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a b s t r a c t

In a nuclear reactor, gamma radiation is the dominant energy deposition in non-fuel regions. Heat is
generated upon gamma deposition and consequently affects the mechanical and thermal structure of the
material. Therefore, the safety of samples should be carefully considered so that their integrity and
quality can be retained. To evaluate relevant parameters, an in-core gamma thermometer (GT) was used
to measure gamma heating (GH) throughout the operation of the McMaster nuclear reactor (MNR) at
four irradiation sites. Additionally, a Monte Carlo reactor physics code (Serpent-2) was utilized to model
the MNR with the GT located in the same irradiation sites used in the measurement to verify its pre-
dictions against measured GH. This research aids in the development of modeling, calculation, and
prediction of the GH utilizing Serpent-2 as well as implementing a new GH measurement at the MNR
core. After all uncertainties were quantified for both approaches, comparable GH profiles were observed
between the measurements and calculations. In addition, the GH values found in the four sites represent
a strong level of radiation based on the distance of the sample from the core. In this study, the maximum
and minimum GH values were found at 0.32 ± 0.05 W/g and 0.15 ± 0.02 W/g, respectively, corresponding
to 320 Sv/s and 150 Sv/s. These values are crucial to be considered whenever sample is planned to be
irradiated inside the MNR core.
© 2021 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

The McMaster nuclear reactor (MNR) is designed to host several
experiments and to provide simultaneous irradiation in its core
reflector and irradiation sites. TheMNR is theworld's only supplier of
I-125 radioisotope, which is used for male prostate brachytherapy,
and one of only a few suppliers of Ho-166, which is utilized in many
applications. Most of these isotopes are produced by irradiation in
the reactor core, and some of these isotopes are susceptible to
damage under high radiation levels (energy) or high temperatures.
Gamma heating (GH), or energy deposition, is primarily responsible
for temperature rises in the non-fuelled zones of nuclear reactors [1].

An in-core sample irradiation experiment was previously con-
ducted by a group of researchers at the MNR to irradiate a medical
isotope device based on Ho-165 and found that massive damage
was incurred by Ho-166 microspheres. This study suggested that
GH was the primary cause of the damage to the microsphere
sample [2]. A lack of GH evaluations is a major limitation for any
tani@kacst.edu.sa.

by Elsevier Korea LLC. This is an
irradiation application and leads to a lack of optimal irradiation
conditions [3]. Accordingly, in 2019e2020, GH measurements and
calculations were performed at the MNR for three irradiation sites
in 27 GH regions [4]. The results showed that most of the GH values
found by the two methods agreed within the level of uncertainty.
Additionally, the observed values were sufficient to cause damage.
These findings are crucial for evaluating and predicting GH pa-
rameters for future irradiation experiments.

However, this previous research has limitations in both repre-
senting the decay GH and considering instrument uncertainties.
The calculated decay GH in the previous investigationwas based on
a correction factor implemented in the Monte Carlo Serpent-2 code
to approximate the delayed gamma energy deposition as the
prompt gamma energy distribution. However, in Ref. [5], the au-
thors studied the accuracy of implementing a correction factor and
concluded that in order to more accurately calculate the delayed
gamma energy deposition, a delayed gamma source must be pro-
duced by solving the Bateman equations [6].
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Therefore, the aim of this work is to (i) calculate the decay GH
during reactor operation by solving the Bateman equations, (ii)
perform additional GH measurements at the reflector site, and (iii)
verify the calculated and measured GH values with for the MNR
core, along with three previous GHmeasurements and calculations
(four irradiation sites in total). Measurements were performed by
using a differential temperature thermocouple and a gamma
thermometer (GT), which is described in detail later in this work.

The most important advantage of the calculation implemented
in this work is that it can implement the Bateman equations and
track all gamma particles in the MNR Serpent-2 simulation model
based on fuel irradiation (burn-up). Additionally, a more thorough
consideration of the uncertainties associated with the measure-
ments is included and implementing another in-core GH mea-
surement in the reactor core.

2. Description of the MNR

The MNR is an MTR-type reactor that is fuelled by low-enriched
uranium (19.75 %). The core grid consists of 6-by-9 assemblies,
including 32 standard fuel assemblies (SFAs), 6 control fuel as-
semblies (CFAs), 7 graphite reflector assemblies, and 1 beryllium
assembly [7,8]. Light water is used as both the moderator and
coolant of the MNR. The in-core irradiation sites are situated in a
graphite reflector and a beryllium reflector. The irradiation di-
ameters of the beryllium and graphite reflectors are 3.81 and
3.50 cm, respectively. Table 1 provides the general parameters for
the MNR, and Fig. 1 illustrates the MNR core configuration.

