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Abstract

The two cleaninginsertionsin the LHC, for betatronand
momentumcollimation, areoptimizedfor an ideal lattice
andcollimator jaw setup. We have studieda collimation
beamline with randomlygeneratedjaw misalignmentsand
quadrupolefield andalignmenterrors,theresultantdistor-
tion of thereferenceorbit beingcorrectedwith thehelpof
monitorsplacednearcritical collimators.Differentclosed
orbit errorsandbeamshapesareconsideredattheentrance.
We report the level of errorsfor which no correctionsare
neededandthelevel for whichcorrectionsarenotpossible.

1 INTRODUCTION

The opticsof the LHC betatronandmomentumcollima-
tion insertions,and the locationsand orientationsof the
collimatorjaws,havebeenoptimizedsothatthesecondary
halos,producedby scatteringof circulatingprotonsat the
primary collimators,arerestrictedto the desiredaperture
[1]. The halo is definedasthe beamof scatteredparticles
within solidangle2� – with initial non-normalizedcoordi-
nates

�������
	
(a point-like sourceon theprimarycollimator

jaw surfaces)andinitial angles
���
��������	

within ( ���� � � � ).

We have studiedhow thecollimationquality is affected
by jaw andquadrupolealignmenterrors,quadrupolepow-
eringerrors,andincomingbeampositioningandmismatch.
SinceeachwarmquadrupoleQ6L-Q6Rconsistsof agroup
of 5-6 modules,bothgroupandmodulemisalignmenthas
beenconsidered.As a referencecasewithout errors,we
use the optimized layout for the betatroninsertion IR7
(Fig. 1), with the primary collimator aperturesset to 6� ,
and 16 secondariesset to 7� (injection optics). For this
the halo particlesescapingall secondaryjaws are found
to have a maximumcombinedtransverseinvariant ���� � ��� � � ������� ��� � �

of 8.4 in units of � , while the
maximumin-planeinvariantsare �"!#�%$'& (*) , �,+-�.(/&1032 .
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Figure1: Betatroncleaninginsertionlayout.

1 Also at Dept.of Physics& Astronomy, UBC, Vancouver, Canada.

2 ERROR ANALYSIS

Theeffectsof quadrupolemisalignmentsandpoweringer-
rors were studiedby using the codeDIMAD [2] to trace
thefollowing beamparametersthroughIR7: referenceor-
bit
�UTWVYXZ���[�TWVYX �;�GTWVWX3�;���TYVWX

, beta functions \ ! ,\ + and beta-
tron phases] ! , ] + . Their values,computedat the sec-
ondaryjaws, arepassedto the codeDistribution of Jaws
(DJ)whichfindsthemaximuminvariants� , � ! and � + of
surviving haloparticles.Orbit positioningerrorsandbeam
mismatchat the primary are taken into accountby using

nonzeroinitial values
�_^9`�acbTYVWX �;�
dL^e`IacbTYVWX ���f^9`IaMbTWVYX �;�[dg^9`�acbTWVYX

andinitial

betafunctions\ ^9`�acb! ,\ ^e`Iacb+ differentfrom thenominalones.
In DJ, for a fixed set of halo sources,the jaw phases

] ^9hib! , ] ^ehib+ (k=1,...16)define� , � ! and � + in thefollowing
way[1]: all jaws(pairsof parallellinesin normalized

�
-
�

space)aretransformed(rotatedby angles] ^9hib! , ] ^ehib+ ) to the
entrance,andthe“escapewindow” in initial-anglespaceis
found– its verticesgiving � , � ! and � + . Thisprocedureis
equivalent[1] to lineartrackingwith themaximumescape
anglesbeingrecorded,but is muchfaster.

