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¶ ¤|�$·�¸�¹o���»º¼²D½�¾D¿,«$¥��À�4Ág��Âg® Ã
Ä�Å RsW Å iuRÇÆ	È

♦ ÉUÊ¬ËÍÌmÎXÏ	ÐÒÑwË�Ó¡Î¼Ê
♦ ÔÖÕ	×QØ Ù	ÚZÛ ÎQÜÝË�ÞßÛ à á â�Ë�ÞßÛ ã Ô ä
àæå ×çÑ=ÑèÛIÚZÛIÌ.×;Ë6Î¬Ì
♦ éêÌmÎ¬Ù�Î�ë.ÛìÏ äßÐÒÌcí¼Û3î ãÖÛIÑïÞ�ÊßÎ¼ÚZÎQðçî
♦ ÔÖÕ�Ó¡ëMË�Ó�Êñð ëDÎ¼ÚgÐXË�Ó¡Î¼Êßë ×QÊÒÏ Ó¡ë.ë³ÐßÛ=ë Ë6Î ò�Û ë.Î¼Ú�í¼ÛìÏ
♦ óôä�ÉÍâ	óßÌõÛIö�ÐßÛ÷ÊÒÑïî äñÑI×QÊ�Ê�Ó�Êßð Ó�Ê¬Ë6ÛIÌSÜ±ÛìÌmÎ¼Ø ÛèËÍÌcî
♦ äùø â�ä�Ë³Ì.×QÓ¡ð�Þ¬Ë�ÊßÛ=ëDë ø Î¼Ê	Ó�Ë6Î¬Ì
♦ äßÐ�Ø Ø ×çÌcî



¶ ¤|�$·�¸�¹o���»º¼²D½�¾D¿,«$¥��À�4Ág��Âg® ú
û�ü,ý.þ�bùÈ.HKd R£ÿÍHan��MLuRñP����DL_HKdDdDR±v�þ�iqd.R°H|W¼NçPBLqLqiuvDRsW

�çHKegiut���R°Han �³HaWlHan RÇjlR±WZe©È
� ��R{Han RsdDR±WZ\�	�

���������������
� ��R{Han HKLqiq\Ud.n Rsd�j�H{j)iqd��ZR±t jgiuPBd�
������! #"%$&�
� ��R{Han HKLqiq\Ud.n Rsd�j�H{j)iqd�jlRsW£HatÇjliuPBd'��PBiqd�j(

�) #*+$&�
� d.PùW�RstsiuWotsJML_H{jliuPBd3T��¡JMeoj¬PBdDRXe�f.PajçjlP�tsPBLqLqiuvDR
H�\Ui Å Rsd,�DJMd.tlf -.-



¶ ¤|�$·�¸�¹o���»º¼²D½�¾D¿,«$¥��À�4Ág��Âg® /
r�R10�JDiuWoR±n R�d�jge$HKdDv,��PBJDd.v6HaW2	 t±PBd.vmikjgiuPUdMe¼iqd û�ü,ý.þ�b

� þ�iqdDR{HaW3��4#�65 NçPBLqLqiuvDR±WQÆ¼iqLqLOHat±t±R�LuR±WlH{jlR*+$ e�iqY[R±v,��R°Han e�j£P H|tgfDiuR Å RXfDiq\Uf LqJDn iqdDPBegikj7	
� hÖHa\UdDR jge�HKd.v'�FR{Han Ä �mjgiutseHKLqiq\Ud.n Rsd�j)Æ¼iqLqL8��R�tsWoJDtsi_HKL

