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a b s t r a c t

The neutron powder diffractometer (NPD) is used to study a variety of technologically important and
scientifically driven materials such as superconductors, multiferroics, catalysts, alloys, ceramics, ce-
ments, colossal magnetoresistance perovskites, magnets, thermoelectrics, zeolites, pharmaceuticals,
etc. Monte Carloebased codes are powerful tools to evaluate the neutronic behavior of the NPD. In the
present study, MCNPX 2.6.0 and Vitess 3.3a codes were applied to simulate NPD facilities, which could
be equipped with different optic devices such as pyrolytic graphite or neutron chopper. So, the Monte
Carloebased codes were used to simulate the NPD facility of the 5 MW Tehran Research Reactor. The
simulation results were compared to the experimental data. The theoretical results showed good
conformity to experimental data, which indicates acceptable performance of the Vitess 3.3a code in the
neutron optic section of calculations. Another extracted result of this work shows that application of
neutron chopper instead of monochromator could be efficient to keep neutron flux intensity higher
than 106 n/s/cm2 at sample position.
© 2017 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Neutron powder diffraction is more powerful than many other
material characterization techniques such as X-ray diffraction and
electron microscopy. Moreover, some material analyses are not
possible using other procedures such as investigation of magnetic
properties of materials or distinguishing between adjacent ele-
ments in the periodic table. In general, neutron diffraction involves
many unique advantages such as possibility of observation of the
effect of light elements in the presence of heavy ones in a diffrac-
tion pattern, ability to deeply penetrate and investigate materials in
special conditions and in special environments, and so on [1].

The neutron sources of neutron diffractometry facilities are
provided by nuclear reactors or spallation targets driven by charged
particle accelerators.

In neutron diffractometry facilities, monochromators are used
to select the wavelength of neutrons incident on the sample.
Monochromators usually consist of single crystals. Usually, the two

types of crystals habitually used as monochromators are bent
perfect crystals and mosaic crystals [2].

Highly oriented pyrolytic graphite (PG) and mosaic Be give the
highest beam intensities, but the d-spacing of PG is too large for
adequate resolution in diffraction, while good Be crystals are not
readily available. In addition, Zn, Cu, and Ge mosaic crystals are
commonly used. In conventional configurations, good resolution in
diffraction is obtained with tight collimation at large mono-
chromator take-off angles [3].

Neutron choppers can be used as neutron monochromators and
are separated into at least two distinct groups: fast choppers and
slow choppers. Fast choppers are designed for pulsing a beam of
high-energy neutrons above the cadmium cutoff region, while slow
choppers are designed for pulsing in the thermal neutron region.
For a low-power reactor, choppers are desired over mono-
chromators because of the higher possible count rate [4]. Also,
other advantage of applying Time of Flight monochromatization
produced by means of a chopper in a continuous source is the
variable resolution and intensity. A full diffraction spectrum can be
gained within a variable bandwidth with ultrahigh resolution or
with high intensity at conventional resolution [5].

The obvious advantages of mechanical monochromators
(choppers) for both neutron activation and neutron scattering have
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led to the construction of different models using arrangements of
series of choppers [6].

Antonini et al. (1965) investigated a slow neutron chopper for
energies between 0.1 and 0.001 eV (0.9e9 Å). The chopper is of the
straight slits type and is used with slow neutrons emerging from
the thermal column of the RC-1 reactor (a 100 kW reactor of the
TRIGA type) of the Nuclear Studies Center of Casaccia. They re-
ported that this instrument has been employed till now for total
cross-section measurements of aromatic hydrocarbons [7].

Masayoshi et al. (1984) investigated characterization of a wide
band neutron chopper, which can provide a wide range of wave-
lengths of slow neutrons in a pulse, using computer calculations to
obtain the optimum value of the coefficient of neutron utilization.
According to this work, a wide band chopper designed to provide
polychromatic pulsed neutrons in the range of 2e10 Å for neutron
small angle scattering has been installed at the 5 MW Kyoto Uni-
versity Research Reactor [8].