To include the misalignment of a pair of jaws in this
model, the correspondingpair of lines is displacedfrom
the origin in normalized

�
-
�

spaceby j �lk;monfpMq \ !sr h
andj �Gk;mon�pcq \ +tr h , in effectchangingtheescapewindow.
Here j �lk;monfp'� j �Gk;mon�p arethe horizontalandvertical dis-
placementsof themidpoint(centre)of thepairwith respect
to thereferenceorbit,whichpassesthroughthequadrupole
centers.If the referenceorbit at the u -th jaw is displaced
by
� ^9hibTYVWX

with respectto the vacuumchamberaxis, the jaw

displacementin DJ is taken to be j � k;mon p �v� � ^9hibTWVYX (and
similarly for

�
).

Powering errors and incoming beam mismatch lead to
differentsetsof jaw phasesrelative to theerror-freecase.

Orbit correction wasperformedby DIMAD, with 6 cor-
rectorsand6 double(horizontalandvertical)beamposition
monitorsplacedin the middle of eachof the quadrupole
groups(Fig 1), plusoneadditionalverticalcorrectorat the
beamline entrance.The orbit displacementsat the moni-
torsareminimizedby theleastsquaremethod.

Monitor alignment errors with respectto the vacuum
chamberaxis(rmslateraldisplacements� !xwfy{z , � +cw�yLz ) are
simulatedby randommisalignmentof thejawswith respect
to thereferenceorbit with thesamermsvalues.

For all errorstogether, the tolerableincreasein � is as-
sumedto be |%� , i.e. themaximumacceptablevalueis }~& � .



Table2: Effectsof randomlateralmisalignmentof all quadrupoles,with andwithout orbit correction.

�t!����t+ [ ] m] 100 200 400

As modules��� ���L����UTWVYX / ��GTYVWX [mm] 0.5/ 0.7 1.0/ 1.4 2.1/ 2.9
No ��� � �L� �� k;monTWVYX /

�� k;monTWVYX
[mm] 0.5/ 0.6 1.0/ 1.3 1.9/ 2.5

corr. ��� � �L� � q �"! q �"+ 8.7/ 8.1 / 8.3 9.1/ 8.7 / 8.5 10.2/ 9.8/ 8.9���U� �g� � q �"! q �"+ 8.5/ 7.8 / 8.1 8.7 / 8 / 8 9.1/ 8.3 / 8.0

As groups��� ���L����UTWVYX / ��GTYVWX [mm] 1.8/ 1.1 3.6/ 2.2 7.2/ 4.5
No ��� � �L� �� k;monTWVYX /

�� k;monTWVYX
[mm] 1.5 / 1 2.9/ 2.1 5.8/ 4.1

corr. ��� � �L� � q �"! q �"+ 9.9/ 9.3 / 9.2 11.6/ 10.8/ 10.3 14.5/ 14 / 11.6���U� �g� � q �"! q �"+ 9.1/ 8.4 / 8.4 9.9/ 9.0 / 8.6 11.5/ 10.4/ 9.2��� ���L���U� ax�TWVYX /
� d � a'�TWVWX

/
�~� a'�TWVYX

/
� d � a'�TYVWX

0.8 / 10 / 0.6 / 14 1.5 / 20 / 1.2 / 28 3 / 41 / 2.4 / 56
[mm] / ] rad]���U� �g� � � a'�TWVWX /

� d � a'�TWVYX
/
� � ax�TYVWX

/
� d � ax�TWVYX

0 / 1 / 0.2 / 4 0.1/ 3 / 0.3 / 7 0.2 / -5 / 0.6 / -15��� ���L����UTWVYX , ��GTWVWX [mm] 0.2/ 0.2 0.3/ 0.3 0.7/ 0.7
With ��� ���L���� k;monTWVYX ,

�� k;m�nTYVWX
0.1/ 0.2 0.2/ 0.3 0.4/ 0.6

orbit ��� ���L� � q � ! q � + 8.6/ 8.0 / 8.2 8.7/ 8.2 / 8.3 9.1/ 8.6 / 8.5
corr ���U� �g� � q � ! q � + 8.5/ 7.8 / 8.1 8.5/ 7.9 / 8.1 8.7/ 7.9 / 8.1��� � �L� � � ax�TWVYX /

