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Abstract—Geant4 [1] provides a software toolkit for the simula-
tion of particles through matter. It has wide range of applicability,
ranging from high-energy particle physics to space science.

The physics description of Geant4 is in a constant process
of improvement and validation. In this work a new relativistic
Bremsstrahlung model is introduced. The key feature is a consis-
tent description of matter effects, esp. the Landau-Pomeranchuk-
Migdal (LPM) effect. The LPM effect will be of paramount
importance for experiments at modern high-energy colliders, esp.
the LHC, as well as in astroparticle physics applications.

Index Terms—Bremsstrahlung, electromagnetic interactions,
particle interactions, physics validation, simulation.

I. INTRODUCTION

BREMSSTRAHLUNG is the dominant electromagnetic
process for high-energy electron beams interacting with

matter. The cross section is well known [2], [3], and the
theoretical knowledge has been continuously improved over
the years [4]–[7]. But for a good description of modern
experiments also the correct incorporation of media effects
plays an important role. A prominent example is the Landau-
Pomeranchuk-Migdal (LPM) effect. It has been predicted
already some time ago [8], but only in the past decade it was
verified by experiment [9], [10].

II. THE LANDAU-POMERANCHUK-MIGDAL EFFECT

It is a common feature of electromagnetic interactions at
very high energies that the process of creation of particles
is spread over a finite region of space. Its longitudinal
dimension is called the formation length. For instance the
LPM effect occurs, when a high-energetic charged particle
traverses through dense matter, then the formation length
of bremsstrahlung radiation is of the order of the wave
length of the emitted photon. When the formation length
exceeds the typical scale where multiple scattering occurs,
the photon emission probability is suppressed. The size of the
suppression depends on the environment. The combination
of different material effects, in particular the Ter-Mikaelian
effect [11] and the Landau-Pomeranchuk-Migdal effect, needs
special attention and is presented in this work.
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III. A RELATIVISTIC BREMSSTRAHLUNG MODEL

The basis of the implementation is the well known high
energy limit of the Bremsstrahlung process [5],
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The elastic from factor Fel and inelastic form factor Finel, de-
scribe the scattering on the nucleus and on the shell electrons,
respectively, and for Z > 4 are given by [12]

Fel = log
(

184.15
Z1/3

)
and Finel = log

(
1194.
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)
.

This corresponds to the complete screening approximation.
The Coulomb correction is given by [12]

f = α2Z2
∞∑

n=1

1
n(n2 + α2Z2)

This approach provides an analytic differential cross section
for an efficient evaluation in a Monte Carlo computer code.
Note that in this approximation the differential cross section
dσ/dk is independent of the energy of the initial electron.

The total integrated cross section
∫
dσ/dk dk is divergent,

but the energy loss integral
∫
kdσ/dk dk is finite. This allows

the separation of the simulation treatment in two parts. The
first part describes the discrete production of photons with a
minimal energy Ecut and is given by
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The second part governs continuos energy loss
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This is a standard treatment in Geant4 electromagnetic physics
processes. The minimal energy value Ecut depends on the
problem domain and has to be set by the user.1 The result can
be compared with more sophisticated cross section evaluation
[4], which shows excellent agreement provided the energy of
the initial electron exceeds 1 GeV.

At higher energies, on the other hand, matter effects become
more and more important. In this work we consider the two

1Geant4 provides a method to infer the energy cut from a cut in particle
range.



leading effects, the LPM effect and the Ter-Mikaelian effect.
The analytic cross section representation, eq. (1), provides an
ideal basis for the incorporation of these matter effects.

The first effect is the Landau-Pomeranchuk-Migdal effect.
We choose the evaluation based on [6], [8], [13]
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The LPM suppression functions are defined by [8]
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They can be piecewise approximated with simple analytic
functions, see e.g. [13]. The suppression function ξ(s) is
recursively defined via

s =

√
k ELPM

8E(E − k)ξ(s)

but can be well approximated using an algorithm introduced
by [13].

We define the material dependent parameter ELPM to be

ELPM = X0
αm2

e

8πh̄c
(5)

according to [9]. Note that this definition differs from other
definition (e.g. [6]) by a factor 1/2.

An additional multiplicative factor governs the suppression
via density effect (Ter-Mikaelian effect).

S(k) =
k2

k2 + k2
p

The characteristic photon energy scale kp is given by the
plasma frequency of the media, defined as

kp = h̄ωp
Ee
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Particular emphasis has been put the correct treatment of
overlap region, where both suppression mechanism, LPM and
Ter-Mikaelian, are present. Here we follow a procedure sug-
gested by [14]. The basic idea is to turn off LPM suppression
as the density effect takes in. This could be achieved by
defining a modified suppression variable ŝ via

ŝ = s ·
(

1 +
k2

p

k2

)
and using ŝ in the LPM suppression functions instead of s.