3. Methods

3.1. Measurement set-up

A small gamma thermometer (GT), manufactured by SCK-CEN in
Belgium, was used to perform GHmeasurements at four irradiation
sites [9]. The GT measures GH through a differential temperature
thermocouple between hot and cold junctions. The operation of the
GT is based on the two dissimilar metals always have a contact
potential between them, which varies as the temperature changes.
There are two junctions in a circuit; when these two junctions
experience different temperatures, then a voltage can be detected
and measured. Fig. 2 provides a cross-sectional view of the GT and
its dimensions in millimeters.

The GT and the differential thermocouple are made of AISI 304
and AISI 316 L stainless steel material, respectively. The hot junc-
tion, which forms the inner GT core, is insulated by argon gas at
1.25 MPa. This inner junction can be primarily heated by gamma
Table 1
MNR general description and core specifications.

Parameter

Reactor type
Maximum/nominal power
Maximum neutron flux (3 MWth)
Coolant and moderator
Reflector
Coolant circulation
Fuel type
Fresh SFA and CFA atom density
Enrichment
Control system
Plate, fuel meat, and cladding thickness
Core lattice size, x and y
Core height

CFA, control fuel assembly; SFA, standard fuel assembly.
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radiation and eventually becomes warmer than the cold junction.
The outer (cold) junction is continuously cooled by the coolant flow
and can be assumed to have a temperature similar to the coolant
temperature of the reactor core. The inlet and outlet reactor coolant
temperatures were recorded at approximately 30� and 36 �C,
respectively.

The GT uses a K-type thermocouple that processes data (voltage)
whenever a temperature difference arises between the hot and cold
junctions. These signals based on a temperature difference, which
creates a voltage, are recorded in data acquisition hardware for
obtaining temperature data using thermocouples in LabVIEW at a
frequency of 1 Hz.

The instrument rig used to carry the GT was specifically
designed and manufactured to accommodate the GT at any irradi-
ation site in the MNR core, i.e., at both graphite and beryllium re-
flectors. The rig comprises an inner race and an outer body. The
outer body is fixed after it is mounted on the graphite/beryllium
site, whereas the inner race can by axially placed at any level [11].
Each measurement was performed twice, i.e., top-to-bottom and
bottom-to-top, for each irradiation site.

For each axial GHmeasurement, either bottom-to-top or top-to-
bottom, an average of ten GH values was obtained after a period of
five-time constants. This approach results in less uncertainty when
collecting several data points.

Four irradiation sites (2A, 8B, 8E, and 8F) were selected for
measurement. For each site, 9 GH values were obtained, for a total
of 36 GH values. The reactor power remained constant during the
measurement campaign at 3 MWth. All uncertainties were previ-
ously evaluated in Ref. [4]; however, this work also includes the GT
uncertainty from the manufacturer, which is ±10 %, as well as that
of the resistance temperature detector (RTD), which measures the
reactor temperature difference across the MNR core.

3.2. Calculation

i Calculation process

Serpent-2 is a three-dimensional (3D) continuous-energy
Monte Carlo particle transport code developed by the VTT Tech-
nical Research Center of Finland. Various reactor physics applica-
tions can be performed in Serpent-2, including criticality
calculations (keff), neutron and photon flux calculations, fuel burn-
up calculations, reactor modeling, and modeling of coupled multi-
physics applications.

A photon transport mode was introduced in Serpent version
2.1.24 in 2015 [12]. Several features that employ the photon
transport have since been developed, such as a coupled
Specification

Open-pool MTR
5/3 MWth

5.8 � 1013 n/cm2s
Light water
Graphite and beryllium
Natural circulation or forced downward flow
U3Si2eAl dispersion Al-clad plate fuel
1.89 � 10�3 and 1.67 � 10�3 at/b.cm
19.75 %
5 AgeIneCd shim safety rods and 1 stainless steel rod
0.127, 0.051, and 0.038 cm
8.1 and 7.709 cm
60 cm



Fig. 1. Top view of the MNR core.

Fig. 2. Schematic view of the GT built by SCK-CEN and its dimensions in millimeters [10].
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neutronephoton transport mode [13] and a radioactive decay
source mode [14]. In this work, the recent development of photon
physics in Serpent-2 was utilized to estimate the energy deposition
carried out by particles to non-fuel regions [15].

