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Abstract PHYSICS OF SCATTERING PROCESSES

The collimation system of the LHC will be critical to its ' this section we describe the scattering model of MER-

success, as the halo of high energy (7 TeV) particles mustN, and present the differential cross sections relevant f
be removed in such a way that they do not deposit enerd)joton scattering in a collimator.

in the superconducting magnets which would quench them, Following [3], we distinguish five different scattering
or showers in the experiments. We study the properties Bfocesses, in which a particle of 4-momentuproduces
the LHC collimation system as predicted by the Merlin an@n outgoing particle with 4-momentupi. The process
Sixtrack/K2 simulation packages, and compare their pr&f0ss sections and kinematics depend on the variabtes

dictions for efficiency and halo production, and the patterrr (P — »')* ands, the total cms energy squared.

of beam losses. The sophisticated system includes many
collimators, serving different purposes. Both programs in  *
clude energy loss and multiple Coulomb scattering as well
as losses through nuclear scattering. The MERLIN code
also includes the effects of wakefields. We compare the re-
sults and draw conclusions on the performance that can be
achieved.

INTRODUCTION

The Large Hadron Collider (LHC) is a proton-proton *®
collider at CERN, Geneva, and has a hominal beam mo-
mentum of 7 TeV/c per beam. The design luminosity of
the LHC (16* cm 257! in 7 TeV p-p mode) requires 2808
bunches, of 1.180'" proton per bunch, in each of the
two beams, resulting in a beam energy of 362 MJ, which
is enough to present a considerable risk to the operation
and to the elements of the machine. As a result, the LHC
will be operated with a multi-stage collimation system to
avoid quenching of superconducting elements and provide
protection from beam damage, with staged collimators at
increasingly further distances from the beam to collimate
protons over successive turns.

The successful operation and upgrade of the LHC means
it is important to obtain an understanding of the perfor-
mance of the LHC collimation system as the machine
builds to higher intensities. This requires a simulation of
the various scattering processes in a flexible code, com-
bined with a detailed machine model and the estimation of
wakefield effects in the near-beam collimators. The MER- ®
LIN code [1] is well suited for this purpose, and in this
paper we continue to develop its use for this application,
starting with a description of the scattering model in MER-
LIN, followed by the bench marking of MERLIN against
FLUKA [2] for a Copper collimation and then the study of
an LHC primary Carbon collimator. Finally, we draw our
conclusions.

Elastic proton-nucleon scattering, with the differential
Cross section

99 o exp(=b(s)t),
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whereb(s, t) is the slope factor, with parameterised
form [4],

b(s) = 8.5+ 1.086 In(v/s), 2
Elastic proton-nucleus scattering, which is similar to

proton-nucleon scattering but the slofgewhich is a
function of s, is different.

e Single diffractive scatteringp — pX, where the pro-

ton survives the interaction and stays in the machine
after the collimator. The target mass increases to some
value Mx, and the differential cross section is given,
for small values ot, by

o

exp(—b(Mx))t
x
dt dM%
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This is valid in some rang&/; < Mx < Ms, and the
distribution is generated from a uniform random num-

beru by the transformatiod/x %
Following [4] we takeM}? = 2 GeV? and M3
30 GeV? so that the slopé is constant over the re-

gion.

Rutherford scattering, for which

do 1

— X = 4

it > B @
To avoid the singularity we consider ontyvalues
down to some value,,;,,, and the cross section in-
corporates this. The distribution is generated:by
?TZ where u is uniformly distributed from O to 1.



¢ |nelastic scattering of a proton with a nucleon, resultwherem is the initial mass of the target (i.e. the nucleon
ing in a large momentum transfer and the productioor nucleus mass) antf is the recoil mass (the sameas
of many secondaries. The products of such a collisiofor elastic scattering). Thus in all processes the variable
are produced with energies significantly lower than is computed, followed by the energy loAs” and then
the nominal beam momentum which therefore do nahe scattering angle. The azimuthal angle of the scattered
travel far in the machine. We therefore take the energgroton is sampled uniformly betwe@rand2x.
of such particles as being lost in the collimator where The distance between two interactions is obtained from

the interaction occurs.

