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Abstract

The two cleaninginsertionsin the LHC, for betatronand
momentumcollimation, are optimizedfor anideal lattice
and collimator jaw setup. We have studieda collimation
beamline with randomlygenerategaw misalignmentsand
guadrupoldield andalignmenterrors,the resultantdistor
tion of thereferenceorbit beingcorrectedwith the help of
monitorsplacednearcritical collimators. Differentclosed
orbit errorsandbeamshapesreconsiderecttheentrance.
We reportthe level of errorsfor which no correctionsare
neededandthelevel for whichcorrectionsarenotpossible.

1 INTRODUCTION

The optics of the LHC betatronand momentumcollima-
tion insertions,and the locationsand orientationsof the
collimatorjaws, have beenoptimizedsothatthesecondary
halos,producedby scatteringof circulatingprotonsat the
primary collimators, are restrictedto the desiredaperture
[1]. Thehalois definedasthe beamof scatteregarticles
within solid angle2r —with initial non-normalizeaoordi-
nates(z, y) (a point-like sourceon the primary collimator
jaw surfaces)andinitial angles(z’, y) within (—%, 7).

We have studiedhow the collimation quality is affected
by jaw andquadrupolealignmenterrors,quadrupolgpow-
eringerrors,andincomingbeampositioningandmismatch.
Sinceeachwarmquadrupolé€6L-Q6Rconsistof agroup
of 5-6 modules both groupand modulemisalignmenthas
beenconsidered.As a referencecasewithout errors,we
use the optimized layout for the betatroninsertion IR7
(Fig. 1), with the primary collimator aperturessetto 6o,
and 16 secondariesetto 7o (injection optics). For this
the halo particlesescapingall secondaryjaws are found
to have a maximum combinedtrans\erseinvariant A =

VX24+ X2 4+Y24Y”2 of 8.4in units of o, while the
maximumin-planeinvariantsare A, = 7.83, A, = 8.16.
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Figurel: Betatroncleaninginsertionlayout.

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

2 ERROR ANALYSIS

The effectsof quadrupolemisalignmentandpoweringer
rors were studiedby using the code DI MAD [2] to trace
thefollowing beamparametershroughlR7: referenceor-
bit zors, )4, Yors, Y., betafunctions 3,6, and beta-
tron phasesu,, 1,. Their values,computedat the sec-
ondaryjaws, are passedo the codeDistribution of Javs
(DJ) whichfindsthe maximuminvariants4, A, andA, of
surviving haloparticles.Orbit positioningerrorsandbeam

mismatchat the primary are taken into accountby using

nonzeroinitial valueSI(”?, 2 () ) ) anginitial

betafunctions{™ (m differentfrom thenominalones.

In DJ, for afixed set of halo sourcesthe jaw phases
ug ,Mg(,’”) (k=1,...16)defineA, A, andA, in thefollowing
way[1]: all jaws (pairsof parallellinesin normallzedX Y
spacepretransformedrotatedby anglesux , u(")) tothe
entranceandthe“escapewindow” in initial-anglespaceds
found—its verticesgiving A, A, andA,. Thisprocedurés
equivalent[1] to lineartrackingwith the maximumescape
anglesbeingrecordedbut is muchfaster

To include the misalignment of a pair of jaws in this
model, the correspondingpair of lines is displacedfrom
the origin in normalized X-Y" spaceby Az jquw, /\/ e,k
andAy;aqw, //By.k, In effectchangingheescapavindow.
Here Az jqw, , Ayjaw, arethehorizontalandvertical dis-
placementsf themidpoint(centre)of the pairwith respect
to thereferenceorbit, which passeshroughthequadrupole
centers If the referenceorbit at the k-th jaw is displaced
by Tmb with respecto the vacuumchamberaxis, thejaw

displacementn DJ is takento be Az gy, = (and
similarly for ).

Powering errors and incoming beam mismatch leadto
differentsetsof jaw phaseselative to the errorfreecase.

Orbit correction wasperformedby DI MAD, with 6 cor-
rectorsand6 double(horizontalandvertical)beamposition
monitorsplacedin the middle of eachof the quadrupole
groups(Fig 1), plusoneadditionalvertical correctorat the
beamline entrance.The orbit displacementst the moni-
torsareminimizedby the leastsquaremethod.

Monitor alignment errors with respectto the vacuum
chamberaxis (rmslateraldisplacements mon ,oymon) are
simulatedoy randommisalignmenbf thejawswith respect
to thereferenceorbit with the samermsvalues.