Mazzocchi et al. reported a powder diffractometer, which has
been recently installed on the lightwater open-pool research
reactor IEA-R1 at Instituto de Pesquisas Energeticas e Nucleares-
Comiss~ao Nacional de Energia Nuclear/S~ao Paulo. At present, it
operates at 4.5 MW thermal power, with possible maximum power
of 5 MW. At 4.5 MW, the in-core flux is 7 � 1013 cm2/s-1. In spite of
this low flux, installation of both a position-sensitive detector and
double-bent silicon monochromator has turned out to be possible
for the design of a high-resolution powder diffractometer [9].

The North Carolina University developed a neutron powder
diffraction facility. They reported that neutron flux at the neutron
powder diffraction facility sample position is comparable to that of
existing instruments at other neutron beam laboratories [10];
neutron flux values at sample position of some neutron diffrac-
tometry facilities are presented in Table 1.

Svab et al. (1996) reported a new neutron powder diffractom-
eter with high counting efficiency; device was put into operation at
the refurbished 10MWBudapest Research Reactor in 1994. For data
collection, a linear position sensitive 3He detector system is used. In
this system, detectoresample distance is 1,200 mm, and the com-
plete diffraction spectrum up to 2Qmax ¼ 110� is collected by
moving the detector arm in four steps. Neutron flux at sample
position of this facility is 106 n/s/cm2 [11].

In this study, neutronic investigation of the Tehran Research
Reactor (TRR) neutron diffractometry channel was performed to
evaluate different channel arrangements and their efficiencies for
analyzing powder samples.

2. Materials and methods

2.1. Description of TRR

TRR is a 5 MW pool-type lightwater research reactor. Its fuel
assemblies contain low-enriched uranium fuel plates in the form of
U3O8Al alloy. The reactor pool contains two sections. One section is
the narrow stall end, which contains experimental facilities like
beam tubes, rabbit system, and thermal column; the other section
is the open end, which is designed for bulk irradiation. Fig. 1 shows
a schematic view of TRR pool and irradiation facilities.

As shown in Fig. 1, there are seven beam tubes called A, B, C, D, E,
F, and G. These beam tubes are composed of an aluminum chamber
and stainless steel housing.

2.2. Neutron radiography and BNCT facilities

Recently, the E beam tube has been considered for neutron
radiography application, and a new neutron collimator was
designed, installed, and experimentally characterized in this beam
tube. Measurements indicate that the radiograph image obtained
by this beam is of Category-I, as defined in American society for
testing and materials E545 [12]. The feasibility of using a TRR
thermal column as a neutron source for boron neutron capture
therapy has also been demonstrated, and the thermal column has
been modified to provide an appropriate neutron beam for appli-
cation to the boron neutron capture therapy [13e15]. Beam pa-
rameters have also been experimentally investigated inside a
phantom [16e18].

2.3. Neutron powder diffraction facility

Beam tube D has been considered for use in a neutron powder
diffractomet (NPD) system. The available NPD system consists of
first collimator, monochromator, neutron and gamma shield, sec-
ond collimator, sample table, third collimator, and neutron de-
tectors. The first collimator is a rectangular Soller-type collimator
made of steel with dimensions of 7 � 11 � 120 cm3. A rectangular
high ordered pyrolytic graphite monochromator is located along
the beam line at the distance of 15 cm from the first collimator exit.
The monochromatic beam enters the second collimator, which has
dimensions of 6 � 10 � 60 cm3. To decrease the neutron and
gamma doses, different thicknesses of iron box, paraffin, boric acid
powder, and lead surrounded the monochromator room. A shutter
was placed at the end of the second collimator. This shutter is
closed when the beam is not required (Fig. 2).

In this study, two Monte Carloebased computational codes, i.e.,
Vitess 3.3a and MCNPX 2.6.0, were used to simulate the neutron
diffractometry facility of the TRR.

