponentsaregivenby thediagonalelementsof theinversematrix
(covariancematrix): P²Ü Ê º R F � i0Ñ¨Òº!º �OÞ ÜÄ��� § i0Ñ¨ÒÒ�Ò etc.

The quality of the fit is expressedby the valueof the sum(also referencedto as 	DF ) from eq.28when
insertingthefittedparameters,andaprobabilityfor thevalidity of thefit canbederived.For detailssee[4].

Note: If thesurvey dataaremeasuredin theglobalcoordinatesystem,all vectorshaveto betransformed
into thegirderssystemby theinverseof eq.41. This is incorrectlydonefor thevectorof individualerrorsP²Ü � ºÎ8ÎÜ � º¢8ÎÜ � º R sinceit actuallycontainsno lengthesbut theradii of anerrorellipsoid. Therotationalpart
of thetransformationthencreatesa shearedellipsoidof correlatederrorsin thegirder’ssystem.In caseof
identicalerrorsÜ�º for all dimensionsthetransformationis correct.

5 Misalignments of the bending magnets

The SLS bendingmagnetare locatedbetweengirdersandsupportedby a threepoint bearing. We will
calculatenow how themisalignmentsof thegirderstranslateinto a misalignmentof thebendbetween.
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For theTRACY [6] beamdynamicsmodelweonly needsway, heaveandroll, but for completenesswe
will calculatesurge,pitchandyaw too. Thederivationis similar to obtainingthegirdermisalignmentsfrom
excenteranglessincebothareproblemsof a rigid bodysupportedby severalballs.

Wedefineacoordinatesystemof thebendingmagnetwith the � -axispointingin directionof thesagitta,
the � -axis alongthe line connectingthe ideal pointswherethe beamentersandleavesthe bend,andthe� -axispointingup, i.e. in field direction. Thebeamdoesnot travel throughtheorigin of this coordinate
systembut throughapointwith coordinatesof (sagitta,0,0)asshown in figure2.

õ
ö

÷ø
ù

úûü ý
þ

Figure2: Threepointbearingof bendingmagneton two girders

Thebendis supportedby threebearingsandhelddown to thebearingsby its weight. Thebearingsare
balls of 40 mm diametercreating[virtual] contactpointsto the bendsbottomplane. Bearings

�
and k

areon theupstreamgirder, bearing
�

downstream.Thebearingsarefixedrigidly to thegirdersandallow
differentdegreesof freedomon thebendside:

�
is a coneproviding a circularline of contactwith theball

andthuscreatesavirtualcontactpointallowingnotranslations.
�

is justasurfaceandallows2-dimensional
freedomof motion. At k is a grove in thebendandallows translationonly alongits direction. Thusthe
bend’spositionis uniquelydefined.

With
K� ,

Kÿ
,
Kz themidpointsof theballsin thebendscoordinatesystemandj theball radiuswemayexpress

theconstraintsfrom thebearingsin threeequations:�
: contactto a flat surface.Thecontactpoint is givenby

K� 2�j K� with yet unknown normalvector
K� of

thebendingmagnetsbottomplane.
KË is any pointof thatplane.P K� 2�j K� � KË RÀ� K� � �

(30)k : contactto a line in thebend’sbottomplanedefinedby any point
K£ of theline andits normalvectorK�

. Thescalar� givesthelocationalongtheline wherethecontactoccurs:Kÿ 2�j K� � K£³2�� K�
(31)�

: contactto apointand,with
K~ thecontactpointon thebendingmagnetsside,simplygivenbyKz¯2�j K� � K~ (32)
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With thescalerequation30 andthe two vectorequations31 and32 we thushave sevenequationsfor
sevenunknown quantities:Thebend’smisalignments� , � , � , 	 , 
 , � andtheparameter� whichwe don’t
needbut wegetit free.