The presented algorithms could be translated into Monte
Carlo code, which proved to perform efficiently for moderately
high energies (1 GeV to 100 TeV). Details will be presented
elsewhere, [15].

Fig. 1. The Layout of the E-146 experiment at SLAC, more details can be
found in [9].

IV. VALIDATION

In the standard implementation of Bremsstrahlung in Geant4
the simulation is based on a parameterization of theory [4]
as well as on experimental data [16]. In recent years some
validation of electromagnetic processes in Geant4 has been
performed at small and intermediate energies [17]. In this work
Bremsstrahlung description for very high energetic electrons
is analyzed.

We confront the results of a simulation, including the
new implementation of the Bremsstrahlung process, with data
from recent experiments at the SPS at CERN [10], and at
SLAC [9]. The experiments differ in the choice of beam
energy and materials, as well as in the range of the observed
Bremsstrahlung photon spectrum.

The SLAC experiment E-146 was dedicated to the quan-
titative validation of the LPM and Ter-Mikaelian effect. The
setup is shown in figure 1. The experiment was performed
with electron beam energies 8 GeV and 25 GeV, and with
different target materials in varying thicknesses. The photon
energy was measured in the interval from 200 keV to 500
MeV. Some selected results are shown in figures 2 to 4. Note
that even for targets as thin as a few percent of a radiation
length, the probability to radiate more than one photon is not
negligible, and has to be taken into account in the simulation.

The solid line in plots 2 to 4 represents the Geant4
simulation using the new model including LPM and Ter-
Mikaelian effect. For comparison simulation results without
LPM effect are also shown as dashed lines. For light materials
like Calcium, Fig. 2 the Ter-Mikaelian effect is dominant.
For heavier materials, e.g. Uranium in Fig. 3, the LPM effect
becomes visible, even for energies as small as 8 GeV. Figure 4
gives a nice example of the transition between Ter-Mikaelian
and LPM effect. Note that in Fig. 3 and 4 the simulation results
have been scaled up by 20% in order to meet the data.

In general the agreement with data is reasonalbly good.
According to the authors of the experiment, the deviation at
very small photon energies and high electron beam energy
is likely caused by transition radiation photons and residual
background.

Recently another experiment dedicated to the LPM effect in
Bremsstrahlung process for multihundred GeV electrons has
been carried out at the CERN SPS. The experimental setup is
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Fig. 2. Bremsstrahlung spectrum for an 8 GeV (a) and 25 GeV (b) electron beam incident on a 4.1 mm (2% X0) Calcium target. Solid lines show Geant4
simulation results with Ter-Mikaelian and LPM effect included. Dashed lines correspond to a simulation without LPM effect. The data are taken from [9].
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Fig. 3. Bremsstrahlung spectrum as in Fig. 2 but for an 8 GeV (a) and 25 GeV (b) electron beam incident on a 0.15 mm (5% X0) Uranium target.
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Fig. 4. Bremsstrahlung spectrum as in Fig. 2 but for an 8 GeV electron
beam incident on a 0.5 mm (3% X0) Iron target.

similar to the SLAC experiment. The electron energies of 149
GeV, 207 GeV and 287 GeV have been studied. The target
materials investigated are Copper, Tantalum and Iridium. The
photon spectrum has been measured starting with 2 GeV.

Corresponding to the higher electron energies, the impact
of the LPM effect is much stronger in this experiment. Fig.
5 shows results for an 207 GeV electron beam incident on
an Iridium target. Two other examples are given in Fig. 6
and in Fig. 6. Again the Geant4 simulation with the new
relativistic model (solid line) shows good agreement with the
data. Also shown are results as expected without LPM effect
(dashed line), and for comparison also results of a previous,
more simple implementation of the LPM effect in Geant4
(red/grey solid line). This illustrates the impovement in the
LPM description.

V. CONCLUSION

A new relativistic model for the description of high-energy
electron Bremsstrahlung has been introduced in the Geant4
software framework. It is applicable for energies above a
few GeV. The key feature is the consistent incorporation
of the LPM and the Ter-Mikaelian effect. The comparison
of simulation results with data of dedicated experiments at
CERN and SLAC show in general good agreement. The new
model provides an improved description of very high energy
particle interactions with mater, both for high-energy physics
and astroparticle physics applications.
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Fig. 5. Bremsstrahlung spectrum for 207 GeV electrons on a 0.128mm (4%
X0) Iridium target. The dotted line is the result of Geant4 simulation without
LPM effect, the full line includes the LPM suppression. For comparison results
of a previous Geant4 release (red/grey solid line) are also shown. The data
are taken from [10].
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Fig. 6. Bremsstrahlung spectrum as in Fig. 5 but for 287 GeV electrons on
a 0.63mm (4% X0) Copper target.
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Fig. 7. Bremsstrahlung spectrum as in Fig. 5 but for 149 GeV electrons on
a 0.182mm (4% X0) Tantalum target.

It will be part of the upcoming Geant4 release 9.2 (Decem-
ber 2008).
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