2.4. Monte Carloebased Vitess 3.3a code

Nowadays, every new instrument is simulated precisely before
its construction, and modifications to the existing instruments are
first simulated. Among different computational codes for neutron
optic investigation, such as MCSTAS, IDEAS, NISP, RESTRAX, etc.,
VITESS powerfully simulates neutron scattering instruments,
which are introduced. The Monte Carlo package has been devel-
oped since 1998 at Helmholtz Zentrum Berlin; version 1 was
released in 1999 [19,20].

Vitess is an open-source software package used to simulate
neutron scattering. As the name suggests, Vitess was created for the
European Spallation Source, but it can be used for any neutron
source. It allows the user to simulate a neutron scattering instru-
ment by placing modules representing different parts, such as
neutron sources, guides, and detectors. Each type of module is
represented by a separate file in the source code [21].

Table 1
Comparison of neutron flux at sample position of some neutron diffractometry facilities [10].

Diffraction facility Power (MW) Source flux (n/cm2/s) Sample volume Sample flux (n/cm2/s)

NIST Cu-311/15′ 20 4 � 1014 10 cm3 4 � 105

NIST Cu-311/7′ 20 6 � 1014 10 cm3 2 � 105

MURR PSD-II 10 6 � 1013 0.35 cm3e1 cm3 1.35 � 105

NCSU NPDF 1 2.7 � 1012 0.35 cm3e1 cm3 0.64 � 105

NPDF, neutron powder diffraction facility; PSD, position-sensitive detector.
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2.5. Monte Carloebased MCNPX 2.6.0 code

The MCNPX computational code was developed in 1994 as an
extension of MCNP4B and LAHET 2.8 in support of the Accelerator
Production of Tritium Project. The work envisioned a formal
extension of MCNP to all particles and all energies; improvement
of physics simulation models; extension of neutron, proton, and
photonuclear libraries up to 150 MeV; and the formulation of
new variance-reduction and data-analysis techniques. The pro-
gram also included cross-section measurements, benchmark ex-
periments, deterministic code development, and improvements
in transmutation code and library tools through the CINDER90
project. The MCNPX 2.6 calculation code as written by Los Ala-
mos National Laboratory has transport capability of 34 particles
by means of continuous and discrete-energy cross-section
libraries [22].

2.6. Computational and calculative steps of the NPD

The TRR and its NPD channel were simulated in detail using the
MCNPX 2.6.0 code (Figs. 3 and 4).

Neutron and photon flux distributions were calculated along the
NPD channel using the computational code. In addition, neutron
spectra at the beginning of the NPD channel obtained from the
MCNPX 2.6.0 code were introduced as input source for the Vitess
code. The TRR NPD current channel arrangement was introduced in
Vitess code.

The PG monochromator used in the current NPD facility of TRR
was introduced in the Vitess code, according to Table 2.

In PG, the crystallites are aligned to a high degree with their
hexagonal c-axes in parallel form, whereas the a-axes are oriented
at random. Therefore, the reflected neutrons are from the (00l)
planes, satisfying the Bragg equation:

nl ¼ 2dhklSinq00l (1)

where n is the order of reflection and q00l is the glancing angle to
the (001) plane [23].

Before the NPD channel investigation, PG monochromator
neutron spectra were obtained by means of MCNPX and Vitess
codes and compared with experimental spectra to confirm validity
of the used codes for simulation of such a system.

Fig. 1. The schematic view of TRR pools and irradiation facilities.

Fig. 2. D channel arrangement of NPD facility of TRR.
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The MCNPX code uses an F4 tally card to calculate neutron flux
at the beginning of the NPD channel (near to the reactor core) via
the following equation [24]:

F4 ¼ 1
V

Z

V

dV
Z

E

dE
Z

4p

dUФðr; E;UÞ
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cm2
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The extracted neutron spectrum is used as input to Vitess code
to model the NPD channel arrangement.

Neutron flux versus wavelength was calculated using Vitess
code after the PG monochromator and at the sample position,
which is located 120 cm away from the second collimator exit.

The obtained neutron intensity at sample position was
compared with the measured data of TRR.