All thevectorsdefinedby thebendingmagnetaregivenby their idealvaluesweknow andthemisalign-
menttransformationasgivenby eq.7.In thenext stepweapplytheinversetransformation

K� N �S� ÑJÒ K� � KL
to all vectors,i.e. wemoveinto themisalignedbend’scoordinatesystem(only therotationis appliedto the
normalvectors):

A: P²� ÑJÒ K� � KL 2�j K� N � K~ N R�� K� N � �
(33)

B: � ÑJÒ Kÿ � KL 2Vj K� N � K£ N 2�� K� N (34)

C: � ÑJÒ Kzs� KL 2�j K� N � K~ N (35)

We identify
K~ N � Kz N 2Vj K� N sincethis is just idealcontactpoint for bearingC. In thesameway we usethe

freedomto choose
KË N and

K£ N anywherein theplaneresp.in thegrove to identify themwith
K� N 2´j K� N andKÿ N 2�j K� N resp.Thusweget

A: � ÑJÒ K� � K� N � KL�� K� N � K� N � K� N (36)

B: � Ñ¨Ò Kÿ � KL ��� K� N � Kÿ N (37)

C: � Ñ¨Ò Kzs� KL � Kz N (38)

Introducingtheinverseof the linearrotationmatrix from eq.5 andthemisalingmentvectors
KL
and

KM
from

eq.6wefinally canwrite thesesevenequationsaslinearsystem:�íííííííí�
� � 
 N � $ N � ) N Ó K� T K� N × 
 Ó K� T K� N × $ Ó K� T K� N × )� N 
 � � � � ÿ ) � ÿ $� N $ � � � � ÿ ) � ÿ 
� N ) � � � ÿ $ � ÿ 
 �� � � � � z�) �@z&$� � � � �@z�) � z&
� � � � z&$ �@z&
 �

" îîîîîîîî# �
�íííííííí�

�� �� 	 
�

" îîîîîîîî# �
�íííííííí�

P K� � K� N RG� K� Nÿ 
ª� ÿ N 
ÿ $B� ÿ N $ÿ )A� ÿ N )z&
ª��z N 
z�$B��z N $z&)A��z N )

" îîîîîîîî# (39)

In beamdynamicsstudieson misaligmentsthis rathercomplex calculationwould beexecutedratherfre-
quently. On theotherhandonly sway, heaveandroll havea first ordereffecton thebeam,wherein caseof
theSLSstoragering usingonly gradientfreerectangularbendingmagnets,sway doesnot affect thebeam
atall.

In orderto simplify eq.39 we first make useof theSLSspecificgeometricfeaturesthat
� N $ � �

andK��N �ÃP � 8 � 8 � R
. ThentheprogramMAPLE wasusedto generateexplicit andexactexpressionsfor heave

androll:� � �³P+� � ) z $ ÿ 
 2 � ) ÿ $ z 
 2 � 
 z $ ÿ ) 2 � 
 z ) ÿ N $ � � 
 z ) ÿ $ � �HN $ z ) ÿ 
 2 � $ z ) ÿ 
 2 ÿ 
 � ) z N $� � $ ÿ ) z 
 2 �HN $ ÿ ) z 
 � ÿ N $ � ) z 
 � � 
 ÿ ) z N $ R «/Ù� � P+� ÿ ) � $ 2 ÿ ) z $ 2 ÿ ) �uN $ 2�z ) ÿ N $ � ÿ ) z N $ ��z ) ÿ $ �� � ) ÿ N $ 2 � ) z N $ � � ) z $ 2 � ) ÿ $ 2Vz ) � $ ��z ) �uN $ R «7Ù
withÙ � � ÿ ) � 
B2 ÿ )xz�
ª� � ).z&
B2 � ) ÿ 
ª��z&) ÿ 
B2�z&) � 


Note:Thevectors
K� ,

Kÿ
,
Kz aredefinedin thebendingmagnet’scoordinatesystem,but they areaffectedby the

misalingmentsof theadjacentgirderssupportingthebendingmagnet.Thusseveral transformationshave
to bedoneusingeqs.8,41in orderto move from thebendingmagnet’s systemto theglobalsystem,from
thereto thegirder’ssystem,applythemisalignmentandmovebackto thebendingmagnet’ssystem.
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Figure3: Principleof thehorizontalpositioningsystem

6 Girder position monitoring systems

Thehydrostaticleveling system(HLS) andthehorizontalpositioningsystem(HPS)continuouslymonitor
the movementsof the girders. While the HLS, basedon communicatingtubesconnectedall aroundthe
machine,usesgravity asanabsolutereferencefor verticalpositions,theHPS,dueto lack of a comparable
referencein thehorizontal,measuresonly relativemovementsbetweentwo girdersor betweenagirderand
a monument.

