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Abstract. This study focuses the attention on an indoor fast neutron generator for biophysical
and electronic applications. More specifically, the findings obtained by several simulations
with the MCNP Monte Carlo code, necessary for the realization of a shield for indoor
measurements, are presented. Furthermore, an evaluation of the neutron spectrum
modification caused by the shielding is reported. Fast neutron generators are a valid and
interesting available source of neutrons, increasingly employed in a wide range of research
fields, such as science and engineering. The employed portable pulsed neutron source is a
MP320 Thermo Scientific neutron generator, able to generate 2.5 MeV neutrons with a
neutron yield of 2.0 x 10° n/s, a pulse rate of 250 Hz to 20 KHz and a duty factor varying from
5% to 100%. The neutron generator, based on Deuterium-Deuterium nuclear fusion
reactions, is employed in conjunction with a solid-state photon detector, made of n-type
high-purity germanium (PINS-GMX by ORTEC) and it is mainly addressed to biophysical
and electronic studies. The present study showed a proposal for the realization of a shield
necessary for indoor applications for MP320 neutron generator, with a particular analysis of
the transport of neutrons simulated with Monte Carlo code and described the two main lines
of research in which the source will be used.
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1. Introduction

For industrial applications that require neutrons, it is possible the employ of three different primary
sources, such as nuclear reactors, radioisotopes and accelerator-based neutron sources. Nuclear
reactors are clearly the largest and most prolific sources of neutrons, though their size, complexity
and cost have limited their industrial applications for purposes other than electricity generation. In
contrast, radioisotope neutron sources are employed in a myriad of industrial applications, including
thickness gauging and petroleum exploration. Furthermore, radioisotope sources are ideal for fixed
installations that run continuously, but they are not well suited for applications that require pulsed
neutrons and they may create safety issues and logistical complications as well. Accelerator-based
neutron sources are the third available source of neutrons for industrial applications. These systems
vary in size and diversity and they include large installations, for example the spallation neutron
source and the smaller photo-neutron sources. Among these accelerators, compact devices, known
as fast Neutron Generators (NG)s are mostly employed in different fields that require neutrons. They
are designed as hermetic, sealed tubes and use the following Deuterium—Deuterium (D-D) or
Deuterium—Tritium (D-T) reactions:

D+ D - 3He+ {n+ 3.270MeV 1)
D+T - 3He+ }n+ 17.590MeV. (2)

They are able to generate neutrons of an energy of 2.5 MeV in the case of D-D reactions and 14.1
MeV in the case of D-T reactions. In general, a fast NG is constituted by a source for generating
positively charged ions; one or more devices to accelerate these ions; a metal hydride target loaded
with either deuterium, tritium, or a mixture of the two and a gas-control reservoir, also made of the
same material.

In this study the findings obtained by several simulations with MCNP Monte Carlo code,
necessary for the realization of a shield for an indoor fast NG for biophysical and electronic
applications, are presented. Furthermore, an evaluation of the neutron spectrum modification
caused by the shielding is reported. The obtained results showed a proposal for the realization of a
shield necessary for indoor applications for a MP320 NG, with a particular analysis of the transport
of neutrons simulated with Monte Carlo code and described the two main lines of research in which
the source will be used [1-10].

2. Fast Neutron Generator and shielding design calculations

Fast NGs are valid and interesting available sources of neutrons, increasingly employed in a wide
range of research fields, such as science and engineering. The Thermo Scientific MP 320 is an
example of very lightweight portable fast NG. It can be used in different applications like explosive,
weapon detection, or drug detection and it can be employed in laboratories for different kind of
research applications because it is a relatively compact system that requires a very low power. It is
possible to operate with either a D-T or a D-D neutron tube, simply changing the target inside the
neutron tube. In fact, in “D-T mode”, the source is able to generate a neutron yield of 1.0x108% n/s
with an energy of 14.1 MeV, while in “D-D mode” it generates a neutron yield of 2.0x10° n/s with
an energy of 2.5 MeV. The NG can be modulated varying the pulse rate from 250 Hz to 20 kHz,
varying respectively from 5% to 100% the duty factor. It can be also used in conjunction with an
ORTEC PINS-GMX solid-state photon detector, made of n-type high-purity germanium. For indoor
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application, such as research activities, the NG needs the realization of a specific bunker necessary
to avoid damage from radiation exposition for users and instrumentation. Neutrons interact with
nuclei in a variety of ways, for instance, if the nucleus is unchanged in either isotopic composition
or internal energy after interacting with a neutron, the process is called elastic scattering. On the
other hand, if the nucleus, still unchanged in composition, is left in an excited state, the process is
called inelastic scattering. Generally, two or more neutrons are emitted when a nucleus is struck by
a high energy neutron. There are three different procedures for the calculation of the shielding,
which are neutrons transport equation, the Monte Carlo simulation and the removal cross section
method.

