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Abstract

The two cleaning insertions in the LHC, for betatron and
momentum collimation, are optimized for an idea lattice
and collimator jaw setup. We have studied a collimation
beam linewith randomly generated jaw misalignments and
quadrupole field and alignment errors, the resultant distor-
tion of the reference orbit being corrected with the help of
monitors placed near critical collimators. Different closed
orbit errors and beam shapes are considered at the entrance.
We report the level of errors for which no corrections are
needed and thelevel for which correctionsare not possible.

1 INTRODUCTION

The optics of the LHC betatron and momentum collima-
tioninsertions, and thelocationsand orientationsof the col-
limator jaws, have been optimized so that the secondary
halos, produced by scattering of circulating protons at the
primary collimators, are restricted to the desired aperture
[1]. The halo is defined as the beam of scattered particles
within solid angle 27 —with initia non-normalized coordi-
nates (x, y) (apoint-like source on the primary collimator
jaw surfaces) and initial angles («', y') within (=7, 7).
We have studied how the collimation quality is affected
by jaw and quadrupol e alignment errors, quadrupole pow-
ering errors, and incoming beam positioningand mismatch.
Since each warm quadrupole Q6L-Q6R consists of a group
of 5-6 modules, both group and module misalignment has
been considered. As a reference case without errors, we
use the optimized layout for the betatron insertion IR7
(Fig. 1), with the primary collimator apertures set to 6o,
and 16 secondaries set to 70 (injection optics). For this
the halo particles escaping al secondary jaws are found
to have a maximum combined transverse invariant A =
VX224 X24+Y24Y72 of 84 in units of o, while the
maximum in-planeinvariantsare 4, = 7.83, A, = 8.16.
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Figure 1: Betatron cleaning insertion layout.

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

The effects of quadrupol e misalignments and powering er-
rors were studied by using the code DI MAD [2] to trace
the following beam parameters through IR7: reference or-
bit zors, 20,4, Yors, Yoy DEt@functions 3,4, and betatron
phases y., py. Their values, computed at the secondary
jaws, are passed to the code Distribution of Jaws (DJ) which
finds the maximum invariants A, A, and A, of surviving
halo particles. Orbit positioning errors and beam mismatch
at the primary are taken into account by using nonzero ini-

tial values z(") ¢ (i) /(i) (i) and initial beta func-

ord
tions g™ ,ﬁéin) different from the nominal ones.

In DJ, for a fixed set of halo sources, the jaw phases
1, 1) (k=1....16) define A, A, and 4, inthefollowing
way [1]: al jaws (pairsof parallel linesin normalized X -Y
space) are transformed (rotated by angles ., ;i) to the
entrance, and the “ escape window” ininitia-anglespaceis
found—itsverticesgiving A, A, and 4, . Thisprocedureis
equivaent [1] to linear tracking with the maximum escape
angles being recorded, but is much faster.

To include the misalignment of a pair of jaws in this
model, the corresponding pair of lines is displaced from
the origin in normalized X-Y space by Axjquw,/+/ B k
and Ay; 4w, /+/ By 1, iN€effect changing the escape window.
Here Az quw, , AYjaw, arethehorizontal and vertical dis-
placements of the midpoint (centre) of the pair with respect
tothe reference orbit, which passes through the quadrupole
centers. If thereference orbit at the k-th jaw isdisplaced by
=) with respect to the vacuum chamber axis, thejaw dis-

ord
placement in DJistakento be Ax; gy, = —xfsz (and sim-
ilarly for y).

Powering errors and incoming beam mismatch lead to
different sets of jaw phases relative to the error-free case.

Orbit correction was performed by DI MAD, with 6 cor-
rectors and 6 double (horizontal and vertical) beam posi-
tion monitorsplaced inthemiddleof each of the quadrupole
groups (Fig 1), plus one additional vertical corrector at the
beam lineentrance. Theorbit displacementsat themonitors
are minimized by the least square method.

Monitor alignment errors with respect to the vacuum
chamber axis (rmslateral displacements oy mon ,oymon) are
simulated by random misalignment of thejawswith respect
to the reference orbit with the same rms val ues.

For al errors together, the tolerable increase in A is as-
sumedtobex o, i.e. themaximum acceptablevaueis9.5.

