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                       HTGEN :  generic Halo and Tail generator.

• Standalone + fully interfaced with PLACET for info, manual, instructions, examples see
http://hbu.home.cern.ch/hbu/HTGEN.html

• Recently upgraded by Miriam Fitterer, Erik Adli, Barbara Dalena and myself to also work with sliced 
beams as required for halo studies of the drive beam.

• Here :    returning to the original and probably most important application  :
                                     Halo and collimation in the BDS
relevant for the design CLIC collimation system, vacuum specification and machine backgrounds to 
the CLIC Experiment(s). Important to minimize halo production. Halo collimation at high energy
results in muon backgrounds (which came as a bad surprise in the SLC)

General recent summary (May 2009) - collimation paper published in  PRSTAB 12.081001
Tracking studies of the Compact Linear Collider collimation system, 
I. Agapov, H. Burkhardt, and D. Schulte / CERN,    A. Latina / FNAL,    G. A. Blair, S. Malton, J. Resta-López / John Adams & 
Royal Holloway University

http://hbu.home.cern.ch/hbu/HTGEN.html
http://hbu.home.cern.ch/hbu/HTGEN.html
http://prst-ab.aps.org/abstract/PRSTAB/v12/i8/e081001
http://prst-ab.aps.org/abstract/PRSTAB/v12/i8/e081001


Helmut Burkhardt / CERN BE-ABP

short reminder, HTGEN part

Among many possible halo source, an important source which is always present 
and already sufficient to result in a significant muon flux is beam-gas scattering
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Inelastic scattering Bremsstrahlung 

Energy dependent.  More halo from low energies. 
Make sure to have good vacuum at beginning of 
LINAC or collimation at intermediate energy !
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Abstract

Halo simulations and estimates are important for the de-

sign of future linear accelerators. We describe the main

processes with analytic estimates and present our generic

simulations in application to the ILC.

INTRODUCTION

Halo particles contribute very little to the luminosity but

may instead be a major source of background and radia-

tion [1]. Even if most of the halo will be stopped by colli-

mators, the secondary muon background may still be sig-

nificant [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 radia-

tion processes. Core particles can significantly increase in

amplitude and become halo particles by the following pro-

cesses :

• 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 scat-

tering processes in the production 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 pro-

cesses is currently outside the scope of this study.

In addition to particle scattering processes, optics re-

lated effects like mismatch, coupling, dispersion and non-

linearities can enhance the beam halo. This is studied by

combining the halo generation with detailed tracking pro-

grams 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 re-

cently been further optimised [8].

The Monte Carlo halo generator code for the particle

scattering processes is provided as program package HT-

GEN [9]. The package includes documentation, installa-

∗ now at CERN

tion instructions, standalone test procedures for each pro-

cess as well as interface routines for the PLACET and

MERLIN programs.

In the following, we will look closer into the use and ap-

plication of the halo generation package. For the illustra-

tion and estimates, we will concentrate here on the LINAC

and BDS sections of the ILC and refer to [4] for CLIC.

MAIN PROCESSES

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 af-

fected. Elastic scattering can lead to large betatron ampli-

tudes and loss of particles at collimators or any other aper-

ture restriction.

The angular distribution of the scattered electron is given

by the differential Mott cross section [10]

dσ

dΩ
=

[

Zre

2γβ2

]2 1 − β2 sin2 ϑ
2

sin4 ϑ
2

, (1)

where Z is the charge of the nucleus, re the classical elec-

tron radius and γ the Lorentz factorE/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 =
√

ε/βy =
√

εN/γβy (2)

where εN = γ ε is the normalized vertical emittance and
βy the local vertical beta function. Using the same approx-

imations as above, we get as a simple estimate for the in-

tegrated 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

εN γ
. (4)

HALO ESTIMATES AND SIMULATIONS FOR LINEAR COLLIDERS

H. Burkhardt, L. Neukermans, A. Latina, D. Schulte, CERN, Geneva, Switzerland;

I. Agapov∗, G. A. Blair (Royal Holloway, University of London; Surrey)

F. Jackson (STFC/DL/ASTeC, Daresbury, Warrington, Cheshire)

Abstract

Halo simulations and estimates are important for the de-

sign of future linear accelerators. We describe the main

processes with analytic estimates and present our generic

simulations in application to the ILC.