Neutrons transport theory is relatively simple in principle and it is possible to determine an exact
equation for transport phenomena, i.e. Boltzmann equation, also known as transport equation.
Unfortunately, it is much easier to derive the Boltzmann equation than it is to solve it, though under
some specific conditions, such as uniform materials and same energy for the neutrons, the equation
simplifies considerably the problem and it can be calculated in a rather straightforward way. This
simplified transport theory is known as neutron diffusion equation and it is shown in the following:

DV — S,p+s=~22 (3)
v ot

However, many diffusion problems can not be solved by the analytical techniques; they have
need of numerical computation methods [11].

Another different method shielding calculation is the Monte Carlo simulation. It consists of
simulating individual particles and recording some aspects of their average behavior, using the
central limit theorem. Monte Carlo simulation can be employed to duplicate theoretically a
statistical process for complex problems that can not be modeled by computer codes, using
deterministic methods. The individual probabilistic events of a process are simulated sequentially
and the probability distributions, which govern the events, are statistically sampled to describe the
total phenomenon.

Finally, the removal cross section method takes into account the ability of materials to remove
neutrons of different energies from the primary beam. The interactions that slow neutrons down
and cause their eventual removal from a beam are probabilistic, whereby a flux of neutrons of
intensity / will be diminished in a thickness x of absorber proportionally to the intensity of the

neutron source and the neutron removal coefficient 2., of the absorbing material:

dl
T ix = 2pl. (4)

The solution of the equation is:
1(x) = [ye~%nrx )

in which, [ is the initial intensity, /(x) refers to those neutrons that penetrate a distance x in the

absorber without a collision, e

nr* is the probability that a given neutron travels at a distance x
without any interaction. From a conceptual point of view, X, can be considered as the probability
per unit path length that a neutron will undergo an interaction as it moves through an absorber and

it will be removed from the beam by either absorption or scattering [11].

3. Experimental results for Thermo Scientific MP320 NG shielding
For the design of the MP320 NG shielding, the features in table 1 were taken as a reference.
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Table 1. Features for the design of the MP320 NG shielding.

reaction D-D
max neutron energy [MeV] 2.45
neutron yield [n s?] 2.00E+06

In order to perform a preliminarily evaluation of the shielding thicknesses was used the method
of removal cross section. In a second moment, data preliminarily obtained were verified with MCNP
Monte Carlo code simulations. The removal cross sections for different materials are available in
several handbooks for shielding dimensioning, in particular, the employed materials for neutron
shielding and their X are reported in table 2 [12-14].

Table 2. Materials employed for neutron shielding.

material p [gcm?] 2, [emY]
borated silicone (EImahroug et al, 2013) 1.59 0.1007
30% borated PE (Elmahroug et al, 2013) 1.19 0.1191
iron (Kaye and Laby, 2005) 7.86 0.168
lead (Kaye and Laby, 2005) 11.35 0.116
barite concrete (NBS, 1957) 3.491 0.0945

In order to optimize the shielding size it is necessary to select materials that offer a good shielding
power, i.e. an high X,.. It is also important to utilize the interactions of neutrons with the different
materials in order to optimize the processes of slowing down and capture. Therefore the shielding
is made of successive layers of different materials. The exponential attenuation law is valid only for
collimated neutron beam, while in the case in which the source can be considered as a point source,
the spatial dependence of the neutron flux has to be considered. Therefore the attenuation law

becomes the following:
—Zpt

7 e

b= (6)
where @ is the initial neutron yield (n s), d is the distance at which neutron flux is calculated
respect to the source position, @ is the neutron flux at distance d from the source and t is the
thickness of shielding material. The method of removal cross section allows to obtain realistic
estimations of the neutrons attenuation. Further evaluations can be performed using numerical
codes based on the Monte Carlo method. The aim of the shielding is to reduce the neutron flux up
to make the dose rate lower than the project limit. The evaluation of the different materials
thickness was made considering their characteristics (X, and weight). Therefore, the materials and
thickness in table 3 were chosen.

Table 3. Materials and thickness for Neutron Generator MP320 shielding.

material Z, [cm?] t [cm]
30% borated PE 0.1191 15
barite concrete 0.0945 15
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Neutron flux was calculated on the external surfaces at the end of the shielding, taking in
consideration the distance between the source, considered a point source, the internal surface of the
shielding and the entire shielding thickness. The values of neutron flux obtained for the different
surfaces are shown in table 4.