Another NPD channel arrangement regarding replacement of
the PG monochromator with a disc chopper is considered in the
second part of this study. The chopper was positioned 15 cm away
from the first collimator exit at the same position as that of the
current NPD facility monochromator (Fig. 5).

Neutron flux versus wavelength was calculated after the disc
chopper and at the sample position, which is located 120 cm away
from the chopper.

The design features of the disc mainly include the fan-shaped
opening angle (q), the radius from the rotating center axis to the
beam cross-section center (R), the neutron absorbing coating
circular groove width (H), and the mass of the chopper (m). The
rotating speed of the chopper is u and its location is L; the
neutron wavelength bandwidth (Dl) is directly proportional to
the fan-shaped opening angle, as shown in the following formula
[25]:

Dl ¼ h
mu

$
q

L
(3)

where h is Plank constant (6.63 � 10�34 J.s).

Fig. 3. Position of different beam lines of TRR modeled by MCNPX 2.6.0.

Fig. 4. View of D channel equipped with NPD system modeled by MCNPX 2.6.0.

Table 2
PG monochromator characteristics.

d-spread PG (002): 0.2e20 10�3

d-spacing PG (002): 3.332 Å
Thickness, width, height 0.2, 5.5, 7.5
Mosaic factor 2
d range factor 3
Mosaic spread Gaussian

PG, pyrolytic graphite.
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3. Results

As shown in Fig. 6, at the end of the first collimator with 300 cm
length, the flux of 0.5e2.5 Å (preferable range for our system)
neutrons is in the order of 109 n/s/cm2.

At the same position, photon flux in the order of 1010 p/s/cm2 is
available (Fig. 7).

To benchmark the applied codes, neutron spectra of the NPD
channel entrance extracted from MCNPX code were fed to the
Vitess code, and the PG monochromator was assumed to be
exposed by the neutron spectra. The obtained neutron flux distri-
bution was compared with the experimental data measured in a
heavy water reactor [26]. The comparison showed a good confor-
mity especially at 0.5e2.5 Å, which is the preferred range in our
work (Figs. 8 and 9).

Neutron flux distribution versus neutron wavelength after the
first collimator exit was determined using the Vitess code. The
simulation showed that neutrons with an intensity of 107 n/s/cm2

are flying toward the PG monochromator (Fig. 10).
The collimated neutrons collide with the PG monochromator,

which is positioned 15 cm away from the collimator exit edge.
Simulation of the channel arrangement using the Vitess code
showed that the neutrons reflected from the monochromator
would have a maximum intensity of 1 � 106 n/s/cm2. The mono-
chromatic neutrons havewavelengths in a range of 1e1.5 Å (Fig.11).

After reflection of low-energy neutrons (1e1.5 Å), the other
neutrons available in the incident neutron spectra pass through the
monochromator and follow an approximately direct track. Hence, as
theVitess code calculations show, there isno fast neutronnoise in the
second collimator track. As illustrated before, a 60-cm long colli-
mator was placed in the pathway of the neutrons. The sample table
was placed 120 cmaway from the second collimator exit. Vitess code
calculations showed that the thermal neutron flux intensity at the
sample position is 0.5 � 104 n/s/cm2, which has 40.5% relative
discrepancy compared to the measured value, 0.84 � 104 (Fig. 12).

The performance of a disc chopper with 45� opening angle was
investigated using the Vitess code. The considered chopper was
placed 15 cm away from the first collimator exit. The code calcu-
lations showed that when an angular velocity within the range
1,300e2,500 rpm is chosen, there is no fast neutron noise in the
transient neutron beam from the chopper beam window. Higher
velocity provided a more chromatic neutron pulse. The neutron
beam intensity is in the order of 107 n/s/cm2 (Fig. 13).

As shown in Fig. 14, choosing a 1,200 rpm angular velocity
causes fast neutron noise to arise along with the thermal neutrons
passing through the window.

If sample position is considered at 100 cm away from the disc
chopper rotating at 2,500 rpm, the neutron pulse wavelength can
be in the range of 0.5e1.3 Å and its intensity can be in the order of
107 n/s/cm2 (Fig. 15).

