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Abstract. This work gives a detailed analysis of the result of Monte Carlo
physics practical using MCNP. This paper describes basic concepts of the Monte
Carlo theory of radiation transport calculation and also discusses the variance
and the history method as used in Monte Carlo Problem solving. Therefore, in
this exercise the MCNP code has been used to solve and estimate the number of
neutron flux. The paper investigates the impact of the primary radiation damage
in iron by neutron energy irradiation. The established measurement of radiation
damage is the displacements per atom (dpa) in matter as a function of neutron
energy. The simulations were carried out to calculate the dpa cross section.

Key words: neutron damage, MCNP, displacement per atom, NRT, com-
putational algorithms.

Introduction

Monte Carlo Method is a type of computational algorithms that depend on recurring
random sampling in computation of results. It is used to simulate mathematical and physical
systems. Monte Carlo Method is used to simulate systems with coupled variances like fluids
[3; 21]. Monte Carlo Methods find their use in oil and space exploration where it is used to
predict failures, schedule and cost overruns [10]. In all its application Monte Carlo Method
has yielded better results than any other method that can be used. There are different
approaches in Monte Carlo Method. All these approaches follow a certain pattern where they
define a possible input domain and arbitrarily generate inputs from probabilistic distribution.
These methods also perform deterministic input computation giving the combined results.
This method has been used to solve complex particle interaction problems in physics. The
stochastic process used by Monte Carlo Method gives a model of a problem that would
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otherwise have been hard to solve given discrete solutions. As such, Monte Carlo is can be
defined as a simulation method that describes a system of an experimental method. There
are three types of simulation methods that are used; functional classification, that includes
deterministic characteristics that give the same result whenever they are used and stochastic
characteristics that are random in nature and may give different results when they are used.
Due to their random nature stochastic functional classification requires numerous runs to
determine a trend in the collection of results [24].

With developing nanophysics Mote Carlo N-particle transport cod (MCNP) is con-
sidered and widely utilized for neutron, proton and electron transport or coupled neu-
tron/proton/electron transport. Moreover, MCNP is a software package program, which
can be importantly used for analyzing nuclear processes (the transport of neutrons and
gamma-rays) [4]. It was first understood in 1970 by for neutron and proton transport
and it has been improved by the Mote Carlo team at LANL Los Alamos National Labo-
ratory [6]. The MCNP code deals with transport of gamma-rays, neutrons and coupled
transport such as secondary gamma-rays resulting from neutron interaction, the code can
also deal with electron transport, both primary and secondary electrons source generated
as a result of gamma-ray interaction [9; 12]. And it is also capable of estimating charged
particle interaction of more than 34 different kinds of charged particles (ions and nucleons).
In the term of nuclear process MCNP can be widely applied for many fields such as nuclear
safeguards, nuclear medicine, nuclear criticality, dosimetry, radiation shielding, radiation
protection, accelerator application, etc [15–17]. MCNP can employs cell card, surface card
or other physical property card [12] which they can describe the geometry definition of the
matter or they can also report to simulate the particle distribution. Interaction of neutrons
with transition metal has been studied by many research groups [11; 22; 23]. This paper
investigated the effects of primary radiation damage formation in metal.

1. Radiation damage mechanisms

The first atom hit by any type of incident radiation particle is referred to as the primary
knock-on atom (PKA) which is of significance because secondary atoms then interact with
this PKA and may also displace, as atoms are can be displaced from their atom site [27].
They are usually forced into an interstitial lattice site (assuming a defect free lattice) creating
a self-interstitial atom (SIA) and vacancy pair also known as a Frenkel pair analogous to
an electron-hole pair in a semiconductor. The PKA may have sufficient energy to cause a
cascade of displacements, this usually consists of depleted zone of vacancies surrounded by
the newly interstitial atoms. From this displacement spike the crystallography of the sample
will channel the transport of the defects throughout the material in more open directions of
the crystal lattice [29]. Figure 1 shows the scheme of neutron damage.