�FPBJDd.v6HaW2	 t±PBd.vmikjgiuPUdMe¼iqd t{HKegRXP��=û$ü,ýDþ�bùÈ
� jgiq\Uf�j¬e9�ÍHat±R��7:  #$ Æ¼iuvDRUTõJDegR±vÝHaLqegP HKe)R±n RsWo\]R�d.t;	 Rsegt{H<��RñWoPBJmjlR=�
� HKJmjlPUnzH©jlRsv>n R°Hae�J.WoRsn R�d�j>��iqd.vmJ.tsR±vÝWlHavMi_H{jgiuPBdÝRsd Å iuW�PBdDn R�d�j©TWoR@?�HaLqiq\Ud Æ�ikjgfDPUJõjA�.WoR{Ha`ciqdM\ùjlfDRñtsPBLqLqiuvDR±W)iqd�jlR±WZLuPSt£`B�
� Å R±W�jgiut{HKLqLC	ÖHKd.v f.PUWZiqY[PBd�j HKLqLC	 tsJDW Å Rsv jgJDdMd.R�LïelRst jgiuPBdDe>�EDGF%HJILK �����M$ ��ED N  POQ�R$ iqdTS�HanU�DiqdM\xrQiqdM\ÍTõegt{HKL_H<�DLuRXelPBLqJõjliuPBd>d.RsR±vDRsvV�
� egP]n R�jgJDdMd.RsLïegR±tÇjgiuPUdMeW��PULqLuP[Æ¼e�\]R±PBiuv3TmPajgf.RsWoe�HaWoR$\]R±PUn R jlWZiut{HKLqLC	>eojlWlHKiq\Uf�j
� e�iq\]dMiYX.t°HKd�j¼egLuPZ��RseW��PUe�e�i[�DLuR��7\ ]�þ3ý^�DW�PZ�MLuR±n -_�
� RsLuRst jlWZiut{HKLqLC	 d.PBiqe`	 Rsd Å iuWoPBd.n R�d�j
� d.P LuPUdM\ùjlR±Won eZj�H<�MLuRñWoRa��RsWoRsd.tsRñn PBdcJDn R�d�jge>�»þèü;G�Èb 1���M"%$ c�dV��eBfg�



¶ ¤|�$·�¸�¹o���»º¼²D½�¾D¿,«$¥��À�4Ág��Âg® h
G÷WoPZ��PBegR±v ûìR±tlfMd.PBLuPB\�	

h Rstlf³HKdDiut°HKLOtsPUdDt±Ra�mj¼P��èjgf.R$e�J.W Å R;	æj£WlHKiqd vDR Å R�LuP���R±vÖH{jiS�ü,ýkj ��PUWQû�ü,ýDþ�b
� t±PBLqLqiuvMR±W¼HKLqiq\Ud.n Rsd�j�H©jQt±PBdMeojlWZJ.tÇjliuPBd eZj Ha\]R(l����M"%$ P Å R±Wnm��6�M$ iqd Å RsW�jliut°HKL
� �.WoR�elR�d�j¼PZ��R�d HKiuWçe�J.W Å R;	æj£RstlfDdDPBLuPU\�	 dDPaj)egJpo�t�iuRsd�j
\ PBJ.W�iuvDR{HKe{È
� JDegRrqìý�s3��b,û�þ�bñýB��HKd.v ý�jlWlHKiq\]f]jldDRse�e�h PBdDikjlPUWZet��uèüwv¼ý�Tõb,û�þ�bñý��
� RÇÿõjlR�d.vxjlfDRsegR�j£RstlfDdDPBLuPU\UiuR�e©È

x HKJmjlPUnzH©jgiut�jlWlHaiqd n R{HKe�J.WoRse)WoRa��RsWoRsd.tsRñnzHaWo`UR±WZe��i�y R6yIvMRaXMd.RseQjgf.RXWoRa��RsW�R�d.tsR���WlHan R=�
x L_H{jlR±W�n R°HKegJDW�R�t±PBLqLqiuvDRsW���PBe�ikjgiuPUdzÆzy W{y�j<ywjgf.RñH<��P Å R�tsP<?ÀPUWovMiqd³H{jlR$e`	meZjlR±n
x egt{HKL_H<�DLuRñL_HKegR±W�jlRstlfDdDPULuPB\�	 ��d.Paj)L_HaWZ\]Rñn PBd.PBLqikjgfDiutñL_HaegR±WZe@�JDe�iqdD\�XB�.WoR�PZ�mjgiut{HKLOHanU�DLqiYXDR±WZe
x iqd�jlR±WZdÍHaLïL_HKegR±W|��R{Han LqiqdDRse¬iqd Å H|t�JDJDn
x jlRseZjçjgf.R��.WoPajlPaj}	p��RßH©j~SXü,ý6j vmJ.WZiqdD\�qIü;þ�iqdDeZj�HKLqL_H{jgiuPBd



