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Abstract

At high energies, beam-induced synchrotron radiation
is an important source of heating, beam-related vacuum
pressure increase, and primary photoelectrons, which can
give rise to an electron cloud. The photon distribution
along the beam pipe wall is a key input to codes such as
ECLOUD and PyECLOUD, which model the electron
cloud build-up. For future high-energy colliders, like
TLEP or SHE-LHC, photon stops and antechambers are
considered in order to facilitate cooling and vacuum
pressure control. We use the Synrad3D code developed at
Cornell to simulate the photon distribution for the LHC.

INTRODUCTION

The code Synrad3D newly developed at Cornell
University has been employed to track synchrotron
radiation photons generated at storage rings and linacs [1,
2]. The code permits estimating the energy deposition and
position distribution of photon absorption sites, which are
key inputs to simulate the electron cloud build-up.
Synrad3D includes photon scattering from the vacuum
chamber surface, based on X-ray data from LBNL [3] for
computing the reflectivity of a smooth surface and an
analytical model [4, 5] for diffuse scattering from a
surface with finite roughness. Synrad3D can handle non-
planar lattices and a wide spectrum of vacuum chamber
cross sections. Thanks to its versatility, the code can also
be used to predict the radiation environment for a proton
beam in the LHC arcs.

In the following sections, we describe the general
approach and models used for computing both the
specular and the diffuse reflection, and we present a first
application of the program for calculating the radiation
environment of the LHC arc.

SCATTERING MODEL

Synrad3D uses Monte Carlo techniques to generate
(macro-particle) photons based on the standard
synchrotron radiation theory for relativistic charged
particles traversing regions of different magnetic fields, in
the lattice of an accelerator. Photons are generated with
respect to the closed orbit of the particle beam. The
particle beam size and divergence are taken into account
when generating the photon starting positions and
momenta, respectively.

Similar to the program PHOTON [6], photons are
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tracked until they hit the vacuum chamber walls. There, in
Synrad3D the probability of being scattered and the
scattering angle, are determined by the incident photon’s
energy and angle of incidence, computed from the models
described below, while in PHOTON only specular
reflection at a constant (input) probability had been
considered.

Photon Reflectivity

The probability of a photon being reflected from a wall
is dependent upon the grazing angle and the photon
energy. For a given graze angle and photon energy, there
are two reflection probabilities called P.cree and
Rspecutar» both determining the probabilities that a
photon will be reflected, either specularly (Profiece
Rspecular) or diffusely [Preflect ' (1 - Rspecular)]> or that
the photon will be absorbed (1 — Profiece)-

In general, the value of P, is near unity at small
grazing angles on a smooth surface and falls off with
increasing angle. At smaller photon energies (E <
100 eV), i.e. for most photons in the LHC, with a critical
photon energy of 44 eV (at 7 TeV proton-beam design
energy), the reflection probabilities will still be substantial
at grazing angles of 10 degrees or more. At larger photon
energies (E = 1000 eV), the reflection probabilities are
quite peaked and small above a few degrees. The
probability of specular reflection of a photon from a
rough surface depends on the rms surface roughness o,
the photon wavelength A, and the grazing angle. It is
modelled by equations

Rspecular = e—g(x)’ (1)
16m202x2
g(x) = X @

In which x is the cosine of the incident polar angle, and
the angle of reflection equals the angle of incidence. The
diffuse scattering model used in Synrad3D is based on
scalar Kirchhoff theory. In the code we assume Gaussian
distributions for both the surface height variations (rms o)
and the transverse distribution (taken to be equal in both
transverse directions, with autocorrelation coefficient 7).
In Figs. 1 and 2, we show example scattering-probability
curves for different photon energies as a function of the
grazing angle. This curves correspond to a 10 nm C layer
on Cu substrate (0=200 nm).
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Figure 1: Total reflection probability (Prefect) VS. grazing
angle at three different photon energies for a 10 nm layer
of C on Cu substrate, values taken from [3]
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Figure 2: Specular reflection probability (Rgpecyiar) VS-
grazing angle at three different photon energies from
equations (1) and (2).

METHODOLOGY

Synrad3d was used to obtain the photon absorption
points. The version 6.5 of the LHC optics was employed.
The cross section of the LHC arc beam screen is depicted
in Fig. 3 All the simulations were performed for 7 TeV
proton beam energy. The parameter values for Profoct
were taken from the LBNL X-ray database [3] assuming a
C layer of 10 nm on a Cu substrate [7,8], which is
expected to form during electron-cloud “scrubbing” [9].
An rms surface roughness of 200 um was considered. The
special LHC “sawtooth pattern” [10,11], a series of 30-
um high steps spaced at a distance of 500 pum in the
longitudinal direction, which is impressed on the
horizontal outer side of the beam-screen, at the primary
impact point of the radiation, was not included here.

RESULTS FOR LHC ARCS

Figure 4 displays the distribution of total photon
absorption sites; the distribution is uniform and a 17% of
photons are absorbed at the bottom and top edges. Figure
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5 shows a histogram of the number of reflections. We can
observe that though a large number of photons is
absorbed at the first encounter with the beam pipe, many
other photons are reflected several times before being
absorbed. The mean number of reflections is about 60. In
Fig. 6, we present a histogram of the energy of the
absorbed photons, with a long tail of several tens of eV,
which should correspond to the emission spectrum. In
Fig. 7, we show the distribution of the photon absorption
sites along an LHC arc of length 2.45 km for the dipole
sections. We got similar distributions for quadrupole and
drift sections. A build up saturating near the centre of the
arc is predicted. The differences between a dipole,
quadrupole and a drift section along an LHC, primarily
reflect the respective fraction of the arc covered by these
fields (dipole: ~81%, quadrupole: ~8%, drift: ~11%). In
table 1, we list the percentage of total absorption sites per
magnetic environment, we can see those values are
similar to the fraction of the arc covered for each section.
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Figure 3: Shape of the LHC beam screen in the cold arcs
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Figure 4: Distribution of total photon absorption sites.

Table 1: Comparison Per Magnetic Environment

Section Fraction of total Arec fraction
absorbed photons (%)  covered (%)
Dipole 81.7 81
Drift 10.5 11
Quadrupole, etc. 7.8 8
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Figure 5: Histogram showing the number of photon
reflections before absorption.
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Figure 6: Energy distribution of the absorbed photons.
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Figure 7: Distribution of photon absorption sites for
dipole sections.
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FUTURE WORK

We have employed the code Synrad3D for a first
photon distribution analysis of the LHC arcs. The current
version of the code can model different LHC beam-pipe
cross sections. Also, as an option, the special sawtooth
pattern has been implemented. In the coming months the
simulation work with Synrad3D for LHC will be
extended and, in particular, simulations for the full ring
will be performed. In addition, we plan to investigate the
photon distribution for higher-energy circular colliders,
like VHE-LHC (100 TeV pp collider in an 80/100-km
tunnel) and TLEP (an e'e” collider with up to 350 GeV
c.m. energy installed in the same tunnel).
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