As protons have a Coulomb interaction whilst neutrons can be treated as hard spheres
they have different recoil spectra depending upon energy, therefore a way correlate damage
between different types of irradiation is needed as flux does not take account of a materials
specific response to that type of radiation, the unit of displacements per atom (dpa) is com-
monly used for this reason although the microstructural mechanisms should be considered
in each experiment for reliable simulation of neutron damage [8; 18; 19].

There are numerous methods of describing material damage, the most common of
which is dpa. Many different ways were developed in order to calculate dpa. Kinchin and
Pease [1; 20] were the first ones to come up with a great technique. The assumption was
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Fig. 1. A displacement cascade schematic which illustrates effect of crystallography
of the material on the Frenkel pairs [2]

there was a linear relationship between the number of Frenkel pair produced and the initial
energy of a PKA. After that, Kinchin and Pease (K-P), many authors tried to establish a new
and better technique for calculating dpa. The most successful ones were Norgett, Robinson
and Torrens (NRT) [13]. They developed a method for calculating dpa for a PKA with a
given energy. This type of calculation is very interesting because it makes the comparison
of different types of radiation easier. The NRT model gives the number of stable Frenkel
pairs produced by a PKA with energy 𝐸𝑃𝐾𝐴 as given by [14]:

𝑁𝑑 =

⎡⎢⎣ 0 𝑇𝑑 < 𝐸𝑑

1 𝐸𝑑 ≤ 𝑇𝑑 <
2𝐸𝑑

β
β𝑇𝑑

2𝐸𝑑

2𝐸𝑑

β
≤ 𝑇𝑑 <∞

⎤⎥⎦ . (1)

Where 𝑇𝑑 is the damage energy; 𝐸𝑑 is the threshold energy and represents the energy
required to create a stable Frenkel pair, and β is equal to 0,8 factor which was determined
from binary collision formula.

E521 ASTM standard practice for neutron radiation damage simulation by charged
particle irradiation suggests the use of the NRT secondary displacement model which al-
lows for calculating environmentally independent damage, and although it is not necessarily
accurate it is an internationally recognized standard which allows comparison to dpa corre-
lations from neutron damage [26]. Figure 2 shows ASTME693 Standard particle [25] as
an example for characterizing neutron in iron and low alloy steels in terms of the dpa. In
this figure, energy depends on dpa-neutron cross section which is multiplied with neutron
incident energy spectrum to calculate dpa-cross section.
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2. Methodology

The Monte Carlo transport simulation code (MCNP) has been used to model the
interaction of neutrons within iron. The cylindrical geometry was consisted of a bucket
which is rounded by 2 cm of length, 1 cm of high and 1 cm of thickness for target iron.
The target iron consists of (5,9 % 54Fe, 9,1 % 56Fe, 2,1 % 57Fe and 0,28 % 58Fe) which are
surrounded by air. For the slab geometry, the parameters described mono-directional source
neutrons which emitted from a 1,5 cm × 1,5 cm square surface source, placed 1,5 cm from
the slab of natural iron. And then the neutron source was placed inside the bucket on the
bottom. Once important parameter was F12: N4 which means, we are looking the number
of neutron on the surface, which was cylindrical outside of the bucket.

Fig. 2. Dpa cross section as a function of neutron energy for Fe [28]

Next, the first simulation was started by running (20 000 and 40 000) histories for
2 MeV neutron source. And the graph was plotted between the number of histories and the
statistical tests, which were found them from the output file.