INTRODUCTION

Halo particles contribute very little to the luminosity but

may instead be a major source of background and radia-

tion [1]. Even if most of the halo will be stopped by colli-

mators, the secondary muon background may still be sig-

nificant [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 radia-

tion processes. Core particles can significantly increase in

amplitude and become halo particles by the following pro-

cesses :

• 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 scat-

tering processes in the production of halo particles was ob-

served storage rings [5].

Intrabeam scattering is important at low energies and in

particular in the damping ring. The simulation of this pro-

cesses is currently outside the scope of this study.

In addition to particle scattering processes, optics re-

lated effects like mismatch, coupling, dispersion and non-

linearities can enhance the beam halo. This is studied by

combining the halo generation with detailed tracking pro-

grams 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 re-

cently been further optimised [8].

∗ now at CERN

The Monte Carlo halo generator code for the particle

scattering processes is provided as program package HT-

GEN [9]. The package includes documentation, installa-

tion instructions, standalone test procedures for each pro-

cess as well as interface routines for the PLACET and

MERLIN programs.

In the following, we will look closer into the use and ap-

plication of the halo generation package. For the illustra-

tion and estimates, we will concentrate here on the LINAC

and BDS sections of the ILC and refer to [4] for CLIC.

MAIN PROCESSES

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 af-

fected. Elastic scattering can lead to large betatron ampli-

tudes and loss of particles at collimators or any other aper-

ture restriction.

The angular distribution of the scattered electron is given

by [10]

dσel

dΩ
!

1 −
β2

2
(1 − cos θ)

1

4
(1 − cos θ)2

(1)

Note that β is here the velocity in units of the speed of light.
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where Z is the charge of the nucleus, re the charge of the

nucleus and γ the Lorentz factor E/mc2 of the electron.

Using Eq. 2 we can rewrite the cross section in terms of the
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σel =
4π Z2r2

e βy

εN γ
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At constant normalized emittance, the elastic cross section

scales inversely with tbe energy.

Inelastic scattering

At high energy, the dominating process relevant for en-

ergy loss or inelastic scattering is Bremsstrahlung in which

the incident electron interacts with the field of the nucleus

and radiates photons. The energy spectrum is rather broad

and can be approximately written as

dσ

dk
=

A

NAX0

1

k

(

4

3
−

4

3
k + k2

)

, (5)

where k is the photon energy in units of the beam energy,
NA the Avogadro constant, X0 and A are the the radia-

tion length and the mass of the material. Integration over k
(from k = kmin to k = 1) yields

σin ∼
A

NAX0

(

−
4

3
log kmin −

5

6
+

4

3
kmin −

k2
min

2

)

.

(6)

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:

dσin

dΩ
∼

θ

(1 − cos θ + γ−2)2
(7)

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 temperatureT as T 3 and reaches ργ = 5.32×1014

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 sec-

tion 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 simula-

tion of this process are described in [12].

DISCUSSION FOR THE ILC

We use the lattice and nominal beam parameters of the

ILC as described in the latest (March 2007) baseline con-

figuration document [13].

The beam gas estimates in the BDS section were per-

formed for nitrogen at room temperature 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 scatter-

ing 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 perm3 and P the scattering probability per elec-

tron 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 scat-

tering 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 begin-

ning 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 an-

gle of at least the beam divergence. Only a fraction of these

will hit spoilers or the beam pipe.

To get a very rough analytic estimate of the probability

for particle loss by elastic scattering we have also calcu-

lated the probabilities for scattering at angles exceeding 30

times the vertical beam divergence. The probability inte-

grated 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 (bott) beam positions as function of the longi-

tudinal 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. Sum-

ming up LINAC and BDS, we get a probability for inelastic

scattering of 2.3 × 10−8. The probability of thermal scat-

tering is still much smaller, about 9 × 10−11 for the BDS
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The probability for inelastic scattering with a fractional
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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)

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 scat-

tering 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 temper-

ature. 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].

DISCUSSION FOR THE ILC

We use the lattice and nominal beam parameters of the

ILC as described in the latest (March 2007) baseline con-

figuration document [13].

The beam gas estimates in the BDS section were per-

formed for nitrogen at room temperature at a pressure of

50 nTorr. For the LINAC section we use Helium at 2 Kelvin

and 10 nTorr.

The results of simple analytic estimates for elastic scat-

tering 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 begin-

ning of the LINAC is about 50 times higher. By integration

Table 1: Analytical estimates for elastic beam-gas scatter-

ing 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 perm3 and P the scattering probability per elec-

tron 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

over the LINAC we find that an electron has a probability

of about 9× 10−3 to undergo elastic scattering with an an-

gle of at least the beam divergence. Only a fraction of these

will hit spoilers or the beam pipe.