Table 4. Neutron flux values obtained for the different surfaces of the shielding.

shielding
up lateral back front

. t b t b t & t &
terial
materia [cm] | [nem?s?) | [om] | [nem?s?] | [om] | [nem?s?] | [cm] | [ncm?s?]
air 33 146.15 15 397.89 23 300.86 57 48.99
0,
gOE/" borated | g 1157 15 21.77 15 18.47 30 0.59
barite 15 1.63 15 259 15 2.30 0 0.59
concrete

In figure 1, it is possible to see the different thicknesses of the shielding: the green part represents
the 30% borated PE, while the grey part, barite concrete.

a) b) c)

Figure 1. Representation of shielding thicknesses (a), shielding section view (b) and shielding
structure (c).

In the section view, it is possible to identify the window for the samples irradiation. NG will be
located inside the shielding, with the neutron emitting target in correspondence of the window.
The entire shielding will be sustained by a concrete structure as shows in figure 1 (c). Figure 2 shows
the shielding inside the laboratory and the comparison between the shielding and a user.
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a) b)

Figure 2. Shielding representation inside the laboratory (a) and comparison between the shielding
and a user.

Several simulations were performed with a software based on Monte Carlo method, in order to
verify the values obtained with the application of removal cross section. The code used was MCNP5.
The code include information relatively to the geometry, materials and source characteristics. The
cells in which evaluate the neutron flux were also specified. These were placed on the external
surfaces of the shielding in correspondence of the specification addressed in the design phase. For
neutron flux evaluation was chosen the Track Length Estimate of Cell Flux (F4) that allow to obtain
the average neutron flux in a volume V, as described in following formulation:

by = JdE [dV [ dsN(E,t) )
where N (7, E, t) is the density of particles, regardless of their trajectories, at a point.

Thus, the code studies the life of the particles generated into the source and then evaluates their
average behavior in the volume V. Therefore, taking into consideration the complexity of the
problem, it will be necessary to simulate an adequate number of particles in order to reduce the
uncertainty on the flux values.

Two sections of the shielding are reported in figure 3: the blue part represents 30% Borate PE,
the yellow part, barite concrete and the green part, the cells in which neutron flux was calculated.
The cross in the two figures shows the point at which the “neutron source” is located.

up lateral

back

down lateral
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Figure 3. Shielding sections from MCNP simulations.

Simulations were performed considering the life of 2 - 10° neutrons, in order to evaluate the flux
in the green cells and in order to obtain a standard deviation under the 10%. The values obtained
by the simulation represent the average flux into the cells volume for every neutron started from
the source.

They must be handled in order to obtain the value of the mean flow in the cells. After handling
the values, the results in table 5 were obtained.

Table 5. Neutron flux values obtained by Monte Carlo simulation.

shielding
up lateral back front
energy [MeV] d [ncm?sY @ [ncm?sY d [ncm?s?] @ [ncm?s?
2.45 0.349 0.103 0.252 8.87x103
total 3.75 1.61 2.63 0.145

Comparing the values obtained from the simulation with those obtained by the removal cross
section method, as shown in table 6, it is possible to verify that this method allows to obtain the
realistic values of the neutron flux and it represents a valid approach to determine neutron shielding
thicknesses.

Table 6. Comparison between Removal Cross Section Method and Monte Carlo Method.

shielding
up lateral back front
@ [ncm?sY | @ [nem?s?] | @ [nem?sY] | @ [ncm?s?
X, method 1.63 2.59 2.30 0.59
MCNP total 3.75 1.61 2.63 0.145

In order to evaluate the effect of shielding, it is possible to calculate the neutron dose rate. The
following parameters were taken into account as references for the dose rate limits evaluation:
0.5;
+ Annual duty hours [h/y] 1.200.

The project neutron dose rate was chosen as half of the annual limit for the population in order

* Project Equivalent Dose [mSv/y]

to consider also the photons contribute to the total dose rate. The annual duty hours were chosen
as the typical lifetime of the target. Taking into account of the set parameters, the reference value

for the dose rate is equal to:
mSv
0.5[=%]

1,200[3]

mSv

—42-10~* [T] (8)

In order to evaluate the neutron dose rate, it is necessary to know the neutron spectrum and to
apply the flow-to-dose rate energy-dependent conversion factors. Considering the neutron
spectrum obtained with MCNP simulations and applying the conversion factors, the dose rate
values, shown in table 7, were obtained [15-16].
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Table 7. Equivalent Dose Rate values outside the neutron shielding.

shielding
up lateral back front
equivalent dose rate [mSv/h] 1.51x10° | 2.81x102 | 4.0Ex102 | 1.62x10?

equivalent dose rate @ 0.1 m from the

-8 -7 7 7
shielding [mSv/h] 1.20 x10 2.23 x10 3.18 x10 1.29 x10

The obtained values of neutron dose rate are over the limit of 4.2 - 10~*[mSv/h], however,
taking into account the geometric attenuation is possible to evaluate that the neutron dose rate goes
down rapidly below the limit.