� d � ax�TYVWX
/
� � a'�TWVYX

/
� d � a'�TYVWX

0 / 1 / 0 / 2 0 / 3 / 0 / 4 0.1/ 6 / 0 / 8
[mm]/[ ] rad]

max.corr. [ ] rad] 6 12 24
Jaws
9,16 ��� ���L� � q � ! q � + 8.5/ 8.0 / 8.2 8.6/ 8.1 / 8.3 8.9/ 8.4 / 8.4

3 ERROR ANALYSIS RESULTS

Analysisof individual jaw misalignment for horizontaldis-
placements(Fig.2) showsthat � is mostsensitiveto lateral
shifts of jaws ( � } and 032 . Similar behavior wasobserved
in theverticalplane.

Figure2. Effect of horizontaldisplacementof individual
jaws: left: 0.1mm; right: 0.5mm.

Table 1 shows the effects of individual quadrupole
groupmisalignmentandgrouppoweringerrorson � (nom-
inal value8.4). Left: horizontal/verticaldisplacement100
and200 ] m. Right: relative field error ����03�[��� . Trans-
verseshiftsof �/&10"���~& � mm leadto �/& ����0'� lossin colli-
mationquality. Quadrupolepoweringerrorsup to thelevel
0o�[��� have little effecton � (seealsoTable 3).

Table 2 presentsresultsfrom random transverse mis-
alignment of quadrupoles. For eachseed,Q6L-Q6Rwere

Table1

Displacement Rel. field error
hor. / vert. [ � m] ���x�f���x�
100 200 �  #¡�¢~£�¤

Q6L 8.8/ 8.7 8.6/ 9.4 8.5
Q5L 8.5/ 8.6 8.5/ 8.7 8.5
Q4L 8.7/ 8.6 8.5/ 9.1 8.5
Q4R 8.5/ 8.7 8.5/ 8.5 8.4
Q5R 8.5/ 8.3 8.3/ 8.6 8.4

randomlydisplacedwith Gaussiandistributionsin both
�

and
�

planes,with equalrms values�~&�0 , �/& � and �~& ¥ mm,
truncatedat 2� . Here

��UTWVWX � �¦� �¨§ �lTYVWXZ§ is the max-
imum absolutevalue of horizontalorbit excursionalong
the beamline and

�� k;monTWVYX � �¦� � h § �_^9hibTYVWX § is the maxi-
mum excursionat a jaw (similarly for

�
). Also ��� � �g�

and ���U� �g� denotethemaximumandtheaveragevaluesof
10 seeds,andsuperscript�ª©�« is usedfor the residualor-
bit displacementandangleat the beamline exit. For ex-
ample,for an rms displacementof 0.2 mm of all groups,
the“worst” of the10 seedsproducesA=11.6with residual
horizontalorbit displacementat the exit

� � a'�TWVWX �¬0'& � mm,
and

� d � a'�TWVYX �­�~& �*� mrad. The10-seedaveragedvaluesare
A=9.9,

� � a'�TYVWX �.�~&�0 mm and
� d � a'�TWVYX ���/& �x�*) mrad.

In sofarasthealignmentof individualmoduleswithin a
groupis expectedto bebetterthanalignmentof thegroups
with respectto eachother, an appropriateorbit correction
is absolutelynecessary, since group alignmenterrors of
03�*�-���x�*�®] m will very likely bepresent.Thesameseed
sequencewasusedbothwith andwithout correction.The



last row of Table2 shows theeffect of two monitorsbeing
relocatedfrom theclosestquadrupolesto thecritical loca-
tionsnearjaws9 and16 identifiedin Fig. 2.

Table3: Randompoweringerrorsin all quadrupoles.