To get a very rough analytic estimate of the probability

for particle loss by elastic scattering we have also calcu-

lated the probabilities for scattering at angles exceeding 30

times the vertical beam divergence. The probability inte-

grated 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 (bott) beam positions as function of the longi-

tudinal 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. Sum-

ming up LINAC and BDS, we get a probability for inelastic

scattering of 2.3 × 10−8. The probability of thermal scat-

tering 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 simula-

tion. Figs 1 and 2 illustrate the results of our tracking stud-

ies performed for the ILC using PLACET. In the simula-

tion, the beam gas pressure and apertures can be separately

no E depend., ∫ dk for k > 1% 
usually smaller than elastic 
Source of off-momentum halo 
and background
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Muon stoppers / tunnel fillers
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would require rather massive (magnetized) 
shielding to be effective

2 
m

et
er

Conclusion from our 2002 paper. 

To clean up :

Figure from M.Battaglia 10 3

10 4

10 5

10 6

10 7

10 8

0 500 1000 1500 2000 2500 3000 3500
Source location, in meter

El
. B

ea
m

 L
os

t /
 M

uo
n 

in
 D

et
ec

to
r

E = 1.5 TeV, 1 rad.len. C
Bethe Heitler

Standard case

3 Tunnel Fillers added  (a 10m)

3 Tunnel Fillers added  (a 30m)

SP
Y

1

SP
Y

2

SP
Y

3

SP
Y

4

SP
X

1

SP
X

2

SP
X

3

SP
X

4

! ! ! ! ! ! ! !

CLIC BDS base line optics

Better invest in keeping halo low in the first place. Include HALO study in design 
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Core Beam and Halo from the LINAC

4
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Transverse beam profiles at from the LINAC at the BDS entrance
PLACET-HTGEN.      EuroTeV-Report-2008-076 

http://www.eurotev.org/reports__presentations/eurotev_reports/2008/e1533/EUROTeV-Report-2008-076.pdf
http://www.eurotev.org/reports__presentations/eurotev_reports/2008/e1533/EUROTeV-Report-2008-076.pdf
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Beam-gas, CLIC LINAC + BDS
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CLIC estimate.    P = probability / m  for scattering > 1 σ  divergence 

Elastic : probability  80x higher beginning of LINAC at 9 GeV compared to end at 1.5 TeV
and BDS.   Integrated over length :
total LINAC Prob.  P = 1.16×10-3   ,   BDS  P = 6.0×10-5  together 1.2×10-3 at 1σ
total LINAC Prob.  P = 1.29×10-6   ,   BDS  P = 6.7×10-8  together 1.4×10-6 at 30 σ (loss)
Inelastic : scattering probability for >1% energy loss :    2.1×10-13/m
summing up over both LINAC and BDS   :  P = 5.0×10-9/m

Table 1: Analytical estimates for elastic beam-gas scattering with scattering angles above 1 σ of the
beam divergence for a constant normalized emittance of 20 nm at βy = 100 m. ρ is the density of He
atoms or nitrogen molecules perm3 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

5.2 applied to CLIC

Done on October 2007 for the clic07 workshop.

Basic CLIC parameters. CLIC-Study/intro.html, has still 30 GHz 150 MV/m in October 2007.

Rather take clictable2007.html column WDS120 or see JPDelahaye talk CLIC07 JPD.pdf with in

particular p. 43. Main beam - 1A, 156 ns, Linac from 9GeV to 1.5 TeV, gradient 100ṀV/m, using

12GHz - 64MW acceleration. Uses a boster linac at 2GHz to 9GeV before injection into the main

Linac. Drive beam, 95A, 240 ns, from 2.4GeV to 0.240 GeV. 2.75 km of BDS, 21 km of LINAC.

Table 2: Analytical estimates for elastic beam-gas scattering with scattering angles above 1 σ of the
beam divergence for a constant normalized emittance of 10 nm at βy = 100 m. ρ is the density of
CO molecules perm3 and P the scattering probability per electron and meter.

Location E Gas ρ σel P
GeV m−3 Barn m−1

LINAC 9 CO 3.2 × 1014 2.7 × 107 8.9 × 10−7

BDS 1500 CO 3.2 × 1014 1.7 × 105 1.1 × 10−8

5.3 Halo in DESY XFEL

See XFEL TDR. As single local file here. The XFEL layout is sketched in Fig. 4.4.1 on page 81

(page 107 in pdf). Background from dark currents is mentioned on p. 76 (102 in pdf).

