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Abstract

The LHC dynamic aperture in collision is constrained mainly by the beam-beam encounters, and by the
field errors in the low-beta triplet quadrupoles. The nomina field errors were used and have been
corrected with a local corrector scheme at each IP. The correction agorithm is explained, and the
resulting dynamic aperture is shown. In the calculations, the effect of the crossing angle geometry, the
beta-function, the bunch intensity and the pacman bunches on the dynamic aperture are studied. It is,
however, also necessary to study how the unavoidable long range beam-beam encounters influence the
dynamic aperture.
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LHC DYNAMIC APERTURE INCLUDING THE BEAM-BEAM FORCE

L.H.A. Leunissen, H. Grote, F. Schmidt, CERN, Geneva, Switzerland

Abstract

The LHC dynamic aperture in collision is constraineothe dynamic aperture.
mainly by the beam-beam encounters, and by the field er-

rors in the low-beta triplet quadrupoles. The nominal field

2 TRIPLET ERRORS

errors were used and have been corrected with a local cor-

rector scheme at each IP. The correction algorithm is ex

influence of the crossing anglé’ and tune modulation on

) X X i | Component systematic| uncertainty| random
plained,and the resulting dynamic aperture is shown. In the b3 0 072 0.36
calculat|ons, the effect of the crossing angle geometry, the b4 0175 0.83 0.36
beta-function, the bunch intensity and the pacman bunchesb6 0.34 0.91 0.21
on the dynamic aperture are studied. It is, however, alsg ' : :

. a3 0 0.69 0.34

necessary to study how the unavoidable long range bea “ad 0 0.33 0.34

beam encounters influence the dynamic aperture. - — '

Component| | systematic| uncertainty| random

b3 0 0.63 0.34

1 INTRODUCTION b4 0 0.22 0.34

The LHC model studied in this note is the new nominal col-| b6 021 0.41 0.18

lision machine (ATLAS, CMS, and LHCB with head—on | a3 0 0.32 0.34

collisions and halo collisions at ALICE) and we present an|_a4 0 0.26 0.34

extension of previous tracking results [1]. The calculations )

are based on LHC version 6.0, with 15 parasitic crossingP!e 1: Low-Dbeta quadrupole field errors for KEK ver-
points on either side of each IP. The crossing angles apn 4-x (upper) and FNAL version 3.1 (lower). VaLues are
fixed throughout=150,rad vertical at IP1 and IP2 (alter- r¢lative to the main field at = 17 mmiin units of.0™".
nating),=150urad horizontal at IP5 and I1P8 (alternating).

The largest components of the latest triplet errors are
given in Table 1. The body and end effects have been com-
bined into one single number for the thin—lens approach
used here: each triplet quadrupole is split into four thin—
lens quadrupoles at each of IP1, IP2, IP5, and IP8.
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] 3 CORRECTION SCHEME AND
FORMALISM

On either side of IP1, IP2, IP5, and IP8 two corrector

groups are placed as proposed by J. Strait at a CERN-KEK-

US meeting, April 2000. Each corrector group contains

Figure 1:Full bunch separation at IP1. The scale with theseveral correction spools such that on either side of each IP

tick marks indicates the beam-beam encounter positionsne corrector exists fdrs, b4, bg, as, andas. The correc-

Arrow head lines mark the ranges with triplet quadrupolestion formalism follows the one outlined by A. Verdier and

A. Faus—Golfe [2]. The principle is rather simple: with one

The bunch sizes in the opposite beam appearing in tig@rrector for each multipole component on either side of

beam-beam element definition, and the beam separatiorgiach 1P, we compensate the total kick for purely horizon-

Figure 1 were taken from the orbits and beta-functions d#l, and purely vertical motion simultaneously.

the two matched rings including the latest separation bump

scheme. The number of beam—beam encounters is some- 4 DYNAMIC APERTURE

what arbitrary. However, 15 parasitic crossings are consid- CALCULATIONS

ered a reasonable choice since number 16 is already inside

the beam separation dipole D1. We present tracking studies for the LHC with and with-
First, we present the low—beta quadrupole field errorsut the beam—beam interaction. The maximum radius for

used in the numerical studies. Then we show the correctiavhich the particles are stable fod® turns is defined as the

formalism of the multipole components. Numerical calcudynamic aperture (DA). The DA is calculated for five dif-

lations presented in the following paragraphs determine tlierent phase space anglgs= atan(\/e,/ex) with ¢ =

50
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15°, 307, 45°, 60° and 75 ande,, ¢, the horizontal and to more than 13. To increase the dynamic aperture the
vertical transverse emittances, respectively. The trackirgffect of the parasitic beam crossings should be reduced.
was performed with SixTrack [3] for 60 different sets of
the random multipole distribution, called “seeds” inthefolf Case | DA | 15° | 30° | 45° | 60° | 75 |
lowing, of the triplet errors at collision energy. Before| Min. Il 11.51 1061 91 ] 92 | 9.2
Corr. | Av. | 14.8|14.4| 13.4| 12.7| 13.1
o After | Min. || 13.5| 13.0| 12.2| 12.4| 12.4
(a) Corr. | Av. || 17.3]16.5| 16.1| 15.6| 16.2

After | Min. | 6.8 | 6.7 | 74 | 7.7 | 8.0

‘\‘___*_‘ Corr. Av. 84| 81| 85| 9.0 95
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% . e -. Table 2: Computed DA for the LHC with triplet errors

e B L I at collision energy without (upper) and including beam—
2T beam interactions (lower). Each time the minimum of,
§ 61 and the average over 60 seeds are given. The angle is

Average (no correction)

Average (with Correction) o= atan(\/ ey/ex)-
= <&+ Minimum (no Correction)
=== Minimum (with Correction)
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atan(f 55 Figure 3:DA as function of the crossing angle at IP1 and

IP5. The symbols are represented by° 5+, 3¢° = x,

Figure 2:Dynamic Aperture without (part a) and with (part 457 = x, 60° = white box, 75 = black box.

b) beam—beam interaction (triplet correction included).