In the energy deposition mode, calculations are performed
whenever a photon or neutron interaction occurs. For example,
photon energy deposition occurs via the photoelectric effect,
Compton scattering, and pair production. The nuclear heating, or
neutron/photon heating, calculation in Serpent-2 can be expressed
as

X

i

X

j

rikijðEÞFðEÞ (1)

where ri is the atomic density of nuclide i, kij(E) is the KERMA co-
efficient for nuclide i and reaction j at incident energy E, and F(E) is
the scalar neutron/photon flux. KERMA coefficients were obtained
from the NJOY nuclear data processing code [16], which is neces-
sary for heat deposition.

There are four modes (0e3) in Serpent-2 for calculating the
energy deposition. Mode 3 is the most accurate, where coupled
neutron/photon transport is applied to track both neutron and
photon particles until they disappear. In this mode, the fission site
energy deposition, which is calculated from ENDF MF1 MT458 data
[17], is given by
32
Efiss,i ¼ EFR þ EB (2)

where EFR denotes the kinetic energy of the fission products and EB
is the delayed beta energy. These two energy components, EFR and
EB, are deposited at the fission site (origin), while photons and
neutrons dissipate their energy through the medium in the core.

In reference [4], the delayed gamma energy deposition was
calculated by approximating the distribution as the prompt gamma
energy distribution. However, in this work, the delayed gamma
energy deposition was more accurately calculated by solving the
Bateman equations to produce a delayed gamma source. The
calculation of the Bateman equations can be read from a binary file,
which contains all fission products and activated materials in the
reactor. This calculation is performed in the secondary simulation
following a prompt calculation. The disadvantage of this calculation
is that is requires a long computational time to first track the
prompt gamma from fission and (n,g) reaction, then another
calculation for gammas from activated isotopes or fission products.

ii MNR Serpent-2 model

The MNR Serpent-2 model includes the reactor core configu-
ration that houses the MTR fuel, the graphite reflector, the beryl-
lium assembly, and the surrounding beams. The MNR fuel
composition was extracted based on operational data history for
the reactor core. The extraction of fuel composition from the
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measurement-base estimate followed the procedure provided in
Ref. [18]. The nuclear data library used in this model is ENDF/B-VII.1
[19].

The GT instrument was modeled with the same materials that
were provided, as described in Section 3.1. All statistical un-
certainties weremaintained below 1.7 % in all GH calculations, with
3000 active histories and 90,000 particles per history for a total of
2.7 � 108 particles. The calculational time for this simulation was
13.2 h with 20 OMP parallel threads. Whereas the decay number pf
particles used are 8 � 108 particles. Due to the computational time,
a simple approximation was implemented in the GT calculation
model by assuming that the energy deposition occurred between
the hot and cold junctions. Fig. 3 illustrates the MNR Serpent-2
model used in this research.
4. Results and analysis

4.1. Uncertainty quantification

A series of measurements and simulations was conducted to
evaluate parameters that can influence the calculated/measured
GH quantities. The combined uncertainty was studied and reported
in Ref. [4] at approximately 9 % with two standard deviations (95 %
confidence interval). However, this uncertainty does not include
twomajor components: (i) the GT instrument uncertainty from the
calibration factor specified by the manufacturer, which is equal to
10 %, and (ii) the uncertainty from to the RTDs, which are located
above and below the MNR core to continuously measure temper-
atures for core power monitor in the control room.

The major GH sources during reactor operation are the prompt
GH, which includes both fission gamma and (n,g) reactions, and the
decay of short half-life fission fragments. Both sources vary based
on local power variations. Therefore, the GH source is dependent on
the reactor core power, which was maintained at 3 MWth during
the measurement. However, the MNR core measures the power by
means of a temperature difference between the core inlet and
outlet. The MNR uses a class-B-type RTD to measure the temper-
ature and consequently the core power. The core power can be
calculated from

P ¼ mCp(Tout �Tin) (3)

wherem is the mass flow rate, Cp is the specific heat capacity, Tin is
the inlet temperature, and Tout is the outlet temperature measured
downstream of the core by the RTD. The RTD has a tolerance bias
Fig. 3. MNR Serpent-2 model.
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based on the environment temperature [20]. Fig. 4 illustrates the
RTD tolerance as a function of temperature.

The inlet and outlet temperatures in the MNR core are
approximately 30 �C and 35.5 �C, respectively. As shown in Fig. 4,
the inlet and outlet biases are 0.45 �C and 0.48 �C, respectively.
These biases seem low; however, deviations can arise from the
actual reading depending on the temperature difference and flow
rate, as shown in Equation (3). In the MNR core, the temperature
difference between the inlet and outlet is approximately 5.5 �C;
therefore, the reactor power bias can be estimated within
approximately 8 %.