The third systemat the SLS storagering, the BPM position monitoring system(POMS) for online
compensationof thermalandotherdrifts of thebeampositionmonitorsrelativeto thegirders,is beyondthe
scopeof thisnote[7].

6.1 The hydrostatic leveling system

FourHLS sensors,which arebasicallywaterpotswith capacitive readouts,aremountedon everygirderat
locationsgivenin table2. They allow to determineheave,pitch androll of thegirder. Threesensorwould
besufficient, thefourthoneis redundantto cover failuresandincreaseprecision.

Theformulato obtainheave,pitch androll from HLS sensorsignalsis immediatelyextractedfrom the
previouscalculationof all six girder misalignmentsfrom survey data: In eq.29 we simply omit all even
numberedcolumnsandrowswhicharerelatedto sway, surgeandyaw andget:�í� à Òê ë � à ) ìê ë à 
 ìê ë� à ) ìê ë à ) ëìê ë � à 
 ì ) ìê ëà 
.ìê ë � à 
.ì�)�ìê ë à 
 ë ìê ë

" î# � �� �	 �
"# � �í� à<; $>=ê ë� à )Îì ; $?=ê ëà 
Äì ; $>=ê ë

" î#
(40)

@ �BA arethemeasureddifferencesrelative to theidealmachinelevel. Ü aretheindividualsensorerrors.

6.2 The horizontal positioning system

Figure3 shows theprincipleof thehorizontalpositioningsystem:Two adjacentgirdersareconnectedby
pairsof leverarmsmountedunderneaththebendingmagnet.Fromeachgirdera bolt is pressedagainstthe
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Table2: Datafor thepositionmeasurementsystems

Geometricdataof HLS system[mm]:
x y z

sensorlocations � 410 – �Br
Geometricdataof HPSsystem[mm]:

x y z
sensorbolt origin

K�DCN �FE ��C �¸P^rª2 �GE R
sensorbolt direction

Kz CN �&��� n C 0 � �+�!� n C
contactplatelocation

KlHCN �JI ��C �¸P�rª2 �KI R
contactplatenormal

K~FCN 1 0 0
with r from table3 andtheotherconstantsdependingon location:

girdernumber � mod4 }ML©8 w Ñ � L©8Î} Ñ 8 w L98�o Ñ � Ñ 8�o�L
gaptype: wide narrow endpointNn C O 7h O 4h -180h�FE 54.495 30.805 -405.0� I -43.0 -25.0 –�GE 917.192 611.828 715.0� I 861.229 559.879 –� Ñ

-457.0 -457.0 -322.0� L -490.0 -490.0 -322.0
N Exceptionsfor

� Ñ
and o�PQL : n3� � h and �RE �,2�o � t Á �

contactplaneat theendof the lever armfixedto its neighbour. Theelongationof thebolt is measuredby
meansof anoptical sensorwith micrometerresolutionover a rangeof severalmillimeters[7]. Eitherall
girdersaroundthemachinemaybelinkedin thisway(“full train link”) or only groupsof girdersarelinked
(“partial train link”) with monumentsterminatingthetrainat its ends.In caseof SLSgroupsof four girders
extendingoveroneof the12TBAs form partialtrains.

Wenow will calculatehow to obtainswayandyaw for all girdersfrom thereadoutsof theHPSsensors:
Sincewe considercorrelationsbetweengirderswe have to move into the“global” SLScoordinatesystemPTS<8VU�8XW R

with theorigin at thecenterof theSLShall (We will usecapitalletter to identify vectorsin the
globalcoordinatesystem).With

KY � themidpointof girder � and Z � its angleof orientation(i.e. theangle
betweenbeamand W -axis)thetransformationfrom local to globalcoordinatesis givenbyKSÃ� KY � 2\[ � K� � with [ � � �� ����� Z � � �+�!� Z �� � �� ��� � Z � � �&�'� Z �

"#
(41)

Datafor SLSgirdermidpointsandorientationsaregivenin table3.
Thecontactfrom thesensorbolt to thecontactplateof theadjacentgirder is shown in figure3: WithK�

a point on the sensorbolt,
K�

the normalvectorof its directionasdeterminedby the fixation allowing
elongationastheonly degreeof freedom,

