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Abstract

Halo simulations and estimates are important for the design of future linear accel-

erators. We describe the main processes with analytic estimates and present our

generic simulations in application to the ILC.
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1 INTRODUCTION

Halo particles contribute very little to the luminosity but may instead be a major source
of background and radiation [1]. Even if most of the halo will be stopped by collimators,
the secondary muon background may still be significant [2, 3].
We study halo production with detailed simulations, to accompany the design studies
for future linear colliders such that any performance limitations due to halo and tails
can be minimised [4].
We calculate and simulate particle scattering and radiation processes. Core particles can
significantly increase in amplitude and become halo particles by the following processes :

• Beam Gas elastic scattering, multiple scattering
• Beam Gas inelastic scattering, Bremsstrahlung
• Scattering off thermal photons
• Intrabeam scattering
• Synchrotron radiation

Experimental evidence for the importance of particle scattering processes in the produc-
tion of halo particles was in observed storage rings [5].
Intrabeam scattering is important at low energies and in particular in the damping ring.
The simulation of this processes is currently outside the scope of this study.
In addition to particle scattering processes, optics related effects like mismatch, coupling,
dispersion and non-linearities can enhance the beam halo. This is studied by combining
the halo generation with detailed tracking programs and also allows to study the effect
of wake fields, alignment and ground motion on the core and halo of the beam. We
currently provide interfaces between our halo generation by particle processes and the
optics tracking programs like PLACET [6] and MERLIN [7]. Synchrotron radiation is
included in the tracking programs and has recently been further optimised [8].
The Monte Carlo halo generator code for the particle scattering processes is provided
as program package HTGEN [9]. The package includes documentation, installation
instructions, standalone test procedures for each process as well as interface routines for
the PLACET and MERLIN programs.
In the following, we will look closer into the use and application of the halo generation
package. For the illustration and estimates, we will concentrate here on the LINAC and
BDS sections of the ILC and refer to [4] for CLIC.

2 Main processes

2.1 Elastic scattering

In the elastic process of Mott scattering, the incident beam particle is deflected by the
Coulomb potential of the particles in the residual gas. Elastic scattering changes the
direction of the beam particle while its energy is not affected. Elastic scattering can lead

2



EUROTeV-Report-2007-064

to large betatron amplitudes and loss of particles at collimators or any other aperture
restriction.
The angular distribution of the scattered electron is given by the differential Mott cross
section [10]

dσ
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=

[
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2γβ2

]2
1 − β2 sin2 ϑ

2

sin4 ϑ
2

, (1)

where Z is the charge of the nucleus, re the classical electron radius and γ the Lorentz
factor E/mc2 of the electron. Note that β is here the velocity in units of the speed of
light. For a simple estimate, we use β = 1, sin(ϑ/2) ≈ ϑ/2 and see that the angular
distribution is dominated by the Coulomb term 16/θ4.
The total cross section is obtained by integration over the solid angle. Relevant for halo
production are scattering angles which exceed the beam divergence, or roughly

θmin =
√

ǫ/βy =
√

ǫN/γβy (2)

where ǫN = γ ǫ is the normalized vertical emittance and βy the local vertical beta
function. Using the same approximations as above, we get as a simple estimate for the
integrated elastic cross section as a function of the minimum scattering angle

σel =
4π Z2 r2

e

γ2 θ2
min

. (3)

Using Eq. 2 we can rewrite the cross section in terms of the normalized emittances [11]
as

σel =
4π Z2r2

e βy

ǫN γ
. (4)

At constant normalized emittance, the elastic cross section scales inversely with energy.

2.2 Inelastic scattering

At high energy, the dominating process relevant for energy loss or inelastic scattering
is Bremsstrahlung in which the incident electron interacts with the field of the residual
gas nucleus and radiates photons. The energy spectrum is rather broad and can be
approximately written as
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where k is the photon energy in units of the beam energy, NA the Avogadro constant,
X0 and A are the the radiation length and the mass of the material. Integration over k
(from k = kmin to k = 1) yields
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The cross section does not vary with energy at fixed kmin. For k = kmin = 0.01 the
inelastic cross section is 0.375 Barn per Helium Atom and 6.510Barn for N2 for the
sum of the two nuclei. The angular cross section is given by

f(θ)dθ ∝

θ dθ

(θ2 + γ−2)2
. (7)

2.3 Scattering off thermal photons

Even for a perfect vacuum, the beam pipe will be ”filled” with thermal photons. The
photon density scales with the absolute temperature T as T 3 and reaches ργ = 5.32 ×

1014 m−3 at room temperature. The cross section for scattering off thermal photons
is close to the Thomson cross section σT = 8π

3
r2
e = 0.665 Barn. From the product of

cross section and photon density we obtain a scattering probability of 3.5 × 10−14/m
and electron at room temperature. The mean energy loss scales about linearly with the
energy of the electron and reaches 5.3% at 250 GeV and 75% of the electrons will loose
at least 1% of their energy (and 18% more than 10%) in this scattering. Details of the
simulation of this process are described in [12].