Every application field of neutron sources needs particular characteristics of irradiation and it is
necessary to evaluate if the source is suitable for the tests. The shielding or other structural materials
cause the modification of the energy spectrum of a neutron source and, hence, of the exposed
samples. Therefore it is necessary to evaluate the modified energy spectrum in order to define the
real characteristics of the neutron source. Several simulations were performed to this aim, using
MCNP. The neutron spectrum was evaluated in correspondence to the window for the irradiation
of the samples, outside the shielding, as shown in figure 4.

&

Figure 4. Detail of spectrum evaluation point.

The simulations were performed both for the D-D and D-T mode in order to evaluate the effect
of shielding on the two different energy neutron beams.
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Figure 5. a) D-D neutron spectrum; b) D-T neutron spectrum.
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The graphics in figure 5 show how the presence of the shielding contributes to the spectrum
change to which the samples will be exposed.

4. Biophysical and electronic applications

The indoor MP320 NG can be employed both for biophysical and electronic applications, some
example are elemental analysis and testing of devices. Elemental analysis, known as Neutron
Activation Analysis (NAA) is an analytical technique for qualitative and quantitative multi-
elemental analysis of major, minor and trace elements. For example, with this technique, it is
possible to trace heavy metals in samples of biophysical interest that contain aqueous solutions [17-
21], disaccharides [22-39] or polymers [40-47] and which have already been studied with other
spectroscopic techniques [48-51]. In NAA, a target, after a non-elastic collision in the atomic
nucleus, absorbs a neutron and forms a compound in an excited state. When the compound nucleus
de-excites into a more stable configuration, an emission of one or more characteristic prompt gamma
rays occurs. The process ends when the ground state formed during the de-excitation, is stable, i.e.
at the moment in which an isotope of the same element, with a mass number increased by one, is
produced. Generally, every chemical element has at least one isotope that produces a radioactive
one in neutron capture. They typically emit § particles and y radiation with a given half-life. The
energies of the prompt and delayed gamma rays allow to identify the emitter nuclide and their
intensity is proportional to its amount.

The Earth’s atmosphere acts as a shield against ionizing radiation coming from deep space.
However, the interaction of galactic cosmic rays with the terrestrial atmosphere produces a
“shower” of secondary particles, mainly neutrons, which come down to sea level [52]. Thus, all
electronic devices are exposed to this “natural” radiation environment. Despite the neutron flux is
quite low (especially at sea level) even a single neutron, under certain conditions, can cause a failure
into electronic devices: this case is known as Single Event Effects (SEE)s [53]. SEEs are related to
the charge generated in the semiconductor, through ionization realized by the incident particle. In
the case of neutrons, this mechanism is activated by the emission of secondary charged particles,
after a nuclear reaction, radioactive decay or spallation [54]. If the ionization takes place near a
reverse biased pn junction, the electron-hole pairs are separated by the electric field and then
collected by the electrodes, generating a transient current. This microscopic mechanism can lead to
different macroscopic effects, as for example, Single Event Upset (SEU) in a memory [55] or Single
Event Burnout (SEB) affecting power MOSFETs [56]. In order to characterize a device’s sensitivity
to terrestrial neutrons, it is necessary to perform accelerated tests with dedicated neutron facilities.
The procedures to carry out such tests and the required featured of the facilities are regulated by
international standards such as the JESD89A. The scope of these tests is to assess the failure rate
associated with terrestrial neutron SEE.

Spallation and mono-energetic sources are suggested for testing devices with high-energy
neutrons. Spallation sources produce a “white” neutron spectrum, which mimics the natural
terrestrial neutron environment. A valid alternative could be represented by mono-energetic
facilities. There are only few mono-energetic neutron sources: D-T and D-D facilities, respectively
at 14 MeV and 2.45 MeV. According with the standard JESD89A. In this context, the proposed
neutron facility could be used for accelerated SEE testing of electronic devices.

Conclusions

10
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The data obtained with the method of removal cross section and through simulations with MCNP
represent a fundamental aid in the design of the shield, necessary for the indoor use of the neutron
source. This work is therefore a starting point for the construction of the shield and the obtained data
will be verified experimentally. The project could be subjected to modifications in order to optimize the
irradiation characteristics of the samples. The employed predictive tools will be so critical to the
optimization process and will allow to intervene on the shielding before its construction. The whole
device represent a valid research tool and the areas where it can be used are numerous and biophysics
and electronics represent only two examples of the many possible uses of this facility. The reduced
operating costs, the compactness and the possibility of varying the duty factor make the neutron
generator a very competitive device within the panorama of the available neutron sources.
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