Ki
any vectorin thecontactplaneand

K]
thenormalvectorof the

contactplane,wefind for theconditionof contactP K� 2_^ K� � Ki R�� K] � �
(42)

with ^ theelongationof thebolt, i.e. thereadoutof theHPSsensor. It is importantto note,that
K�

and
K�

14



move with girder � whereas
Ki

and
K]

move with girder � � �
. Eq. 42 is exactandmakesneitheruseof

linearizationnorof SLSspecificgeometricdata.
For the ideal casethe HPSshouldgive zeroreadings,i.e. ^ N � �

and
K� N � Ki N , i.e.thevectors

K� N
and

Ki N aredefinedto coincidefor the idealcase.Thusthecorrespondingvectorsin the local coordinate
systemsarerelatedby KY � Ñ¨Ò 2`[ � Ñ¨Ò Kl � ÑJÒXa N � KY � 2\[ � K� � a N (43)

In orderto derivegirdermisalignmentsfrom HPSreadoutswehaveto calculatetheinverseof eq.42.Since
themisalingmentsaresmallwewill linearizeeq.42in orderto becomeableto invert it andset

^4� è ^À5 N since ^ N � �
Most termsof thetotaldifferentialat “0” disappeardueto P Ki N � K� N R � �

andweget

^�� P è Ki 5 N � è K� 5 N RG� K] NK� N � K] N
Now weinsertthetransformationfrom localcoordinatesaccordingto eq.41.Theoriginvectors

KY
disappear

underdifferentiation;to thenormalvectorsthey aren’t appliedanyway:

^ C� � Pb[ � C Ò è Kldc� C Ò 5 N �e[ � è K� C� 5 N R�� [ � C Ò K~fc� C ÒXa N
[ � Kz C� a N � [ � C Ò K~ c� C Òga N (44)

Herewe have written two equationsin onebecauseevery girder hastwo sensorsat its upstream(-) and
downstream(+) ends:Thecontactplatevectors

Kl L� ÑJÒ , K~ L� Ñ¨Ò onthedownstream endof theupstream girder� � �
andthesensorbolt vectors

K� Ñ� ,
Kz Ñ� ontheupstream sideof girder � areinvolvedin themeasurement

situationshown in figure3.
Calculatingthe total differentials

è Kl c� C Ò and
è K�hC� with respectto all misalignmentsis equivalentto

applicationof thelinearizedtransformationfrom eq.8è K� � K� � K�ON �ÌP²�-� � R K�ON 2 KL
Sincethescalarproductsareindependantof thecoordinatesystemwe rotateinto a systemparallelto the
upstreamgirderby multiplicationwith [ ÑJÒ� C Ò in orderto exploit thesimplestructureof thenormalvectorK~ c asgivenin table2:

^ C� � P+P²� � C Ò � � R Kl c� C ÒXa N 2 KL � C Ò �_[ ÑJÒ� C Ò [ � P�P²� � � � R K�hC� a N 2 KL � R+R�� K~ c� C Òga N
[ ÑJÒ� C ÒX[ � Kz C� a N � K~ c� C Òga N (45)

For the sensorsbetweengirdersas installedunderall bendingmagnets,the anglesof orientationof the
sensorbolt normalvectorsaregivenby n C� � Z � C Ò ��n �} Á
For thesensorsat theendsof thetrainmeasuringpositionagainstfixedmonumentsthey aregivenbyn ÑÒ �-n Li �Í�A¹ Á
Thusthetransformations[ ÑJÒ� C Ò [ � arerotationsby �B}vn C .

Now we inserttheexplicit transformationsfrom eq.10andtheSLSspecificvaluesz CN 
 � z>j { n C and~ c
 N � �
, ~ c$ N � ~ c) N � �

from table2 into eq.45:� � C Ò 2 l c� C ÒXa N ) 
 � C Ò � � C� � � �EP � C� � C� a N ) 2�k C� � C� a N 
 R 
 � �
^ C� ����� n C� 2 l c� C ÒXa N $ � � C Ò � � C� � C� a N $ � � ��k C� � C� a N $ 	 � �_k C� � � (46)
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with � C� � �&�'� P°n C� R k C� � ��� � P°n C� R
Introducingtheconstantsgivenin table2 wealsomaywrite for convenience� � C Ò O P^r � C Ò 2 � I a � C Ò R 
 � C Ò � � C� � � �EPlk C� �FE a � � � C� P^r � 2 �KE a � R+R 
 � �

