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Bremsstrahlung emission, or radiation loss, is a dominant mechanism for energy dissipation of
electron at relativistic energies greater than a few MeV when it is subjected to acceleration in the ˇeld
of the nucleus or of the electrons. In this work the Monte-Carlo calculations for bremsstrahlung spectra
have been described for the case of thick tungsten target at the incident electron beams from 10 to
50 MeV, where secondary interactions induced by the electrons and photons in the target such as energy
loss, absorption, scattering and (e+, e−)-pair production effects were taken into account.
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INTRODUCTION

The bremsstrahlung emissions produced from accelerators are intensive and high-energy
photon sources. They are widely used in photonuclear reaction research and applied nuclear
physics. For example, to obtain the dependence of the cross sections of the photonuclear
reactions on the photon energy, it is necessary to know the bremsstrahlung spectrum as a
function of the incident electron energy. As there is not enough experimental data available,
improvements in calculation technique based on updating the data of electron and photon are
proved to be a good resolution for bremsstrahlung spectral evaluation for the above-mentioned
goals of research.

The bremsstrahlung emissions have been calculated by several semi-analytical meth-
ods [1, 2]. However, due to difˇculties in describing analytically the secondary interaction
effects that occur in the target, especially those related to nonzero observation angles, these
calculations are limited when a thick target is used, where the effect of secondary interactions
cannot be ignored.

In this work we would like to use Monte-Carlo calculations based on the experimental
data and theory about energy and angular distributions to consider the role of the secondary
interaction processes induced by electrons and photons in thick tungsten target. This is
necessary in evaluating accurately the production yield and spectral intensity corresponding
to an incident electron beam.
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1. CALCULATION TECHNIQUE

In principle, bremsstrahlung can be emitted whenever a charged particle experiences a
change in its velocity under the in	uence of the Coulomb ˇeld of a nucleus. Since the rate of
energy dissipation due to bremsstrahlung and the cross section for its production are inversely
proportional to the square of the mass of the incident particle [4]:

dEb

dt
∼ Z2Z2

t

m2
, (1)

σb ∼ Z2
t

(
e2

mc2

)2

, (2)

where m and Z are, respectively, the mass and the charge of the particle, and Zt is the
atomic number of the target. Bremsstrahlung emission is a dominant energy dissipation
mechanism for electron, the lightest charge particle, especially at relativistic energies greater
than a few MeV.

The study on angular distribution of bremsstrahlung [4Ä6] indicated that at very low
energies of electrons the radiation intensity is of maximum in a direction perpendicular to the
incident beam. However, as the energy is increased, the maximum appears at increasingly
forward angles and in the limit of very high electron energies, the emission of bremsstrahlung
essentially occurs as a narrow pencil in the forward direction. The average angle of emission
is then given by [6]

θγ ≈ mec
2

Ee
, (3)

with Ee being the total energy of the incident electron; mec
2 is the rest energy of electron.

Simulation for production of the bremsstrahlung and scattered electrons when a relativistic
incident electron beam hits the thick target has been mentioned in the previous research [3].
In this work we concentrate on considering the role of the secondary processes that occur in
the target due to the appearance of these particles in the formation of the ˇnal bremsstrahlung
spectrum. The consideration can be summarized as follows:

1. Due to the bremsstrahlung emission under the in	uence of the Coulomb ˇeld of the
nucleus, the incident electron will lose an amount of energy that is equal to the bremsstrahlung
energy emitted (because Mnucl � me, the recoil energy of the nucleus can be ignored) and
will be de	ected from its moving direction. The remaining energy (Ts) and re	ection angle
(θe) of the electron can be, therefore, determined using laws of conservation of energy and
momentum as follows:

Ts = Te − hν, (4)

γsmevs cos (θe) +
h cos (θγ)

λ
= γemeve, (5)

where θγ is given by formula (3); β and γ are the Lorentz factors of the electron; ve and vs

are velocities of the incident and scattered electrons.
2. Since the bremsstrahlung production yield is proportional to the strength of the nuclear

Coulomb ˇeld felt by the electron and the number of its interaction with the nuclei in the target,
the intensity of its emission increases with atomic number and thickness of the braking target.
However, bremsstrahlung radiation intensity can be considerably reduced by the attenuation
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effects in the heavy target material. The data on photon cross sections for a given material in
a wide range of energies from 100 keV to 100 MeV are parameterized as a function of the
photon energy [7]:

ln (σa) = a0 + a1 ln(E) + a2 ln2(E) + a3 ln3(E), (6)

ln (σs) = b0 + b1 ln(E) + b2 ln2(E) + b3 ln3(E), (7)

ln (σp) = c0 + c1 ln(E) + c2 ln2(E) + c3 ln3(E), (8)

where (a0, a1, a2, a3), (b0, b1, b2, b3) and (c0, c1, c2, c3) are ˇtting coefˇcients for the cross
sections of photoelectric absorption, scattering and pair production processes, respectively.

