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a b s t r a c t

Considering the importance of deuterium in nuclear science including medical and industrial researches
such as (BNCT) and nuclear reactors respectively, it is important to study various possible ways in
addition to common methods for measuring its concentration. This study is an effort to measure
deuterium concentration using PGNAA. The main idea is to calculate the area under 2.23 MeV gamma-
rays photo peak resulting from neutron collision with Hydrogen atoms which are in mix with deuterium
in samples. The study carried out by both simulation and experiment. Monte Carlo MCNPX2.6 code has
been used for simulation and based on its acceptable results an experimental setup has been arranged.
The coordination of results was in the range of R ¼ 0.99 and R ¼ 0.98 in simulation and experiment
respectively. The accuracy of the study has been investigated by measuring the concentration of an
unknown sample by both PGNAA and Fourier transform infrared spectroscopy (FT-IR) methods in which
there were acceptable correlation between these two methods.
© 2022 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

Heavy water (D2O) contains deuterium which is one of the
hydrogen isotopes with one more neutrons which comprises about
1 in 6400 hydrogen atoms available in nature.

In addition to all applications of deuterium such as in neutron
and energy production in accelerators and nuclear fusion reactors
respectively [1,2] etc, it shows amazing results in boron neutron
capture therapy (BNCT) [1]. The macroscopic absorption cross-
section for heavy water is smaller than water, whilst the diffusion
length is greater for heavy water [9]. Despite all positive benefits of
heavy water, it can be toxic in medical applications and should be
applied to the body in accurate doses. Heavy-water replacement of
light water was practiced in an endeavor to enhance the maximum
therapeutic depth for thermal BNCT [4,8]. It is proved that inclusion
of heavy water in tissues significantly increases thermal-neutron
transmissionwith reduced capture gamma ray absorbed dose rates.

Heavy water is important in reactors like HWZPR or CANDU and
lahi), m.mokhtaridorostkar@
c.ir (A. Abdi Saray).

by Elsevier Korea LLC. This is an
it is essential to determine the concentration of it to achieve better
performance [10,11]. For example HWZPR is initiated by increasing
the height of heavy water (water level) in the core, it is vital to
calculate the water level after any change made to the core
configuration [3]. The fuel rods and heavy water are kept under low
pressure nitrogen gas to prevent humidity entering the core and to
avoid heavy water degradation [6,7].

Calculating heavy water concentration may be a great challenge
in this path. There are various ways to measure it but they can be
divided into twomain groups including: Analysis based on physical
properties such use of a pycnometer or the falling drop method for
determination of specific gravity, etc. The second group will be
instrumental analysis including Infrared spectroscopy and Mass
spectroscopy. There are benefits and difficulties in each solution. In
first method a small amount of sample and fast timing process with
simple and affordable instruments has been utilized but many er-
rors can occur by human, conditions and system and lead to
possible high uncertainties. In second method, fast and accurate
measurements are available but instruments are expensive and
have high sensitivity in different conditions.

This is where PGNAA is considered as a novel method for heavy
water concentration measurements. In this paper, we focused on
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finding deuterium concentration using PGNAA by utilizing
MCNPX2.6 code for simulation and validate the performance by
experiment.

2. Material and method

Despite the similarities, there could be great difference in
different applications as discussed before. Hence, there are great
requirements for accurate calculations of deuterium’s concentra-
tion in different applications.

NAA or Neutron Activation Analysis is a way to find a highly
radioactive element within a sample after exposure to neutron
source. There could be different nuclear reactions during neutron
activation which is reported in Fig. 1 [4].

When a neutron interacts with the target nucleus via a non-
elastic collision, a compound nucleus forms in an excited state.
The excitation energy of the compound nucleus is due to the
binding energy of the neutron with the nucleus. The compound
nucleus will almost instantaneously de-excite into a more stable
configuration through emission of one or more characteristic
prompt gamma rays. In many cases, this new configuration yields a
radioactive nucleus which also de-excites (or decays) by emission
of one or more characteristic delayed gamma rays, but at a much
slower rate according to the unique half-life of the radioactive
nucleus [5]. Prompt gamma neutron activation has instant
response and is not delayed by radioactive decay. This method has
three main steps. First, the target is irradiated with neutrons. Then,
each sample emits prompt gamma rays. Finally, emitted gamma
rays are measured with a detector.

PGNAA has some remarkable advantages that can be useful and
lead to novel ways of measurements. By utilizing this method low
atomic mass elements can be detected. This method depends on
cross section, sample mass and incident neutron flux; and as a
result, it is independent of the amount and rate of decay. In addi-
tion, a gamma ray with higher energy has a lower possibility of
absorption. Single excited states can be increased by adjusting
beam energies. The sample has low residual activity after irradia-
tion. Large samples can be analyzed by using neutron and photon
beams.

This research is an effort to measure heavy water concentration
Fig. 1. Neutron acti
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using prompt gamma neutron activation analysis, PGNAA has some
advantages comparing to delay neutron activation Analysis or NAA
including the fact that it is not possible to place sample in front of a
high neutron flux beam in NAA. In addition, NAA is dependent on
radioactive decay and as a result it will be time consuming. It can
also have some unwanted radioactive products. Finally, some ele-
ments with low atomic mass have less sensitivity in this method. In
addition, PGNAA can measure elements that do not form radioac-
tive nuclei upon irradiation (e.g. H, B), while NAA with delay
gammas cannot.
2.1. Simulation

Fig. 2 illustrates the considered geometry for Monte Carlo
simulation. An AmeBe neutron source provided the neutron beam.
By focusing onmeasurement of prompt gamma, an NaI(Tl) detector
was simulated with radius of 1 inch and length of 2 inches.