^ C� �&�'� n C� 2 �Bc� C Ò � � C Ò � � C� � C� � � ��k C� � C� 	 � ��k C� � � (47)

wheretheappropriateconstantshave to bechosendependingon thevalueof � .
Thequantities� � C Ò 8+
 � C Ò 8�� � 8�
 � ontheleft sideareto bemeasuredby theHPS,whereasthequantities� � C Ò 8Î� � 8+	 � 8+� � ontheright sidedisturbthemeasurementsandthushave to bedeterminedin advanceby

theHLS system.Thesurge � � which is out of control for thegirdermoversanyway andthushopefully
neverwill change,is setto zeroby initial HPScalibration.

SincetbeHPSsensorsaremountedunder thebeamlocation(which is origin of thegirder’scoordinate
system)therolls of bothgirdersshow strongandoppositeeffects.Sincethecontactplateat

Kl cN is oriented
parallel to the adjacentgirder’s P � � C Ò 8 � � C Ò R

plane,its heave � � C Ò , pitch 	 � C Ò andsurge � � C Ò cannot
affect thevaluesof ^ C� . Howeverseenfrom theothergirderthecontactplateis tilted by n C� causingaslight
influencefrom its own pitch 	 � andsurge � � . Only theheave � � is suppressedsincetheplateis at least
parallelto the � � -axis.

Eqs.46,47alsoapply to thefirst ( ^ ÑÒ ) andlast ( ^ Li ) girderof a partial train facingterminatingmonu-
mentsby settingthe � � �

indexedquantitiesto zero. Insertingall valuesfor � � �¯Á�ÁxÁ á , eq.46 or 47
formsa } á dimensionallinearsystem.
This systemmay be written asa 4-diagonal} á T } á matrix
multiplied with the } á vector of horizontalmisalignmentsas
shown besidefor á �Io . Only theshadedelementsarenonzero.
In caseof a full circular train link also the cross-marked ele-
mentswould be nonzero. Inversionof the matrix providesthe
uniquesolutionof horizontalmisalignments.However in case
of a full train link thematrixbecomessingular, probablythis re-
flectsthefact that in caseof a full train link thewholemachine
is “floating” anduniquesolutionsfor themisalignmentscannot
be found. Replacingany of the links by two monumentsagain
givesauniquesolution.

u1

u2

u3

u4

η1

η2

η3

η4

7 Beam based girder alignment

Correctionof thebeamorbit in theSLSstoragering is performedby adjustingeachá =72 horizontaland
vertical correctormagnetsuntil the

i
=72 beampositionmonitors(BPM) returnzeroreadings.The re-

sponsematrixcorrelatestheexcitationsof correctorsto theBPM readingsandmaybederivedfrom theory
or measuredwith the beam. Its inverseis calledthe correctionmatrix, it correlatesthe BPM readingsto
the correctors,i.e. it tells how the correctorshave to be excited in orderto affect the readingof a single
BPM. While theresponsematrix is coveredeverywherewith betatronoscillations,thecorrectionmatrixof
awell designedorbit correctionschemeis atridiagonalmatrixrevealingthelocalbumpsasusedcommonly
in orbit correction. In the particularcaseof SLS both matricesaresquarematrices,however in generali

maybelargeror smallerthan á leadingto under- or overdeterminedsystems.Furthermorethesystem
maybedegenerate,i.e. the rank is reduced,if somecorrectorsarelinearcombinationsof othersor don’t
work at all. Thatsituationis treatedbestby themethodof singularvaluedecomposition(SVD), which is
ableto solvenon-squaresystemsin a leastsquaresensefor eitherthecorrectorstrengthes(

inm á ) or the
BPM readings(

ipo á ), allowsto “invert” non-squareaswell assingularmatricesandreturnsavectorof
weightfactorsindicatingtheefficiency of thedifferentcorrectors.Very low weightfactorsexposeuseless
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correctorswhich containtherisk to amplify noiseandsteerthesystemto extremevalues.They will beset
to zeroin orderto reducetherankof thesystemto a smallersetof efficient correctorsproviding a robust
evennotcompletesolution[4].