Fig. 3. Illustration of a slab geometry plotted by means of MCNPX. The blue colour denotes iron
slab (top) and the purple colour denotes neutron source (bottom)
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3. Result and discussion

Once important thing is the reliability of the result of the test, which can be determined
either by passing all the ten statistical testes particularly the relative error, or it can be
determined by considering on the figure of merit (fom). Therefore, two graphs were plotted
of the 20 000 and 40 000 numbers of histories against (fom) for each 2 MeV and Watt
spectrum neutron source. From these two points, it was found that the result obtained
by running 20 000 numbers of histories of the 2 MeV neutron source is not reliable as
one of the tallies in the tally fluctuation chart bin did not pass from the statistical test.
Moreover, one of the tallies had bins with relative errors greater than recommended, and
the percentage error in this situation, which was found from output file, is as higher as
33%. The total number of neutron flux, which was passed through the cylindrical surface
was about 2,96926E-04 of neutrons per each cm2, with having 0,0172 of error. Therefore,
the number of histories where increased to 40 000 histories, and then the MCNP code was
again run. It can be seen in figure 4 that the figure of merit tends to be flat at the end of
the way. Furthermore, although, all the statistical testes were not passed, the value of that
tally, which did not pass for 20 000 histories, was increased to 2,70 that not be less than 3.
And the total number of neutron flux was increased to 2,98448E-04 neutrons per cm2 with
having less error 0,0119.

Fig. 4. The relationship of number of histories against figure of merit
with (a) 20 000 (b) 40 000

There are two types of methods which calculate the dpa with model of specific geome-
try. The first one calculates flux and fold with dpa cross section. The second one calculates
dpa directly with the MCNP (HISTP/ HTAPE). Both types of methods produces radiation
damage energy cross section [5; 7]. The dpa was calculated using the radiation damage cross
sections which are not able to a part of the MCNP cross section libraries. MCNP cross
section is developed by using (NRT) or new methods such as advanced models molecular
dynamics simulation coupled with the binary collision approximation or other simulation
methods [27]. The flux in MCNP as a function of energy was tallied by using the F4 tally
(F4 is necessary to carry out the calculations) which multiplied by the neutron dpa cross
section for iron material. Therefore, the dpa was calculated in MCNP which calculated by:

dpa =

∫︁
σdisp(𝐸)

𝑑Ø(𝐸)

𝑑𝐸
𝑑𝐸. (2)
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Hence, the parameters Ø(𝐸) and σdisp(𝐸) are the flux-spectrum (particles/cm2) and
the displacement cross section (barns).

Figure 5 shows a plot of the absorption cross section for neutron by using iron slab in
different layers of the shield. It can be clearly seen that as neutron energy increases, dpa
cross section decreases until a minimum is reached, after that it stays constant as well as
then fluctuating dramatically towards the end of the plot. However, this trend is evidenced
in every layer of the shield but in comparison to the other layers iron shows a much shorter
plateau that has a shoulder-like decrease which is immediately followed by sharp fluctuations.
This makes the plot falls below that of lead. This evidence shows at energies between 10−3

and 10−2 MeV. MCNP was calculated using the number of the displacement per atom by
using tally. So, the maximum number of atomic displacement was about 5,60E-01 dpa.

Fig. 5. Displacement cross section as a function of neutron energy for Fe

Conclusion

This paper shows how to use MCNP method to calculate the neutron cross section on
a surface and also how to use MCNP geometry problem description. Calculations have been
performed by Monte Carlo method to model the interaction of neutrons with iron. Then,
MCNP was calculated using the F4 tally for determining the number of dpa cross section.
The results observed that as neutron energy increases, dpa cross section decreases, after
that it stays constant and then fluctuating dramatically towards the end plot.
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Аннотация. В работе детально анализируются результаты численных
экспериментов, выполненных в рамках метода Монте — Карло с использова-
нием программного кода MCNP. Описаны базовые принципы стохастической
теории переноса излучения, подробно обсуждается метод случайных траек-
торий для решения задач Монте — Карло. В данной работе код MCNP ис-
пользован для численной оценки величины нейтронного потока. Исследовано
влияние первичного радиационного повреждения, вызываемого в железе при
его облучении высокоэнергетическими нейтронами. В качестве измеряемой
характеристики радиационного повреждения использована величина смеще-
ния на атом (displacement per atom, dpa) в веществе как функция энергии
нейтрона. Проведены численные исследования поперечного сечения dpa.

Ключевые слова: нейтронное повреждение, MCNP, смещение на атом,
метод NRT, вычислительные алгоритмы.
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