¶ ¤|�$·�¸�¹o���»º¼²D½�¾D¿,«$¥��À�4Ág��Âg® �
N�f³HKLqLuRsdM\]Rse{È�þ�i_N�bñý GIfÍHKelRrs;HKd.v's�s
Ä�Å R±W}?ÀtsPBdDeZj£WlHKiqd.Rsv3TMWoR±vmJDd.v6HKd�j¼eojlWlHKiq\]f]j)Lqiqd.R^n R°Hae�J.WoRsn R�d�j�y

0 1 2 3 4 5

4.5m Tunnel wall Reference markers
(ball mounted retroreflectors)

22.5m
(+internal FSI, not shown)

external FSI linecar with sensors straightness monitor

♦ �z���V�<� �
� t±PBdMeojlWZJ.tÇj�HKJmjlPUnxH{jlR±vwTSegRsLY�+�DWoP���RsLqLuRsv3TMfDiq\Uf,�.WoR±t�iqegiuPBdÝWZJMLuR±W
� t±PUn>�DiqdDRzqìý�sFHKd.v eZj£WlHKiq\Uf�jgd.R�ege)n PBdDikjlPUWQiqd L_HaWZ\]RXegt{HKLuR�iqdDeZjlWoJDn Rsd�j
� jlPaj�HKL�LuRsdD\|jgfÝP��wjgf.R�egJDW Å R@	xiqe3������$

♦ �z���V�<� ���
� XSÿDR±v HKLqiq\]dDn Rsd�j¼\]WZiuv PBd>n PUeZj)egRsdMegikjgi Å RñtsPUn���PBd.R�d�jge����R°Han vDR�Lqi Å RsW�	ÖHadDv^XDdÍHaL���PStsJDe@��T��4HKeZj)PBd�?�Lqiqd.Rt��S n R{HKe�J.WoR±n Rsd]j
� jlPaj�HKL�LuRsdD\|jgf

��) ���$ ��T�dcJ.n>��RsW�P��=Lqiqd.R�e�
����Z�����k�
� HavDv^XSÿDR±v���WoR{0�JDRsd.t@	 L_HKegR±W�jlPLqìý�s÷e)	meZj£RsnÝT�JMelR$ikj¬iqd�h iutlfDRsLqegPBd h PSvDR

�) #*+$&�;eZj H��MiqLqiqe H{jgiuPBd
\ PZ�mjgiut{HKLOHKd.tlfDPUWQ\�WZiuv���4HKeojlR±W�WoR{HavDPBJmjr #$
��* \  1�n� ���



¶ ¤|�$·�¸�¹o���»º¼²D½�¾D¿,«$¥��À�4Ág��Âg® �
G÷WZiqd.t�i[�DLuRÒP��èjgf.Rrqìý�s n R{HKe�J.WoR±n R�d�j

� ûìR±tgfDd.PBLuPB\�	>vDR Å RsLuPZ��Rsv iqd Ä ÿp��PUWov���P]WFjlfDR$b,û�þ�bñýxRÇÿB��R±WZiun Rsd]j
� þ�iu`URÒH h iutgf.RsLqegPBdÖiqd�jlR±W2��R±WoPUn R jlR±WçÆ¼ikjgf,XSÿDR±vÝHaWon LuRsdD\|jgfDe�Æ¼fDiutlf iqe�PZ��R±W}?H{jlR±v JDe�iqdD\ Å HaWZi_H<�DLuR~��WoR{0�JDRsd.t@	 Lqiq\Uf�j
� þïR�dD\|jgf>n R°HKegJDW�Rsn Rsd�j¼WoRsL_H{jlR±vxjlP	jgf.R��DfÍHaegR$egfMiY� j©È��t±PBJDd]jliqdM\�jlfDR$iqd�jlR±W2��R±WoRsdDt±R���WZiqdM\�R�e;�

�����@�wN l��
�,�A  ���@�

� N �¢¡}£¥¤
¦ �¦ � ¡}£¥¤Æ¼f.RsW�R � iqeçjgf.R�JDdD`cd.P[Æ¼d§�ÍH©jgf LuRsdM\|jlf vMiY¨³RsW�R�d.tsRG��RÇj�ÆQR±R�d>jgf.Riqd�jlR±W2��RsW�PUn R jlRsW¼H|Wonpe



¶ ¤|�$·�¸�¹o���»º¼²D½�¾D¿,«$¥��À�4Ág��Âg® ©
qìý�s�r�R�elPBLqJõjliuPBd

ª �z«{�Q�<�p¬®­^¯n�p«P°�±8«=² �³¬µ´g�b¶
· ¸3¹ º »b»B¼G½�¾ ��­,¿ º ÀRÁ[ÂÃ¾
· ¸ ¹�Ä ¿ º ÀµÁ�Å³ÆÈÇ%Ç�¾

ª É3Ê�Ë�Ì
Í �z���V���&��¶
· ¸ ¹ º »AÎ�¾ ��­Ï¿ º ÐG¾ Ñ ±8¬µ´g�T�kÒ#�p«aÓ ² Ê ¬+Ô+­���Õ
· ¸3¹ Ä ¿ º ÀµÁ�ÅWÇ%Ç�¾

ª É3Ê�Ë�Ì
Í �z���V���&����¶
· ¸3¹ º »AÎ�¾ ��­Ï¿ º Å³Àr¾ Ñ ±8¬µ´g�T�kÒ#�p«aÓ ² Ê ¬+Ô+­���Õ
· ¸3¹ Ä ¿ º ÀµÁ!À®ÐWÇ%Ç�¾
· Ö Ê ´k���p×��<±8¬ Ñ9Ø ÊÚÙ �p«��p¬b­ Ê �³×�Õ Ö ± Ø �b¶
· ¸ÈÛi¹ º »Ü½�¾ ��­§¿ º Å³Àt¾ Ñ ��­�Ý Ñ�»pÀ�Þ ß Õ=Õ



¶ ¤|�$·�¸�¹o���»º¼²D½�¾D¿,«$¥��À�4Ág��Âg® à
qìý�sgÈmû�f.R�b,û�þ�bñýæiunU�DLuRsn Rsd�j H{jgiuPUd

� VÒþ#slÈDV�WoiuvÖþ�iqdDRse~s9d�jlR±W2��R±WoPUn R jlR±WZe
� PZ�mjgiunpiqelRsv,��PUWçnpiqdMiun	JDn nzHKe�e
� \]PBLuv tsPcH{jlR±vÝHKLqJ.npiqdDiqJDn WoRÇj£WoPUWoRaáDR±tÇj£PUWZe
� L_HaWZ\�R�egt{HKLuRz
��âm6���k�|qìýBs \]WZiuv���P]WFjlfDRXb û�þ�bñýæiqdDdDR±W)vDRÇjlR±t jlPUW
s4d t{HKegRXP�� þ�i_N�bñý�È

4.5m

Quill Retroreflector

z

x
y

(SM not shown)

external FSI lines (6)

internal FSI lines (4)

�äã�åÃæ1åZã�ç)èêéìë<í[ãBç3åZã^è9î�ï(ð�ë�ç�çWå � èêî�ï(ç 	 ç)èìïPð
�äñ�ç9ïÜè9î�ï(æ1åZò[ò[íóð�ë�è9íóåZãôå � è9íóæaçWèêå�ï ÿ èêïPã�õ^è9î�ï(ð�ï=ë<ç9ñ�é`ï1ð�ïPãkèÈéìë<ãBökï �¥: �R$ �
�äñ�ç9ïzè9î�ï÷í[ã � éêë�é�ïPõTè9ñ�ãVë � òóïUòøë�ç9ï1é)ç � æêîùë<ã�ö6ï÷è9î�ï>ú3ëaû�ïPòóïPãBö�èêî � é`å�ð ���ýük�R"%$
èêå :  ��C�R"%$ ë�ã�õ�èêî�ïiè9ñBã�í[ã�ö�éêë<ã�ö6ï � é`å6ð  1� èêå  1�6�M*�$ �

�äí[ãkèêï1é)ãVë�ò qìýBs ò[í[ã�ïPçÜå � ï1éêë=èêïií[ãäûkë�æañ�ñ�ð
�äç9ïPã�ç�íCè9íCû�ï�èêåLþAÿ�õBí[ç)è;ë�ã�æ1ïtë�ã�õ D�� ��� ÿ�é`å�è;ë�è9íóåZã
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* èêéêë<í[ö�îkè9ã�ïPç�ç,+ÏåZãBíCèìå�é

-/.1032 * +5476 ç9åZò[ñpè9íóåZã98�ç9ï1ðUí;:�èêéêë<ã�ç=<ùë�é`ïPãkèAç9ïPãBçêå�é)ç
-5>�ñ�è@?A?B?%ã�åÃòóåZã�ö6ï1éÜëaû�ë<í[òøëC>�òóï�å�ã^è9î�ï(ð�ë�é=D�ï@è
E ã§æ=ë<ç9ï(å	FHGbíJILK * 8

4.5m

retro−
reflector

external FSI lines

z

x
y

CDD camera Beam Splitter
laser

beams

(internal FSI not shown)

-^è7úWå M7òøë<ç9ï1éONP>�ï=ë�ðUç7Q ç�ñ�<�ï1énò[ñ�ðUí[ã�ïaçêæ�ë�ã'õBíóågõ�ïaç@R ü�S	T�UWVYX
èêå�ëaûQåZíóõäñ�ãkúAë<ãkèêï1õ,í[ãkèêï1éZF ï1é`ïPã�æ1ï[QâæPåZî�ï1é`ïaã�æ1ï(òóïPãBöZè9î]\^QO_ T�`aV X�X

-,æ1åZò[ò[íóð�ë=è9íóå�ã'åb<�è9íóæPç
-5>�ï=ë�ð ç=<�ò[íCè`èêï1é)ç�ë<ã�õ IcId6 æ=ë�ð�ï1éêë<çeQ üPfhg�V^Vji RHk _ Tbl <Bí;m�ïPò[çnRo_ T >�íCè9çnRç9ïPã�ç�íCè9íCûpíCè%p�èìåPqsr T�UWV Rt<�å�ú|ï1éu_bv Sxw X
-äç9ïPã�ç�íCè9íCû�ï�èêåzy {}|Ãÿ~<³åZç�íCè9íóå�ãôë<ã�õ�� � ���b��� ÿ�é`å�è;ë=è9íóåZã
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* E +�2ãG9ç70�èz8 * íóð>ñ�òøë=è9íóåZãôå	F è9î�ï�ç�ppç)èêï1ð <³ïPéZF å6é`ð�ë<ã�æPï

- * E +�2ãG9ç70�èz8
M * íóð>ñ�òøë=è9íóåZã�ë<ã�õté`ï1æPåZã�ç)èìé)ñ�æ;è9íóåZãÐ<Vë�æ¦D�ë<ö6ïHF å�é�åÇ<pèêåC:¥ö6ï1å�ð�ï;èêé)íóæ=ë<òkç�ppç)èêï1ðUç#Nêéõ�ï@û�ïPòóåÇ<³ïPõë>�p/G ë<ñ�é`ïPã6è�ì é)ñ�ã�ïPò®í[ã�I³+ * æ1åZò[òøëC>³å�éêë=è9íóå�ã

- * íóð>ñ�òøë=è9íóåZãôí[ã�æaò[ñ�õ�ïaç3è9î�ïiúÜî�åZòóï�çOppç`èêï1ð/8�í[ãkèêïPé`ãVë<ò%ë<ã�õÏïím�èêïPé`ãVë<òWî * E ò[í[ã�ïPçë<ã�õ^è9î�ïiç`èêéêë<í[ö�îkè9ã�ïPç�çÈð�åZã�íCèêå�é
-äç)èêñ�õïp�åÇF8è9î�ï(å�û�ïPéìë<ò[ò°<�ï1éZF å�é`ð^ë<ã�æ1ï�å	F è9î�ïiçOppç`èêï1ð
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