Thismethodhadbeenappliedto staticanddynamicclosedorbit correctionin theSLSstoragering [5].
We will now apply it to beambasedgirderalignmentby treatingthegirdermisalignmentslike correctors.
We define“correctors”asdisplacementsof girderendsandthusget 96 horizontalandverticalcorrectors
from 48girdersin SLS( � � �¯Á�ÁxÁ o�P ):� F � Ñ¨Ò �E� � � å � 
 � «7} � F � �E� � 2 å � 
 � «7} � F � ÑJÒ �S� � � å � 	 � «7} � F � �S� � 2 å � 	 � «v}å � is the lengthof girder � . Girder rolls areomittedprelimarily. An excitation of the “corrector” will
somehow affectthebeambecauseit will passthemagnetsonthegirderoff-axisandthusreceivesomekick.
Thecorrelatedaxiserrorsof magnetsandBPMsdueto girdermisalignmentswereeasilymodelledthanks
to theflexibility of theTRACY beamdynamicscode[6], theresponsematriceswere“measured”in simu-
lation, andthecorrectionmatriceswereobtainedfrom SVD (SVD codefrom CERNLIB). Theresultsare
shown in figure7: Theresponsematricesshow thebetatronmotionsalongthemonitoraxisandthelattice
structurealongthegirderaxis: Horizontalandverticalbetatrontunesare20.82and8.28for SLS,andthe
latticeis aperiodthreelatticecomposedof 12TBA sectors.Thecorrectionmatricesshow adiagonalstruc-
tureasexpected.Howevercomparedto theclassiccorrectormagnetbasedtridiagonalcorrectionmatrixas
shown in [5], thegirdercorrectionmatrixdiagonalis diluted:moreoff-diagonalelementsareinvolved,i.e.
severalmorethanthreegirdersarerequiredto correcttheorbit in oneparticularBPM, or otherspeaking,
localbumpsextendover largerregions.This is dueto thefinite lengthof thegirders,whereasthecorrector
magnetsweretreatedasthin lenses.

Examinationof theweight factorsq�º indicatessomedegeneracy in thehorizontal:Thelowestweight
factoris only

w¶Á p � �x� Ñ Õ
of thelargestone.Probablythegirdersproducingthepalebandsof smallnumbers

in thehorizontalresponsematrix imageof fig. 7 areinefficient dueto betatronphaseadvancesof
®

180h
over a girder, leadingto a lineardependancy of thetwo “correctors”correspondingto displacementsof its
ends. Note, that the averagephaseadvanceper girder alreadyamountsto 156h in the horizontal. In the
vertical theratio of minimumto maximumweight factoris a moderatevalueof 0.013andno degeneracy
occurs.

For testingthebeambasedgirderalignment,200randomseedsfor misalignmentsweregeneratedand
corrected:Theapplicationof randomerrorsassumedpartial train links over four girders(onesector)with
anrms(cutat2 sigma)displacementerrorof 300 Â m for the[virtual] girderjoints,100 Â m for thejoint play
(i.e. theprecisionof HLS andHPSsystems)and50 Â m for themountingof magnetsandBPMsrelative to
thegirder. No roll errorswereappliedandnomisalignmentsof thebendingmagnetswereset.No threader
wasusedand191initial orbitswerefound.

As afirst steptheorbit correctionwasdonein theclassicway by excitationof thecorrectormagnets.3
orbitswerelost in thisprocess,i.e. theorbit correctiondiverged.

In a secondstepthecorrectorswereresetto zerowhile keepingthesamesetof randomseeds,andthe
girder “correctors”werenow usedto correctthe beam.Afterwardsthe correctormagnetswereactivated
againto suppressany residualorbit left over from girderalingment.Finally thevaluesof correctorstrength
from first step,i.e. without,andsecondstep,i.e. with beambasedgirderalignmentwerecompared.Results
areshown in figure8:

The procedureworked perfectlyin the vertical: The correctorsremainedat zerostrengthafter girder
alignment,i.e. all static vertical closedorbit correctionis fully coveredby girder alignment! This is
a very beneficialresultsincethe maximumcorrectorstrenghtesup to 0.6 mradbeforegirder alingment
were alreadycloseto the correctors’capabilities(0.74 mrad at 2.4 GeV). Thereis little changein the
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rmsor maximumgirderheave beforeandaftercorrections,however theindividualvalueswereexchanged
completelymoving from arandomto anoptimumpatternof misalignments.In thepitchweseeasystematic
fluctuationafteralignment,obviously thepitchof girdersin theTBAs wasreducedandthepitchof girders
at thestraightswasincreased,leadingto anincreaseof themaximumpitch occurring,but still well within
thelimits definedin section3.3.