�"¯°�
�l¯°� ¡ª¢ £�¤ �± ²¡ª¢ £�¤³µ´'¶ �L·/¸��{¸®¹c�{¸ º 8.4/ 7.9/ 8.2 8.6/ 7.9/ 8.3´'»M¼ �L· ¸��{¸ ¹ �{¸ º 8.4/ 7.8/ 8.15 8.5/ 7.8/ 8.2

Table4: Incomingbeamsteering.

Horizontal[mm,mrad]½ ¶�¾<¿eÀMÁÂ�ÃWÄlÅ ¶ d ¾<¿eÀMÁÂ;ÃYÄ�Æ�Ç (1 , 0) (0 , 0.02)È¶ Â�ÃYÄ 3.5 2.4
No

È¶~É�ÊYËÂ�ÃYÄ 3.2 1.9
corr. ¸��L¸±¹c�L¸®º 11.1/10.5/8.7 9.5/8.5/8.2¶lÌ ÀcÍÂ�ÃYÄ / ¶ d Ì ÀMÍÂ�ÃWÄ 1.5/7 0.5/16È¶ Â�ÃYÄ 1 1.2È¶ É�ÊYËÂ�ÃYÄ 0.6 0.9
With ¸��L¸ ¹ �L¸ º 8.7/7.9/8.2 8.8/7.9/8.1
corr. ¶ Ì ÀcÍÂ�ÃYÄ / ¶ d Ì ÀMÍÂ�ÃWÄ 0 / 0 0 / 0

max.corr. 2.2 4.4

Vertical[mm,mrad]Î ¾<¿eÀMÁÂ�ÃWÄ Å Î d ¾ ¿IÀcÁÂ�ÃYÄ [mm,mrad] (1 , 0) (0 , 0.02)ÈÎ Â�ÃYÄ 2.8 4.7
No

ÈÎGÉªÊYËÂ�ÃYÄ 2.4 3.4
corr. ¸��L¸ ¹ �L¸ º 10.7/8.6/10.6 10.8/7.9/10.4Î Ì ÀMÍÂ�ÃYÄ / ÈÎ d Ì ÀMÍÂ;ÃYÄ 0.7/7 0.4/33ÈÎ Â�ÃYÄ 1 1.1ÈÎ ÉªÊYËÂ�ÃYÄ 0.4 0.4
With ¸��L¸ ¹ �L¸ º 8.5/7.8/8.2 8.6/7.8/8.2
corr. Î~Ì ÀMÍÂ�ÃYÄ / Î d Ì ÀMÍÂ;ÃYÄ 0 / 0 0 / 0

max.corr. 2.2 53

Table5: ��Ï ¾<¿eÀMÁ �ªÏ ¾<¿IÀcÁ
Ð ¡ª¢ %

Hor. Vert.

¸²�U¸ ¹ �U¸ º 8.6/8/ 8.2 8.8/7.7/8.4

Tables 4 and 5 show theeffectof afixedincomingbeam
steeringerror in position(+1 mm) or angle(+0.02mrad),
either horizontalor vertical, and of 10% incoming beam
mismatch.

Table 6 shows theeffect of randommisalignmentof all
jaws with rms values0.2 and0.4 mm. This is equivalent
to introducingmonitor misalignment(orbit measurement)
errorsof thesamemagnitude.

Table 7 wasobtainedwith all errorstogether, at theac-
ceptablelevel for each,asfollows:
Fixedincomingbeamsteeringerror:

(
� ^e`IacbTWVWX �;� d{^9`�acbTWVWX �;� ^9`�acbTYVWX ��� dg^9`�acbTWVYX

) = (�/& � � � � �~& � � � )[mm/mrad];

Beammismatch:j-\ ^9`�acb! q \ ^9`IaMb! �Ñj-\ ^9`�acb+ q \ ^9`�acb+ �.�~&�0 ;
Quadrupolemisalignment: � ! �Ò� + = 250 ] m;
Quadrupolepoweringerrors: jÓu �3q u � = 0��Ô03�
�s� ;
Monitor misalignment:� !'wfy{z �Ò� +cwfy{z = 250 ] m;
Orbit correction:asoutlinedabove.