2620


https://core.ac.uk/display/25262233?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Proceedings of the 1999 Particle Accelerator Conference, New Y ork, 1999

Table 2: Effects of random lateral misalignment of al quadrupoles, with and without orbit correction.

| o, =0y [pm] | 100 | 200 | 400 |
Asmodules
mazx g LorplYory [MM] 05/0.7 1.0/14 21/29
No | mawxyp &y % [mm] 05/0.6 1.0/13 19/25
corr. | maxig A/As /Ay 87/81/83 91/87/85 10.2/9.8/89
averg A/Az [ Ay 85/78/81 8.7/8/8 91/83/80
Asgroups
max g LorplYory [MM] 1.8/1.1 36/22 72145
No | mawxio & %1% [mm] 15/1 29/21 58/4.1
corr. | maxig A/As /Ay 9.9/93/9.2 11.6/108/103 | 145/14/11.6
averg A/ Az /Ay 91/84/84 9.9/9.0/86 11.5/10.4/9.2
mazyo 2 4 yendfyend | 0.8/10/0.6/14 | 1.5/20/1.2/28 | 3/41/2.4/56
[mm] / prad]
aveyo 23 x ndfyendfy end 0/1/02/4 0.1/3/03/7 | 02/-5/06/-15
Maz1g Lory, Yors [MM] 02/0.2 0.3/0.3 0.7/0.7
With | mazio &%, ¢4 0.1/02 02/03 04/06
orbit | mazig A/Az /Ay 86/80/82 8.7/82/83 91/86/85
corr | avero AJ/Az/A, 85/7.8/81 85/79/81 87/79/81
ma o 23 & N yendly end 0/1/0/2 0/3/0/4 01/6/0/8
[mm]/[pred]
max. corr. [prad] 6 12 24
Jaws
9,16 | maxig A/As /Ay 85/80/82 86/81/83 89/84/84
3 ERRORANALYSISRESULTS Table1
. o . o . ) Displacement Rel. field error
Analysisof individual jaw misalignment for horizontal dis- hor. / vert. [;zm] Aky [ ky
placements (Fig. 2) showsthat A ismost sensitiveto lateral [ [ 100 | 200 | 5x10° |
shiftsof_jaN58,9and 16. Similar behavior was observedin Q6L [ 88/ 87| 86/94 55
the vertical plane. Q5L | 85/ 86 | 85/ 87 85
8.60 50 Q4L | 87/ 86| 85/ 9.1 8.5
o 2 vﬂH Q4R | 85/ 87 | 85/ 85 8.4
8.6
Z:jZTH;WWﬂHHWHHH Z;immmﬂ WHﬁDDJ QR | 85783 | 83786 o4
4 7 10 13 1 4 7 10 13 1
8:30—¢- 850 —7- randomly displaced with Gaussian distributionsin both
o . i and y planes, with equal rms values 0.1, 0.2 and 0.4 mm,
g - - s Hﬂ . truncated a 20. Here z,,;, = max |2,,3| isthe maximum
B-WOWHDWQ WHHHDHW& 7-95WHUHH? BHH@HW absolute value of horizonta orbit excursion along the beam
800 880 lineand #/“ = maxy |xffj2| isthe maximum excursion a

7.92
7.84

I

Figure 2. Effect of horizonta displacement of individual
jaws: left: 0.1 mm; right: 0.5 mm.
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Table 1 showstheeffectsof individua quadrupolegroup
misalignment and group powering errors on A (nominal
value 8.4). Left: horizontal/vertical displacement 100 and
200 ym. Right: relative field error 5 x 1073, Transverse
shiftsof 0.1 — 0.2 mmlead to 0.5 — 1¢ lossin collimation
quality. Quadrupole powering errors up to the level 10—3
have littleeffect on A (seedso Table 3).

Table 2 presents results from random transverse mis-
alignment of quadrupoles. For each seed, Q6L-Q6R were

ajaw (similarly for ). Also max, and ave;y denote the
maximum and the average values of 10 seeds, and super-
script end isused for theresidud orbit displacement and an-
gleat thebeam line exit. For example, for an rms displace-
ment of 0.2 mm of al groups, the “worst” of the 10 seeds
produces A=11.6 with residual horizonta orbit displace-
ment a the exit 2<% = 1.5 mm, and z,22¢ = 0.02 mrad.

The 10-seed averaged values are A=9.9, 2°"¢ = 0.1 mm
and z,27¢ = 0.003 mrad.

orb T
In so far asthe aignment of individual moduleswithina
group is expected to be better than alignment of the groups
with respect to each other, an appropriateorbit correctionis
absolutely necessary, since group alignment errorsof 100 —
200 pmwill very likely bepresent. The same seed sequence
was used both with and without correction. The last row
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of Table 2 showsthe effect of two monitorsbeing rel ocated
from the closest quadrupoles to the critical locations near
jaws 9 and 16 identified in Fig. 2.