In thehorizontalsomemorecarewasrequired:� No filtering of weight factors,i.e. allowing thealgorithmto useall 96 “correctors”(all 48 girders)
resultedin switchedoff horizontalcorrectorstoo, however 16 of the 188 seedswere lost due to
divergenceof the correctionloop. In reality this schemewould not be applicablesinceit is too
sensitive to noisein BPM readingsandto finite precisionof girderalignment.� Filtering the weight factorsby the requirementqGº o �¶Á �¶� � qDÅÀÆ�Ç left only 21 from 96 correctors.
Consequently, no seedwaslost,but thegirderalignmentwaschangedby very little amountsandno
loadwastakenaway from thecorrectormagnets.� Filtering theweightfactorsby therequirementq º o �¶Á �v�C� � q ÅÀÆ�Ç left 60 from 96 correctors.Again
no seedwaslost, but now thermsandmaximumcorrectormagnetstrengthwasreducedby a factor
four by justreshuffling thegirdermisalingmentswhile notor little increasingtheirrmsandmaximum
swayandyaw. Thiscaseis shown in figure8.

Beambasedgirderalignmentis ableto lowerthecorrectormagnetstrengthessignificantlybothhorizontally
andvertical.It thusmaytakeovermostof thestatic(DC) orbit correctionandleavethecorrectorstrengthto
dynamiccorrection(active orbit feedback)andlocal bumpcreationfor matchingto beamlineacceptances
or for machinestudies.Sincebeambasedgirderalignmentis a dynamicmethodand,in principle,maybe
doneonlinewith thestoredbeam,it appearsto beasuperiorsubstitutefor magnetsorting.

More detailedstudieson beambasedgirderalignmentarein progress.Basicallyit shouldbepossible
to optimizetheemittancecouplingby steeringtheroll motionof thegirders.Also bendingmagnetmisal-
ingmentswill beincludedin furthersimulations.Resultswill bereportedaftercommissioningof theSLS
storagering andtestingthealgorithmwith realbeam.
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Figure4: Girdermovers
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Figure5: Excenterangles(linearized)asfunctionsof singlegirdermisalignmentsfor theshortgirder
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Figure6: Misalignmentsasfunctionsof singleexcenterexcursionwhile keepingtheotherexcentersatideal
positions
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Figure7: Girderresponseandcorrectionmatrices
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Figure8: Beambasedgirder alignment:Correctorstrengthesandgirder misalignmentsfor doing closed
orbit correctionswithout (red) andwith (blue) precedingbeambasealignmentof the girders. Maxima
(dashed)andrms (solid) valuesfrom a 188 valid of total 200 randomseedsaregiven. Thegreencurves
give the changein girder parameters.The applicationof randomerrorsassumedpartial train links over
four girders(onesector)with anrms(cut at 2 sigma)displacementerrorof 300 Â m for the[virtual] girder
joints,100 Â m for thejoint play (i.e. theprecisionof HLS andHPSsystems)and50 Â m for themounting
of magnetsandBPMs relative to the girder. No roll errorswereapplied. The SVD weight factorswere
filteredby theconstrainq�º o �CÁ ���¶� � qDÅÀÆ�Ç andandreducedthesetof girderparametersfreefor closedorbit
correctionto 60 out of 96 in thehorizontal,leadingto a residualorbit aftergirderalignmentandnonzero
correctorstrengthes(blue). In the vertical the systemis lessdegenerateandall 96 parameterswerefree
to centerthe beamin 72 BPMs. resultingin zerocorrectorstrength,i.e. the [static] vertical closedorbit
correctionis coveredcompletelyby beambasedgirderalignment.
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Table3: Girdermidpointsandorientationsin theSLScoordinatesystem(in mm)

r s t u v w
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 1851.592 -12.0 1400.0
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