For all errorstogetheythetolerableincreasdan A is as-
sumedo be~ ¢, i.e. themaximumacceptablealueis 9.5.
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Table2: Effectsof randomlateralmisalignmenbf all quadrupoleswith andwithout orbit correction.

| ox =0, [pm] ] 100 | 200 | 400 |
Asmodules
mazx1o LorblYory [MM] 0.5/0.7 1.0/1.4 2.1/2.9
No | maxio &2 157%" [mm] 0.5/0.6 1.0/1.3 1.9/25
corr. | mazig A/Az /A, 8.7/8.1/8.3 9.1/8.7/8.5 10.2/9.8/8.9
aveyg A/Az /A, 8.5/7.8/8.1 8.7/8/8 9.1/8.3/8.0
Asgroups
max1g TorblYors [MM] 1.8/1.1 3.6/2.2 7.2/14.5
No | maxig #2%1 4% [mm] 1.5/1 2.9/2.1 5.8/ 4.1
corr. | mazig A/Az /A, 9.9/9.3/9.2 11.6/10.8/10.3| 14.5/14/11.6
averg A/Az /A, 9.1/8.4/8.4 9.9/9.0/8.6 11.5/10.4/9.2
mazxyg <M cndlyendlyend | 0.8/10/0.6/ 14 | 1.5/20/1.2/28 | 3/41/2.4/56
[mm] / prad]
averg xS x, i yerily, 3l 0/1/0.2/4 0.1/3/0.3/7 | 0.2/-5/0.6/-15
max1g Torbs Yors [MM] 0.2/0.2 0.3/0.3 0.7/0.7
With | mazio 274, 3740 0.1/0.2 0.2/0.3 0.4/0.6
orbit | mazi0 A/Az/A, 8.6/8.0/8.2 8.7/8.2/8.3 9.1/8.6/8.5
corr | aveig A/Az /A, 8.5/7.8/8.1 8.5/7.9/8.1 8.7/7.9/8.1
maxyg S x e yendfy end 0/1/0/2 0/3/0/4 0.1/6/0/8
[mm]/[ urad]
max.corr. [urad] 6 12 24
Jaws
9,16 | maz10 A/Az/A, 8.5/8.0/8.2 8.6/8.1/8.3 8.9/8.4/8.4
3 ERRORANALYSISRESULTS Table1
Displacement Rel. field error
Analysisof individual jaw misalignment for horizontaldis- hor. / vert. [um] Ak [k
placementgFig. 2) shovsthat A is mostsensitveto lateral I [ 100 | 200 | 65x10° |
shifts of jaws 8,9 and16. Similar behaior wasobsened Q6L [88/ 87 86/94 55
in theverticalplane. Q5L | 85/ 86 | 8.5/ 8.7 8.5
8.0 20 Q4L | 8.7/ 8.6 | 8.5/ 9.1 8.5
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Figure 2. Effect of horizontaldisplacemenbf individual

jaws: left: 0.1 mm;right: 0.5mm.
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Table 1 shaws the effects of individual quadrupole

randomlydisplacedwith Gaussiardistributionsin both z
andy planeswith equalrmsvalues0.1, 0.2 and0.4 mm,
truncatedat 20. Here .., = maz |z,p| IS the max-
imum absolutevalue of horizontal orbit excursionalong
the beamline and /% mazy %) is the maxi-
mum excursionat a jaw (similarly for y). Also maxig
andave;g denotethe maximumandthe averagevaluesof
10 seedsandsuperscriptend is usedfor the residualor-
bit displacementaind angleat the beamline exit. For ex-
ample,for anrms displacementf 0.2 mm of all groups,
the“worst” of the 10 seedgproducesA=11.6 with residual
horizontalorbit displacementt the exit "¢ = 1.5 mm,

orb —

"end __ "
groupmisalignmenandgrouppoweringerrorson A (nom-  2N4%or; - 0.02 mrad. The&g] seecaveragedvaluesare
inal value8.4). Left: horizontalherticaldisplacement00 A=9.9,z¢y = 0.1 mmandz ;3@ = 0.003 mrad.

and200 ym. Right: relative field error5 x 1073, Trans-
verseshiftsof 0.1 — 0.2 mmleadto 0.5 — 1o lossin colli-
mationquality. Quadrupolgoweringerrorsupto thelevel
1073 havelittle effecton A (seealsoTable 3).

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

In sofarasthealignmentof individual moduleswithin a
groupis expectedo bebetterthanalignmentof thegroups
with respectto eachother, an appropriateorbit correction
is absolutelynecessarysince group alignmenterrors of
100 — 200 um will very likely be present.The sameseed
sequencavasusedbothwith andwithout correction. The



lastrow of Table2 shows the effect of two monitorsbeing
relocatedrom the closestquadrupolego the critical loca-
tionsnearjaws 9 and16 identifiedin Fig. 2.