a) For the photoelectric effect a quantum can be absorbed if Eγ > Bshell, where Bshell

are the shell energies of electron. The photoelectron is emitted with kinetic energy:

Tpe = Eγ − Bshell. (9)

The polar angle of the photoelectron is determined from the SauterÄGavrila distribution for
K shell [8]:

cos θpe =
(1 − 2γ) + β

(1 − 2γ)β + 1
, (10)

where β and γ are the Lorentz factors of the photoelectron.
b) For the Compton scattering process the energy and angle of the scattered photon are

determined as follows: Starting from the quantum mechanical KleinÄNishina differential cross
section for Compton scattering [9]

dσ

dε
= πr2

e

(
mec

2

E0

)
Z

(
1

ε + ε

) [
1 − ε sin2 θCompt

1 + ε2

]
, (11)

where re is the classical electron radius; mec
2 is the electron mass; E0 is the energy of the

incident photon; E1 is the energy of the scattered photon and ε = E1/E0.
Assuming an elastic collision, the scattering angle θCompt is given by the Compton formula

E1 =
E0mec

2

mec2 + E0(1 − cos θCompt)
. (12)

The energy of scattered photons is sampled as follows:
The value of ε corresponding to the minimum photon energy, i.e., to backward scattering

θCompt = 180◦, is

ε0 =
mec

2

mec2 + 2E0
. (13)

Hence ε ∈ [ε0, 1]. Using the combined composition and rejection Monte-Carlo method
described in [9], we set a function depending on ε from the expression of the differential
cross section:

Φ(ε) =
(

1
ε

+ ε

) [
1 − ε sin2 θCompt

1 + ε2

]
= f(ε)g(ε), (14)

= [α1f1(ε) + α2f2(ε)]g(ε), (15)
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where α1 = ln (1/ε0); f1(ε) = 1/α1ε; α2 = (1 − ε2
0)/2; f2(ε) = ε/α2; f1 and f2 are

probability density functions deˇned on the interval [ε0, 1]; g(ε) = [1−ε sin2 θCompt/(1+ε2)]
is the rejection function with all the values of ε to be taken in the interval [ε0, 1], so
0 < g(ε) � 1.

Then the sampling procedure for ε can be summarized as follows:
(i) generate a set of three random numbers q1, q2, q3 uniformly distributed on the inter-

val [0, 1];
(ii) decide where to sample from f1(ε) or f2(ε): if q1 < α1/(α1 + α2) select f1(ε),

otherwise select f2(ε);
(iii) sample ε from the distributions corresponding to f1 or f2:
ε = exp (−q2α1) = εq2

0 for f1 and ε2 = ε2
0 + (1 − ε2

0) q2 for f2;
(iv) calculate the scattering angle θCompt from formula (12);
(v) test the rejection function: if g(ε) � q3 accept ε, otherwise go to step (i).
After the successful sampling of ε and the polar angles θCompt of the scattered photon

with respect to the direction of the parent photon, the kinetic energy and momentum of the
recoil electron are then determined by

Terecoil = E0 − E1, (16)

Perecoil = P0 − P1, (17)

E0 and P0 are the energy and momentum of the parent photon; E1 and P1 are the energy
and momentum of the scattered photon; Terecoil and Perecoil are the energy and momentum of
the recoil electron.

c) For the gamma conversion into an (e+, e−) pair simulation for total energy carried by
one particle of the pair is based on the BetheÄHeiler differential cross-section formula [9]:

dσ(Z, ε)
dε

= αr2
eZ[Z + ξ(Z)]

{
[ε2 + (1 − ε)2]

[
Φ1(δ(ε)) −

F (Z)
2

]
+

+
[
2ε(1 − ε)

3

] [
Φ2(δ(ε)) −

F (Z)
2

] }
, (18)

where α is the ˇne-structure constant and re the classical electron radius; ε = E/E0, E0

is the energy of the photon and E is the total energy of one particle in the (e+, e−) pair.
Therefore, the kinematical limit of ε is

mec
2

E0
≡ ε0 � ε � 1 − ε0. (19)

In cross-section formula (19) two screen functions Φ1(δ) and Φ2(δ) are introduced [9]:
(i) for δ � 1