First halo collimation is foreseen already after the gun, see p. 21 (47 in pdf).

Post linac collimation see p. 93 (93 in pdf).

very good vacuum like 10−11 mbar is required in some sections like the undulator.

6 htgen code

Documentation on how to work with the code is on the web, see HTGEN.html and linked to the

EuroTeV WP6.

There were installation instructions from Lionel. Updated and largely enhanced myself in Octo-

ber 2007. In addition to the installation instructions there are now examples and FAQ.

Running TestProcess with mott or brem as argument gives cross sections and root files for plot-

ting.

They can be plotted by running root, see plotxsecvstheta.C, see Fig. 1

6

HTGEN allows to specify the residual gas individually for each 
element. For the estimates here, the same values were set to all elements :
LINAC section     10 nTorr  CO at room temperature (300 K)
BDS      section     10 nTorr  CO  at room temperature (300 K)
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Rough analytical particle flux estimate on 
spoilers and secondary muons

6

4×109 e/bunch
   311 bunches

1.24×1012   e/train  
   2 × 10-4    fraction hitting spoilers,  determined with HTGEN tracking
2.4×108 e/train     on spoilers
~  9 × 10-4    fraction resulting in secondary muons (without tunnel fillers)
~  2×105  muons / train   end of BDS
depends critically on vacuum and spoiler layout

A more reliable estimate requires a full simulation with :
Beam + Halo generation (PLACET-HTGEN),  full tracking  up to spoilers  ✓  ☞

Full simulation of the Halo interaction with the spoilers and tracking of the 
secondary muons.  Methods exist :  BDSIM - GEANT4
Detailed geometry and acceptance -  spoilers to experiments
What is tolerable for the experiment(s) ?
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Muon production, Geant4
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1. Monte Carlo Generator for Muon Pair Production,
by Burkhardt, Kelner, Kokoulin, CLIC-Note-511, 2002

2. Production of muon pairs in annihilation of high-energy positrons with resting electrons
by Burkhardt, Kelner, Kokoulin, CLIC-Note-554, 2003

Background simulation for the CLIC Beam Delivery System with Geant
by G. Blair, H. Burkhardt,  H.J. Schreiber, CLIC-Note-519, 2002

Geant4 Simulation of High Energy Muon Interactions, A. G. Bogdanov, H. Burkhardt, et al. 
IEEE-TNS-01462665.pdf, 2004

Geant4 home page and physics reference manual    (Vers. 9.2  Dec. 2008) ;  Muon production fully implemented
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http://cdsweb.cern.ch/record/603739
http://cdsweb.cern.ch/record/603739
http://cdsweb.cern.ch/record/603739
http://cdsweb.cern.ch/record/603739
http://cdsweb.cern.ch/record/560951
http://cdsweb.cern.ch/record/560951
http://IEEE-TNS-01462665.pdf
http://IEEE-TNS-01462665.pdf
http://geant4.web.cern.ch/geant4/
http://geant4.web.cern.ch/geant4/
http://geant4.web.cern.ch/geant4/UserDocumentation/UsersGuides/PhysicsReferenceManual/fo/PhysicsReferenceManual.pdf
http://geant4.web.cern.ch/geant4/UserDocumentation/UsersGuides/PhysicsReferenceManual/fo/PhysicsReferenceManual.pdf
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Simulation, CLIC BDS
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PLACET-HTGEN tracking
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(core) beam
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PLACET-HTGEN tracking
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v_09_04_01/bds.name.aperture.FixedSR.collaper

halo spoilers out
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PLACET-HTGEN tracking
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v_09_04_01/bds.name.aperture.FixedSR.collaper

halo spoilers in
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Collimation and muons
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Is our current collimation design ok for muons ?

Feedback from from Lew Keller / SLAC, following the collimation paper, from 1 Sept. 
2009 : 

...  I just saw your nice article on CLIC collimation ...
In ILC we thought it was better to have the energy collimation section after the betatron 
collimation section so that the energy section could clean up some of the mess from the 
betatron spoilers, and it was especially useful for dispersing muons.

Do we have to consider the need for muon stoppers / tunnel fillers ?

Time to revisite collimation for muons ?

I could provide the HTGEN support
would require help / resources on the BDSIM / geometry / layout part