Fig. 5. Position of the used disc chopper in front of Channel D.

Fig. 6. Neutron flux variation along the NPD channel. Fig. 7. Gamma flux variation along the NPD channel.
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Different filters can be applied to form a more monochromatic
neutron spectra extracted from the investigated chopper.

A single crystal of Al2O3 (sapphire) has been proved to be an
effective fast neutron filter and has been incorporated in neutron
instruments. The sapphire filter is composed of a number of super
optical quality crystals with the [001] axis parallel to the incoming
beam. An optimum sapphire filter thickness of around 150 mm
could result in 62% transmission of neutrons with 0.11 nm wave-
length and 76% transmission for 0.25 nm neutrons. The trans-
mission of fast neutrons is 3% [27]. Table 3 presents the
characteristics of some neutron filters.

4. Discussion

Our calculations indicate that our system needs improvement of
neutron flux using evacuated collimators to obtain a neutron flux in
the order of 105 n/s/cm2. Obviously, higher neutron intensity in-
creases the analysis time of the powder sample. Neutron guide
application in some sections of the system could avoid the neutron
flux falling in form of 1

r2 where “r” is the interval from the reactor
source. The applied codes have given us worthwhile insight that
can be used to investigate the system performance.

5. Conclusion

Neutron scattering methods provide unique insight into many
materials, especially magnetic structures. Different NPD systems

Fig. 8. Measured neutron flux from a heavy water reactor when transmitted through a 0.37 cm thick plate of oriented graphite whose face makes an angle of 11� with the incident
beam [23].

Fig. 9. Simulated neutron flux from the TRR reactor when transmitted through an
0.37 cm thick plate of oriented graphite whose face makes an angle of 11� with the
incident beam. Fig. 10. Neutron flux after the first collimator exit.
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equipped with different arrangements of monochromators or
neutron choppers can be applied to provide a suitable neutron flux
on the powder sample (>104 n/s/cm2). The data obtained in this
study show that by using a PG monochromator, a high mono-
chromatic neutron flux in the order of 0.5 � 103 n/s/cm2 and in the
range of 1e1.5 Å is available at the sample position. Applying a
neutron chopper with 2,500 rpm angular velocity provides neutron
pulses, and application of some neutron filters along with the
chopper could make the neutron spectra as monochromatic as
possible in the range of 1e1.3 Å. The present study showed fairly
good conformity of the theoretical data and the available experi-
mental data and also illustrates how the application of the available

Fig. 12. Neutron flux intensity versus wavelength at the sample position (120 cm from
the second collimator).

Fig. 13. Neutron flux intensity versus wavelength after passing the chopper beam
window.

Fig. 14. Neutron flux intensity versus energy after passing the chopper beam window.

Fig. 15. Neutron flux intensity versus wavelength at the sample position, chopper
velocity: 2,500, sample interval of the chopper: 120 cm.

Table 3
Characteristics of some crystalline neutron filters [28].

Single
crystal

st at
0.02 eV (b)

st at 1
meV (b)

Thickness (cm) Plane Attenuation factor

En > 1 eV 0.02 eV 1
meV

Silicon 0.4 1.0 22.71 111 10 1.57 3.11
Bismuth 2.0 0.7 7.87 111 10 1.66 1.19
Lead 7.0 2.4 6.45 111 10 4.30 1.65
Sapphire 0.6 1.0 6.9 001 10 1.09 1.16

Fig. 11. Neutron flux intensity versus wavelength after monochromator reflection.
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codes could be used to powerfully analyze the NPD system per-
formance for planning its optimization procedure. The manuscript
shows how the Monte Carloebased codes could help us to simulate
our neutron optic systems to improve our system operation by
changing the optical device arrangement; for example, the mono-
chromator angle can be changed to remove higher order diffracted
wavelengths, which would contribute to the diffraction pattern as
pollution. Also, the codes can powerfully analyze advantages or
disadvantages of the chopper application, etc. However, in this
work, while there were limited available experimental data, com-
parison with these limited data showed acceptable conformity of
the applied codes for simulation of such systems.
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