Φ1(δ) = 20.867− 3.242δ + 0.625δ2, (20)

Φ2(δ) = 20.209− 1.930δ − 0.086δ2;

(ii) for δ > 1
Φ1(δ) = Φ2(δ) = 21.12− 4.184 ln (δ + 0.952), (21)
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where the screening variable δ is a function of ε:

δ(ε) =
136ε0

Z1/3ε(1 − ε)
. (22)

The BetheÄHeiler formula is established for plane waves. So, for Coulomb waves a correction,
so-called a Coulomb correction function, should be introduced in

F (Z) = 8 ln Z/3 for E0 < 50 MeV, (23)

F (Z) = 8 ln Z/3 + 8fc(Z) for E0 � 50 MeV, (24)

with

fc(Z) = (αZ)2
{

1
1 + (αZ)2

+0.20206−0.0369(αZ)2+0.0083(αZ)4−0.00020(αZ)6+ . . .

}
.

(25)
The polar angle of the electron (or positron) is deˇned with respect to the direction of the
parent photon. The energy-angle distribution can be approximated by a density function given
by L.Urban [10]:

F (u) =
[

9a2

9 + d

]
(u e−au + du e−3au) (26)

with
a = 5/8, d = 27 and θ± = umec

2/E±. (27)

A sampling of the distribution (27) requires a triplet (q1, q2, q3) of random numbers such
that

if q1 <
9

9 + d
, then u = − ln

(q2q3)
a

, otherwise u = − ln
(q2q3)

3a
. (28)

In all calculations described above the azimuthal angle ψ is generated isotropically.

2. RESULTS AND DISCUSSION

Figure 1 shows calculations for the bremsstrahlung spectra produced by 18 MeV electron
beams for cases of the thin W target (0.03 cm thick) and the thick one (0.3 cm thick), where
the secondary interactions mentioned above were included in the simulation.

Figure 2 shows a dependence of emissions of secondary photons and electrons on the
target thickness.

In these calculations the numbers of produced secondary particles, i.e., photons and
electrons at the exit of target, were calibrated by one incident electron. This is to expose the
role of secondary processes that occur in the target in the formation of the energy distribution
of bremsstrahlung.

It can be seen from Figs. 1 and 2 that due to the secondary interactions the numbers
of electrons and photons emitted from the target could be increased, respectively, by up to
factors of approximately 4 and 6 compared with that of incident electrons.

The simulation of the spectral characteristics as a function of the target thickness showed
that this increase of the photons is mainly due to the sequent bremsstrahlung emissions from
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Fig. 1. Bremsstrahlung spectrum produced by
18 MeV electron beams on W targets

Fig. 2. Number of photons (�) and electrons (•)
as a function of W-target thickness

the scattered electrons in the target. For a gross bremsstrahlung spectrum these photons
make a broadening in the angular distributions. From the above-mentioned results for the
dependence of the photon intensity on the target thickness we would like to show the two
following comments:

1. For the nuclear reaction research with bremsstrahlung, the calculations in optimizing
both the necessary photon intensity and the possible angular broadening as a function of the
thickness should be taken into account.

2. From Fig. 1 we can see that enhance of the photons is mainly located at low energies,
i.e., at those below the threshold of reactions (γ, p), (γ, np), (γ, xn) and (γ, xp) for the light
nuclei. This suggests a possibility to use the bremsstrahlung emission from the thick target
to produce high-intensity neutron sources by low-threshold (γ, n) reactions, for a typical
example 9Be(γ, n)8Be.

CONCLUSION

We have used the Monte-Carlo calculations to study the secondary interactions induced
by the bremsstrahlung and the electrons produced by braking accelerated relativistic electron
beams in thick target. Our calculations were performed on the basis of energy and angular
distributions of the emitted particles. These distributions are parameterized either from exper-
imental data or from theoretical description. This allowed us to consider contributions of the
secondary effects to the production yields of bremsstrahlung and electrons emitted from the
target. In this study the role of the secondary interaction effects was explicitly exposed by
considering the emission of photons and electrons as a function of target thickness. For the
bremsstrahlung emission from a thick target the simulation showed the increase of the photon
intensity and the possible broadening in angular distributions in the region of photonuclear
reactions due to the secondary electron emission. Therefore, the optimization calculations
for target thickness based on a compromise between two these effects should be taken into
account in photonuclear reaction research. Moreover, the simulation showed a possibility to
produce the high-intensity neutron source by using low-threshold (γ, n) reactions from the
bremsstrahlung emission in case of the thick target.
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