Tracking performed fot 0% turns. Changing the crossing angle results in different bunch

separation in the interaction region and changes the

strength of the parasitic crossings. For one seed, the cross-
Figure 2a shows that the triplet errors reduce the averagfy angle is varied and the luminosity is kept constafné{

and minimum dynamic aperture to aboutd&nd 90, re-  c¢cm~2s-1) by adjusting the bunch intensity accordingly.

spectively. This is mainly due to thg component of the The crossing angles at IP1 and IP5 are changed simultane-

quadrupoles. The correction system, as described abodgisly while keeping the crossings at IP2 and IP8 constant,
raises the dynamic aperture to more thanola&nd 120,  see Figure 3. In this plot the five lines indicate the different
respectively. When including the beam—beam interactioshase space angles {15+, 30° = x, 45° = «, 60° = white

(Figure 2b), and the triplet errors and their correction, thgox, 75 = black box). This result shows that an increase in

dynamic aperture goes down to values arounda8&nd crossing angle to 400rad would improve the DA by 2.

6.80, respectively. The DA increases from 0 to 40@rad due to the increase
Table 2 holds the data of all previously discussed casesf bunch separation. A further increase of the crossing an-
The DA is mainly limited by the parasitic beam cross-gle results in a decrease of the DA. This is the effect of the

ings. This is shown by calculations in which either thdarge particle orbit in the low—beta quadrupoles.

head-on or the parasitic collisions are switched off. For The intensity of the bunch influences the beam-beam

example, after the head—on collisions are turned off at IPkick. Figure 4 shows the change of DA as function of

IP2, IP5 and IP8 the DA (for 5 phase space angles) réhe bunch intensity (nomindl0'! particles). In this plot

mains the same. However, when only head—on collisiorts7 - 10'! particles correspond to a luminosity @# - 1034

are inserted in the calculations, the minimum DA goes upm~—2s~! and1.4 - 10!! particles per bunch gives a lumi-



nosity of 1.6 - 103* cm~2s~!. The increase of the bunch distance to the 7th-order resonance is decreased resulting
intensity reduces the DA by approximatelyc2over the in an average DA of 7.6.
indicated luminosity range. The beam-beam parameterFigure 5 shows the dependence of the DA on frie

changes from 0.0023 to 0.0046. function at the IP. The crossing angle is varied simulta-
neously with thes*—function so as to maintain a constant
12 ‘ ‘ ‘ ‘ ‘ separation at the parasitic collision points. The figure indi-

cates that the DA peaks apid of 0.4 m and reduces todt
atag* of 0.2 m.

The dependence of the DA on the relative momentum
deviation was also tested. For 60 different seeds the relative
momentum deviation was reduced by 50 % (the nominal
value of the bucket half height i5 = 0.00036). Table 3
shows the result for this calculation.

d ] | 3 |
| Dyn. Aper.[ 15° [ 30° | 45° | 60° | 75° ]
Minimum | 6.2 | 74| 6.8 | 6.3 | 7.2
Average | 89| 84| 82| 78| 83
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Bunch intensity [10l part.]

Table 3: Computed DA for the LHC with triplet errors at
collision energy with half the bucket height.

Figure 4:DA as function of the bunch intensity for a cross- ) ] ) )
ing angle of 300urad. For the legend, see Figure 3. The DA is not influenced by reducing the amplitude of the
synchrotron oscillation.

For coherent effects it can be important to have the two
rings operating with different tunes [4]. Two working 5 CONCLUSIONS

points ha}ve _been seIeEted [5] for operatiorl of the LHCr 5 ¢king has been performed for the LHC lattice version
They are:Q,=0.232,(,=0.242 (average DA =7.6) and g g ¢ collision energy without and including the beam—

Q.,=0.285,Q,=0.295 (average DA = 7.6), respectively. hoam interaction. Each interaction zone carries the triplet
The average is taken over the five different phase Spagg s of either FNAL or KEK and a correction system has
angles and the crossing angle is 30@d. Tracking has poqn jmplemented to counteract mainly taecomponent.

shown that both working points yield approximately therpe ¢orrection has shown to be very effective for the case

same dynamic aperture during collision as with the oMyt the beam—beam interaction. But there is also a con-
inal tunes ,=0.310,(,=0.320, average DA = 8.4). siderable improvement when this interaction is included,
resulting in a minimum dynamic aperture of some €or

10 10° turns. It is therefore advisable to increase the total
crossing angle to 40prad which results in a net gain of
roughly 2¢. This gain should not lead to a substantial loss
in luminosity since the particle intensity can be adjusted
without noticeable change in the dynamic aperture.
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