Table3: Randompoweringerrorsin all quadrupoles.

Table6: Monitor alignment] zm]

[ Oamon = aymon | 200 | 400
mazi0 A/A:/A, | 8.8/8.4/82]9.3/82/9.1
aveio A/Az/A, | 8.7/7.8/8.1|9.0/7.8/83

Table7: All errorstogether

AKi /K1 ] 1077 | 5x107° ]
mazio A/Az/A, | 8.4/7.9/8.2 | 8.6/7.9/8.3
aveig A/Az/A, | 8.4/7.8/8.15| 8.5/7.8/8.2

Table4: Incomingbeamsteering.

Horizontal[mm,mrad]
(@ )] (1,0) (0,0.02)
jorb 35 24
No | &% 3.2 1.9
corr. | A/Az/Ay 11.1/10.5/8.7| 9.5/8.5/8.2
xerd] gend 1.5/7 0.5/16
Forb 1 1.2
glew 0.6 0.9
With | A/A./A, 8.7/7.9/8.2 | 8.8/7.9/8.1
corr. | il z.end 0/0 0/0
max. corr. 2.2 4.4
Vertical[mm,mrad]
y&™ y ) [mm,mrad] (1,0) (0,0.02)
Dorb 2.8 47
No | g% 2.4 3.4
corr. | A/A./A, 10.7/8.6/10.6| 10.8/7.9/10.4
yerdf glend 0.7/7 0.4/33
gorb 1 11
T 0.4 0.4
With | A/A,/A, 8.5/7.8/8.2 | 8.6/7.8/8.2
corr. | yendf y.end 0/0 0/0
max. corr. 2.2 53

Table5: AB™) /30 — 10 %

| | Hor | Vert. |
[A/A,/A, | 86/8/82] 88/7.7/84]

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

Table 6 shaws the effect of randommisalignmenbof all
jaws with rms values0.2 and0.4 mm. This is equivalent
to introducingmonitor misalignment(orbit measurement)
errorsof the samemagnitude.

Table 7 wasobtainedwith all errorstogetherat the ac-
ceptabldevel for each,asfollows:
Fixedincomingbeamsteeringerror:

5 2y ) = 05,0, 0.5, 0)[mm/mrad];
Beammismatch:AB™ /8™ = Ap{™ /™ = 0.1;
Quadrupolemisalignment: o, = o, = 250 um;
Quadrupolepoweringerrors: Aky /ky =1 x 1073;
Monitor misalignmentoymon = oymon =250 um;
Orbit correction:asoutlinedabove.

ThelargestA-values(A > 9.5) in Table7 correspond
to afew seedq1-3 out of 40 for several differentseedse-

All jaWSO'zmon = Oymon = 0.25mm

max4o i’orb/ ywb [mm] 1/0.9
mazao #2501 G0 0.4/0.4
mazrs A/Az/Ay 10.1/9/9
aveso AJ/Az /Ay 9.2/8.1/8.4
mazso 7 2y dylend | 0.1/5/0/6
[mm]/[prad]
max. corrector [urad] 26
Ogmon = gymon =0.1mmatjaws 8,9
mazao AJ/Az[Ay 9.5/8.8/8.9
aveso AJ/Az /Ay 9.2/8./8.4

quences)for which the randomorbit and jaw displace-
mentsadd up at somejaws. Most critical appearto be

jaws 8 and9 (spaced~3 m apart)locatedin a region with

a low horizontalbetafunction. Settingthe monitor error
at thesejaws to 100 um decreasethe differencebetween
maximumandaverageA-valuesfrom o to 0.5 . Table 8

demonstratethis for threebeamsteeringerrors.

Table8.
steering| rmsmonitorerror | rmsmonitorerror=0.1mm
error 0.25mm atjaws 8 and9
mazraA | aveswoA | maxrsA avesp A
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

We have foundthatthefollowing combinedmisalignments

and errorsleadto lessthan 1o increasein the maximum

amplitudeA of escapingarticles:

1) fixed incoming beamsteeringerrorsbelov 0.5 mm in

bothtrans\erseplanegwith zeroinitial angles);

2) monitorsand quadrupolesandomlydisplaced®50 pm

rmsin eachtrans\ersedirectionwith respecto the central

axis of the primary jaws (with the exceptionof jaws 8 and

9, wherethe maximummonitorerrorusedwas100 pm);

3) incomingbeammismatchbelov 10%;

4) quadrupolepoweringerrorsbelon 1073,
Undertheseconditionsthe local correctionhasonly a

smalleffect ontherestof thering — the exit orbit displace-

mentis zeroandtheexit angle< 0.01 mrad.
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