Here, we combine the uncertainties from the GT and RTD in-
struments with the uncertainty reported in Ref. [4] and apply the
final combined uncertainty as described in Ref. [21] using Equation
(4). The final combined uncertainty was obtained at approximately
17 % with two standard deviations. We assumed that the un-
certainties of these instruments have a coverage factor of 2. This
assumption seems conservative as the instruments both have type-
B uncertainties.

u2c ðyÞ¼
Xn

i¼1

u2i ðyÞ (4)

4.2. GH measurement and verification of Serpent-2 code
calculations

The GH results and statistics-related uncertainties demon-
strated in the previous section are considered for all measured GH
values here. In Fig. 5, four axial GH profiles from four different
irradiation sites are displayed based on the GT and Serpent-2 cal-
culations. As expected, among the considered irradiation sites, the
beryllium assembly (2A) shows the highest GH due to the fuel as-
semblies surrounding the GT. Meanwhile, the GH values of the
graphite assembly (8F) have the lowest GH values due to the lower
surrounding assemblies’ power and absence of any nearby fuel
assembly, as shown by the core grid in Fig. 3.

Fig. 5 shows the axial GH for four sites in theMNR core. Here, the
four lines for each site represent (i) the calculated prompt GH, (ii)
the calculated delay GH, (iii) the calculated total GH
(prompt þ delay), and (iv) the measured GH by the GT.

For all lines (measured and calculated total GH), the maximum
Fig. 4. RTD tolerance vs. environmental temperature.



Fig. 5. GH measurement and calculation for four axial irradiation sites with a core power of 3 MWth.
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GH value is located at 25e30 cm of the core height. This level is
slightly lower than the core center (30 cm), owing to the insertion
of control rods from the core top, where the rods were inserted
approximately 20 % (6 cm). In addition, in all cases, the measured
and calculated GH values are within the uncertainty defined in this
paper, except for the highest points in the three graphite assem-
blies. The notable decrease seen in the upper region of all assem-
blies is expected due to the CRs worth in Serpent-2 which is slightly
higher (9 mk) than themeasuredMNR CRs worth values. This trend
can be confirmed by the GH values in the all irradiation sites, where
the upper region showed GH values with more gradual decrease.

Additionally, Fig. 5 shows the calculated delay GH that occurs
during the reactor operation. The delay GH contribution to the total
GH for all values is 19%e22 %. It is expected that this value is lower
than the actual delay GH inside the core owing to limitations in
calculating the delay GH emitted from the reactor core structure.
The delay GH calculation shown in Fig. 5 considers the dominant
delay GH in the core, such as the decay GH from fission fragments
and the aluminum structure of the fuel assembly. Notably, the delay
GH from the fuel assembly structure contributes a significant
34
portion of the delay GH due to the short half-life of Al-28 when
neutrons interact with Al-27, Al27 (n,g)Al-28. The half-life of Al-28
is approximately 2.3 min, with a gamma energy of 1.78 MeV. This
trend supports previous evidence regarding the lower delay GH
expected in this work, due to the core structure, which predomi-
nantly consists of aluminum.

Overall, comparable GH profiles were observed for the four
selected sites between the Serpent-2 and measurement results.
One limitation in this work is the implementation of the 3D FA
calculation, whereas previous calculations were performed via a 3D
FAwith no consideration of CRs in the core. However, to implement
exact modeling, we must consider the effect of the control rod
insertion on all FAs, not only on the CFAs. Consequently, another
contribution to differences between the measured and calculated
GH values arises from this limitation.

The four axial GH values, obtained for 36 regions, are considered
to be sufficiently strong to cause damage to some irradiation ma-
terials. These values should be considered among the conditions for
future irradiation samples.
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5. Conclusion

Measured and calculated GH values for four irradiation sites in
the MNR core were obtained and compared. The uncertainties of
the instruments were included in this work to capture all variables
that may cause the GH to shift from its true value. Among 36
calculated GH values, 33 are in good agreement with the measured
GH and within the quantified uncertainty. The other three GH
values were seen out of the combined uncertainty. It is expected
that the CR value causes a higher GH uncertainty/deviation in the
upper region, causing these GH values to drift slightly beyond the
range of uncertainty. The contribution of the delay GH to the total
GH was found to be 19%e22 % of the total GH.

Future research could expand delay GH calculations to account
for the MNR core structure. In addition, further investigation is
recommended to verify the types of conclusions that can be drawn
from this study in examining the thermal behavior of target ma-
terials under the GH values presented in this work.
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