The neutron source is located in the beam tube and the sample
is next to beam port. A cylinder of 1 cm radius and 2 cm height is
considered as sample. The detector is located in 15 cm from the
sample. Gamma-ray count on entrance surface of detector, volu-
metric flux and dose in detector volume was calculated through
this geometry.
2.2. Experiment

After passing through simulation validation, the experimental
set up was arranged as shown in Fig. 3.

Energy resolution is not the most important factor in this study;
hence, NaI (Tl) detector is a great selection due to its lower price,
higher efficiency and construction ability in various shapes and
sizes. 241Am-Be or 252Cf are candidates as neutron sources. An
AmeBe source with the power of 3 ci was our selection for this
study according to its accessibility for us. Before counting, the de-
tector must be calibrated with standard laboratory sources. Nine
samples were measured as shown in Fig. 4, with different weight
fractions of heavy and normal water as shown in Table 1.

The detection setup is shown in Fig. 5.
vation process.



Fig. 2. 3D view of considered geometry.

Fig. 3. Considered geometry for experimental calculations.
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2.3. Measurement of heavy water concentration

The detector was located in front of the neutron source after
calibrating it in terms of energy. The sample was placed in a glass
container for analysis to prevent air and humidity penetration.
According to equation 1, if we locate hydrogen isotopes in front of
the neutron beam, a gamma-ray with energy of 2.23 MeV will be
emitted.

1
1Hþn/ 2

1H þ g (1)

Therefore, if we have more 1
1H atoms and less 2

1H atoms, more
gamma rays of this energy will be emitted. By detecting these

emitted gamma rays as shown in eq.1 with NaI (Tl) detector, 2
1H

concentration can be measured. The area under 2.23 MeV of
gamma-rays photo peak area was calculated with MCA system and
Maestro-Pro Advanced Spectroscopy application with an analysis
time of 5400 s for each sample.
3. Results

3.1. Simulation results

By considering afore mentioned conditions, gamma-ray activity
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in detector volumewas calculated. Fig. 6 reports gamma counts per
second in detector in which the correlation coefficient between the
concentration of heavy water and number of gamma-ray per sec-
ond is equal to R2 ¼ 0.99888. Relative error of simulation results
were under 0.1%.

3.2. Experimental results

Fig. 7 reports an example for gamma spectrum for a sample
collected using NaI(Tl) detector. Because it wasn’t possible to see
energy directly with available instruments, the NaI(Tl) detector was
calibrated with several check sources including 137Sc, 60Co and
22Na. Hence, appropriate energy was assigned to each channel
through proportion. After this collaboration and proportion, the
detector was used for the experiment.

And according to Fig. 8, the correlation coefficient between the
concentration of heavy water and number of gamma counts per
unit time is equal to R2 ¼ 0.98691. In addition, standard error of
obtained results is less than 1%.

Due to the results, by knowing parameters “a” and “b” of a linear
equation 2,

y¼ðaþ b * xÞ±error (2)

In where y ¼ counts and x ¼ weight fraction sample. It is
possible to determine the concentration of an unknown sample.

3.3. Validation of experiment

A sample with unknown concentration was used for validation.
Utilizing the PGNAA method, there were 127249 counts under the
2.23 MeV photo peak area. According to calibration equation, heavy
water concentration will be 36.1.

To validate the accuracy of measurements, the concentration
was obtained by Fourier transform infrared spectroscopy (FT-IR)
either and its result was equal to 36.824.

4. Discussion

In addition to many methods investigated and known as accu-
rate ways to measure the concentration of heavy water, PGNAA can
be a novel candidate for this purpose. In this study, Monte Carlo
MCNPX2.6 code was used for simulation. Considering acceptable
results of simulation due to their great correlation coefficient be-
tween the concentration of heavy water and obtained results in
count and flux, experimental set up has been arranged as similar as
possible to simulation set up.

Utilizing AmeBe neutron source and NaI (Tl) detector, number



Fig. 4. Samples.

Table 1
considered weight fractions for samples.

No. Heavy water weight fractions (%) Normal water weight fractions (%)

1 8.01 91.99
2 24 76
3 29.94 70.06
4 35.98 64.02
5 41.97 58.03
6 58.01 41.99
7 61.99 38.01
8 79.86 20.14
9 97.01 2.99

Fig. 6. Gamma-ray per second under 2.23 MeV photo peak for each sample.
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of counts for gamma-ray have beenmeasured after passing through
each sample. The area under the photo peak of 2.23 MeV was
calculated in both simulation and experiment. Accurate correlation
coefficient was concluded from the experimental results.

Due to the utilized NaI(Tl) detector and comparing this detectors
resolution to HPGe, detection of each energy with sharp energy
peak was not possible. Hence, gamma counts in other energies like
Fig. 5. Detection set up.
4234



Fig. 7. Gamma spectrum of source and of neutron collisions with heavy water
collected by the NaI detector using a multi-channel analyzer (MCA) system.

Fig. 8. Heavy water concentration calibrated curve in terms of counting gamma
resulting from the reaction.11Hðn;gÞ21H

S. Salahi, M. Mokhtari Dorostkar and A. Abdi Saray Nuclear Engineering and Technology 54 (2022) 4231e4235

4235
6250 keV was not calculated in our measurements. Although the
energy peak exists but is not measured or simulated in this study.

The validation of this method was not only investigated by
simulation, but also checked by measuring the concentration of
heavy water in an unknown sample and the result was compared
with FT-IR results of mentioned sample. According to acceptable
error between these two methods, it can be concluded that PGNAA
is an accurate, simple and affordable method for measurement of
heavy water concentration.
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