3 Discussion for the ILC

We use the lattice and nominal beam parameters of the ILC as described in the latest
(March 2007) baseline configuration document [13].
The beam gas estimates in the BDS section were performed for nitrogen at room tem-
perature at a pressure of 50 nTorr. For the LINAC section we use Helium at 2 Kelvin
and 10 nTorr.

Table 1: Analytical estimates for elastic beam-gas scattering with scattering angles above
1 σ of the beam divergence calculated for a constant normalized emittance of
20 nm at βy = 100 m. ρ is the density of He atoms or nitrogen molecules per
m3 and P the scattering probability per electron and meter.

Location E Gas ρ σel P

GeV m−3 Barn m−1

LINAC 5 He 4.8 × 1016 2.0 × 106 9.9 × 10−6

LINAC 250 He 4.8 × 1016 3.8 × 104 1.8 × 10−7

BDS 250 N2 1.6 × 1015 4.6 × 105 1.5 × 10−7

The results of simple analytic estimates for elastic scattering are presented in Table 1.
The scattering probabilities at the end of the LINAC and in the BDS per unit length
are similar. The probability for elastic scattering at the beginning of the LINAC is
about 50 times higher. By integration over the LINAC we find that an electron has a
probability of about 9 × 10−3 to undergo elastic scattering with an angle of at least the
beam divergence. Only a fraction of these will hit spoilers or the beam pipe.

4



EUROTeV-Report-2007-064

To get a very rough analytic estimate of the probability for particle loss by elastic
scattering we have also calculated the probabilities for scattering at angles exceeding 30
times the vertical beam divergence. The probability integrated over the LINAC is about
10−5. Integrated over the BDS we get a probability of about 5 × 10−7.

Figure 1: Tracking example for the ILC. Horizontal (top) and vertical (bottom) beam
positions as function of the longitudinal coordinate s in the BDS. Halo particles
are shown in black and core beam particles in red.

The probability for inelastic scattering with a fractional energy loss kmin > 0.01 is small,
1.8 × 10−12/m in the LINAC and rather similar, 1.0 × 10−12m in the BDS. Summing
up LINAC and BDS, we get a probability for inelastic scattering of 2.3 × 10−8. The
probability of thermal scattering is still much smaller, about 9× 10−11 for the BDS and
completely negligible for the (cold) LINAC.
More detailed information is obtained from the simulation. Figs 1 and 2 illustrate the
results of our tracking studies performed for the ILC using PLACET. In the simulation,
the beam gas pressure and apertures can be separately specified for each element. Vari-
ations of optical parameters are fully taken into account. Particles hitting the beam
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Figure 2: Transverse beam profiles at the BDS entrance.

pipe are normally considered to be lost. For particles hitting the spoiler instead, we im-
plemented a simulation of multiple scattering and energy loss by ionization and checked
this by comparison with GEANT4 [14].
The simulations described here were performed for an ideal machine without errors and
positioning tolerances. We have started to assign random position and gradient errors
in our simulations and find that this results into enhanced tail distributions.
In the idealized simulation without errors, we find that the beam-gas scattering from
the LINAC and BDS combined results in a fraction of 10−4 of the particles impacting on
the spoilers. For the nominal intensity of 2×1010 particles per bunch and 2820 bunches,
we expect that 6× 109 particles hit the spoilers at each train crossing. Based on earlier
estimates [3], this will result in roughly 105 secondary muons.

4 Summary and outlook

We provide a generic package HTGEN and specific interfaces for halo tail simulations
in linear colliders. We have used the package in CLIC and ILC studies. We also discuss
approximate analytic expressions, and described these here together with simulations
performed for the LINAC and BDS sections of the ILC.
We have started to compare our code with other simulation programs, and in particular
BDSIM [15] and GEANT4 [14]. We find that our code and these programs are rather
complementary. BDSIM/GEANT4 allow for simulations of many processes and they
are well adapted to simulate cascades and multiple scattering in dense materials. Our
HTGEN program is instead well adapted to simulate relatively rare single scattering
progress.
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We plan to combine HTGEN and BDSIM and to investigate benchmarking with halo
measurements in CTF3 and ATF.
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