The cross sections for each process are evaluated sepa-

the total point-like interaction mean free path

As = —Xln(u), (10)

retely and stored in a materials database. The total crog$ereq, is a uniform random number from O to 1. After
section (not including Rutherford scattering) on a nucleus s the interaction which occurs is chosen from the partial

of mass humbeA is obtained using

J]ZN = O'Z;pAO'77. (5)

A proton may elastically or single diffractively interact

cross sections, and ovArs multiple Coulomb scattering is
taken into account.

SCATTERING IN A COLLIMATOR

with a nucleon in a nucleus, but this is restricted to those

on the surface and the cross sections are given by

o, = nepr(A)oth, (6)
ooy = mepi(A)ogy, (7)

with neff(A) =1.6A/5.

A Copper collimator in MERLIN and FLUKA

In order to benchmark the particle scattering routines in
MERLIN, a test calculation was performed of the interac-
tion of a 7 TeV proton beam in a 50 cm Copper collimator.
The beam was taken to be a mono-energetic pencil beam in-
cident far from the edge of the collimator, and the position,

The elastic cross section on the nucleus is obtained %g'e and momentum was Scored Of the protons Streaming
subtraction of all other processes from the total cross segpm the end of the collimator material. Note that many of

tion.

the protons did not survive the collimator, and only intact

In addition to these processes, multiple Coulomb intekina| protons were scored. Following [5] only protons with
actions scatter the position and direction of tracks and dghomentum greater than 6.8 TeV were scored.

grade their energy. This process was already implemented

in Merlin.
The cross sections used for a Copper target are shown in E
table 1. o
| Process| o(mb) | o
SD s
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Jg%g 367.77
U%z 31.28 Figure 1: The distribution of change in proton position afte
TpN 1.53 scattering through 0.5 m of Copper collimator.

Table 1: Cross sections values for point-like interactions
for a Copper target with density 8.98 g/cm® and a proton
beam momentum of 7 TeV.

In terms of particle energies and angles, the
momentum transfercan be written as

t=—(E-E)?+(p

7)? ~ 2pp’(1—cosb) = pp'6> (8)

Conservation of energy givéds — E' = Ex —m, m being
the original target mass, and one obtains the relation.

t+m?2 — M?
2m

AE = (9)

Figures 1 and 2 shows the change in horizontal position
and angle of the surviving protons, obtained with the MER-
LIN scattering in red and with FLUKA [2] in blue. The
differential probability function dN shows the amount of
protons in the position and angular range dx érad the

4and the collimator. The figures show the agreement in the

proton distributions after 0.5 m of Copper collimator and
validates the updated MERLIN scattering routines for the
scattering in collimators.

A LHC Carbon collimator

The primary collimators in the LHC are made of 1 m of
Carbon. To begin the study the LHC collimation perfor-



described in section gives rise to a off-momentum contri-

‘f - gf:g: bution in the secondary halo, potentially causing large or-
bit deviations in the arcs and dispersion suppressor of the
LHC.

CONCLUSIONS

The LHC collimation system has shown great perfor-
. ; mance with beam in 2009 and 2010 [6], with exciting chal-
ot *_im I S S PO lenges to overcome at higher intensities.
40, rac) In this paper we have described the extension of the
MERLIN program to include scattering in collimators,
Figure 2: The distribution of change in proton directiorspecifically for the study of the nominal and upgrade LHC
after scattering through 0.5 m of Copper collimator. collimation system. We have shown the code is consis-
tent with proton scattering in a collimator in FLUKA, and

. presented the first MERLIN study of scattering in a nomi-
mance and study the impact on a 7 TeV proton beam, wWgy| |_HC Carbon collimator and formation of the secondary

have made a similar calculation to the Copper benchmapg|o. This is a major step forward in the development of a
on a LHC primary collimator. The surviving proton posi-pew tool for LHC collimation study. MERLIN also include
tion and angular distributions are shown in figures 3 and 4, odel of collimator wakefields [7], giving the possibility
of novel study the impact of wakefields on the LHC beam
over many turns and in conjunction with the formation of
the beam halo through collimator scattering processes.
The studies of the 7 TeV nominal LHC collimation
scheme will continue, with the aim of including wakefield
effects on the collimator loss maps around the ring. Fol-
) ) lowing this, MERLIN will be applied to the study of LHC
10° : o collimator upgrades, focusing on the use of novel collimat-
" ing materials, the collimation of the off-momentum halo in
cold parts of the machine and wakefield effects.
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