Table 6: Monitor alignment [m]

Table 3: Random powering errorsin all quadrupoles.

| AKW /K] 1077 | 5x107° |
mazio A/A,JA, | 84/79/82 | 86/7.9/83
aveio A/A,/A, | 84/78/815 | 85/7.8/82

Table 4: Incoming beam steering.

| Trmon — O'ymon | 200 | 400 |
mazio AJA.JA, | 88184782 | 93/82/9.1
aveio AJA;/A, | 87/7.8/81 | 9.0/7.8/83

Table 7: All errors together.

All jaws g zmon = gymon = 0.25mm

mazxso Lorv! Gors [MM] 1/09
mazso £ G20 04/04
mazao AJ/AL[Ay 10.1/9/9
avesp AfAz[Ay 02/81/84
mazo 2" 2.y iyl end | 01/5/0/6

[mm] / [prad]
max. corrector [prad] 26
Oymon = Fymon = 0.1mmatjaws8,9
mazao AJ/AL[Ay 95/88/89
avesp AfAz[Ay 92/8./84

sequences), for which the random orbit and jaw displace-
ments add up at some jaws. Most critica appear to be jaws
8 and 9 (spaced ~3 m apart) located in aregion with alow
horizontal beta function. Setting the monitor error at these
jawsto 100 ;:m decreases the difference between maximum
and average A-vdues from ¢ t0 0.5 ¢. Table 8 demon-
strates thisfor three beam steering errors.

Horizontal [mm,mrad]
() 2 )] (1,0) (0,002)
Ciorb 35 24
No | &% 3.2 1.9
corr. ® . .5/8. .5/8.5/8.
AfAz[Ay 11.1/10.5/8.7 9.5/8.5/8.2
2o g end 15/7 0.5/ 16
Ciorb 1 12
g 0.6 0.9
With | A/A./A, 8.7/7.9/8.2 8.8/7.9/8.1
corr. | zend gend 0/0 0/0
max. COofrr. 2.2 4.4
Vertical [mm,mrad]
)yl mmymrad] | (1, 0) (0,002)
?)orb 28 47
No | ¢ 24 34
corr. | AJAz/A, 10.7/8.6/10.6 | 10.8/7.9/10.4
yend] glend 0.7/7 0.4/33
?)orb 1 11
g 04 04
With | A/A./A, 8.5/7.8/8.2 8.6/7.8/8.2
corr. | yend/ y end 0/0 0/0
max. COfrr. 2.2 53

Table5: AgU™ /80 = 10 %

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

Tables4 and 5 show the effect of afixed incoming beam
steering error in position (+1 mm) or angle (+0.02 mrad), ei-
ther horizontal or vertical, and of 10% incoming beam mis-
match.

Table 6 shows the effect of random misalignment of al
jaws with rms values 0.2 and 0.4 mm. This is equivaent
to introducing monitor misalignment (orbit measurement)
errors of the same magnitude.

Table 7 was obtained with all errors together, at the ac-
ceptable leve for each, as follows:

Fixed incoming beam steering error:

(&), 2 gm0y = (0.5, 0, 0.5, 0)[mm/mrad];
Beam mismatch: AgL™ /a0 = Aplim) /gl = 0.1;
Quadrupole misalignment: o, = o, = 250 pm;
Quadrupole powering errors. Ak /k; =1 x 1073;
Monitor misalignment: oymon = oymon = 250 pm;
Orbit correction: as outlined above.

The largest A-values (4 > 9.5) in Table 7 correspond
to a few seeds (1-3 out of 40 for severa different seed

Table 8.
steering rms monitor error rms monitor error=0.1 mm
error 0.25mm atjaws8and 9
mazxsoA | avesw A | marigA aveso A
05 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 found that the foll owing combined misalignments
and errorslead tolessthan 1o increase inthe maximum am-
plitude A of escaping particles:
1) fixed incoming beam steering errors below 0.5 mm in
both transverse planes (with zero initial angles);
2) monitors and quadrupoles randomly displaced 250 m
rmsin each transverse direction with respect to the centra
axis of the primary jaws (with the exception of jaws 8 and
9, where the maximum monitor error used was 100 pm);
3) incoming beam mismatch below 10%;
4) quadrupol e powering errors below 1073,

Under these conditions the loca correction has only a
small effect on the rest of the ring — the exit orbit displace-
ment is zero and the exit angle < 0.01 mrad.
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