The largest � -values( �ÖÕ×}~& � ) in Table7 correspond
to a few seeds(1-3 out of 40 for severaldifferentseedse-

Table6: Monitor alignment[ � m]

Ø ¹ wfy{z Ð Ø º wfy{z 200 400³µ´'¶ �L·~¸��{¸®¹c�{¸ º 8.8/ 8.4/ 8.2 9.3/ 8.2 / 9.1´'»M¼ �L·~¸��{¸®¹c�{¸ º 8.7/ 7.8/ 8.1 9.0/ 7.8 / 8.3

Table7: All errorstogether.

All jaws Ø ¹ wfy{z Ð Ø º wfy{z = 0.25mm³-´'¶[Ù · È¶ Â�ÃYÄ / ÈÎ Â;ÃYÄ [mm] 1 / 0.9³-´'¶[Ù · È¶~É�ÊYËÂ�ÃYÄ /
ÈÎGÉªÊªËÂ;ÃYÄ 0.4/ 0.4³-´'¶ Ù ·[¸±�{¸±¹Ú�{¸®º 10.1/ 9 / 9´'»M¼MÙ · ¸±�{¸ ¹ �{¸ º 9.2/ 8.1/ 8.4³-´'¶ Ù · ¶ Ì ÀMÍÂ�ÃYÄ / ¶ d Ì ÀMÍÂ�ÃYÄ /Î Ì ÀMÍÂ�ÃYÄ /Î d Ì ÀcÍÂ�ÃYÄ 0.1/ 5 / 0 / 6

[mm] / [ � rad]
max.corrector [ � rad] 26Ø ¹ wfy{z Ð Ø º wfy{z = 0.1mm at jaws 8, 9³-´'¶[Ù · ¸±�{¸ ¹ �{¸ º 9.5/ 8.8/ 8.9´'»M¼ Ù ·[¸±�{¸±¹c�{¸®º 9.2 / 8. / 8.4

quences),for which the randomorbit and jaw displace-
mentsadd up at somejaws. Most critical appearto be
jaws 8 and9 (spacedÛ 3 m apart)locatedin a region with
a low horizontalbetafunction. Settingthe monitor error
at thesejaws to 100 ] m decreasesthe differencebetween
maximumandaverage� -valuesfrom � to �/& �µ� . Table 8
demonstratesthis for threebeamsteeringerrors.

Table8.

steering rmsmonitorerror rmsmonitorerror=0.1mm
error 0.25mm at jaws 8 and9³µ´'¶ Ù ·�¸ ´'»M¼ Ù ·;¸ ³-´'¶ Ù ·�¸ ´'»M¼ Ù ·;¸

0.5 10.1 9.2 9.5 9.2
0.3 10.1 9.2 9.4 9.1
0.1 9.9 9.1 9.4 9.1

4 CONCLUSIONS

Wehavefoundthatthefollowing combinedmisalignments
anderrorslead to lessthan 0'� increasein the maximum
amplitude� of escapingparticles:
1) fixed incomingbeamsteeringerrorsbelow 0.5 mm in
bothtransverseplanes(with zeroinitial angles);
2) monitorsandquadrupolesrandomlydisplaced�*�x�Ü] m
rmsin eachtransversedirectionwith respectto thecentral
axisof theprimary jaws (with theexceptionof jaws 8 and
9, wherethemaximummonitorerrorusedwas 03�x��] m);
3) incomingbeammismatchbelow 10%;
4) quadrupolepoweringerrorsbelow 0o�[��� .

Under theseconditionsthe local correctionhasonly a
smalleffecton therestof thering – theexit orbit displace-
mentis zeroandtheexit angle ÝÞ�~& �
0 mrad.
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