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Abstract

Nuclear heating plays an important aspect in design and deployment of both fission and fusion reactors and experimental
devices in terms of cooling requirements. Two experimental campaigns in the framework of a collaboration project between
the French Atomic and Alternative Energy Commission (CEA) and JoZef Stefan Institute (JSI), Slovenia, have been performed
at the JSI TRIGA reactor for the experimental assessment of nuclear heating in fission and fusion-relevant materials by the
differential calorimetry technique, based on the CALMOS and CARMEN differential calorimeters, previously developed at
CEA. The results of the first campaign performed at reactor powers between 100 and 250 kW have already been reported,
highlighting some measurement difficulties. Therefore, the second campaign was performed at a lower reactor power of
30 kW to overcome these issues. Moreover, a computational analysis of the experiments was performed using the JSIR2S
code package to calculate the nuclear heating levels. Both experiments and their reproduction by simulations are described
in detail. We present a comparison of the previously reported measured nuclear heating values of the first campaign with the
computational results, with consistent underestimation by simulations by 8-35%. We report the experimental and compu-
tational results for the second experimental campaign performed at a reactor power of 30 kW. The simulated heating values
were in agreement with the measurements within the measured heating uncertainty, with simulated heating 2.7-11.3% lower
than the experimental values.
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1 Introduction

. i When ionizing radiation passes through matter, it transfers
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trically neutral particles such as high-energy photons and
neutrons interact via electro-magnetic and nuclear reactions
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at which the cooling power requirements scale by a factor
100 to 1000 times the heat removal rate owing to the Car-
not efficiency of 1.4% and common helium cooling plant
efficiencies of between 20% to 35% [2-5]. The heating rate
of such devices can range from a few mWg ™! in low power
devices [6] to several Wg~! in high power fission [7] and
fusion reactors [8] directly due to incident radiation and acti-
vation products [9-11], which must be evacuated for stable
and safe operation.

When considering neutron and gamma radiation energy
deposition, their mechanisms are quite different. Neutrons
deposit most of their energy via scattering, which is most
effective with light materials. On the other hand, the energy
deposition for gamma rays is proportional to some power of
the atomic number Z. This implies that gamma radiation is
more effective for energy deposition in structural materials
commonly used in various nuclear devices than neutrons.

Various particle transport methods are used to quantify
the nuclear heating rate and use an effective heating cross
section %, .,,, which is derived from basic nuclear data dur-
ing the processing stage and is subject to user-specified
parameters. The validation of computational schemes is per-
formed by faithfully modeling and reproducing high-quality
experiments.

In this study, we present the results of two experimental
campaigns performed at the JSI TRIGA reactor on nuclear
heating measurements in various fission and fusion-relevant
materials, and compare them to the calculated heating values
using the JSIR2S code [12] by accurate modeling. The heat-
ing rates of aluminum, Eurofer97 and tungsten were meas-
ured using differential calorimeters based on the CALMOS
[13] and CARMEN [14] differential calorimeter designs
developed by CEA for the OSIRIS material testing reactor
(MTR). The calorimeter design was adapted to lower heat-
ing rates and spatial constraints specific to the JSI TRIGA
reactor.

In the initial stages of the design, the neutron and gamma
heating rate calculations were performed using the MCNP
particle transport code [15] in various materials, without
considering the self-shielding effect, to assess the expected
heating values. Each material sample has unique self-shield-
ing properties and the analysis progressed by including the
self-shielding effects by imposing a maximum radiation
field attenuation limit of 5%, governing the sample’s size.
Each calorimeter was equipped with a four-lead constantan
wire heating element, wound inside the alumina pearl and
embedded in the calorimeter pedestal, close to the mate-
rial sample, allowing for the simulation of nuclear heating
via electric current injection. The heat transfer was modeled
using COMSOL Multiphysics [16] to establish the expected
increases in the calorimeter cold and hot spot temperature
differences and their time constants with the final design
changes [17]. A series of calorimeters with different material
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samples were constructed, with each undergoing a rigorous
calibration procedure, where heating was performed using
the embedded electrical heater.

Two experimental campaigns were carried out at the
JSI TRIGA reactor [18], the initial one in 2021 at reactor
power levels of 100 kW and 250 kW, respectively, with find-
ings reported in [6], where deviations from the expected
responses were observed, attributed to nonlinear calorimeter
calibration responses. In 2022, a second experimental cam-
paign was conducted at a lower reactor power level of 30 kW
to minimize nonlinear calibration effects.

Both campaigns were reproduced by detailed simulations
using the JSIR2S code [12], which couples a modified ver-
sion of the MCNP 6.1 code [15] with the FISPACT-II inven-
tory code [19] to determine the delayed gamma contribution.

In this paper, both experimental campaigns are briefly
described, followed by a description of the modeling steps.
The paper concludes with a comparison of the calculated
results with the measurements and a proposal for future
improvements and developments.

2 Experiments

Experiments were performed using a custom-designed dif-
ferential calorimeter at the JSI TRIGA reactor, both of which
are described in this section, along with the specifics of indi-
vidual experimental campaigns.

2.1 Calorimeter

A differential calorimeter sensor for nuclear heating meas-
urements at levels expected in the JSI TRIGA reactor was
developed, adapted from the previous CALMOS [13] and
CARMEN [14] designs, which were previously used in the
OSIRIS reactor. The design is based on a material sample,
connected via a thin neck to a heatsink. Thermocouple tem-
perature sensors were placed at each end of the neck. The
original designs incorporated cells in a single capsule to
form a differential calorimeter: one with a material sample
and one serving as a reference. However, the design was
updated to a single cell owing to size constraints, with a
separate reference sensor with no material sample. Both
the reference calorimeter cell and calorimeter cells with the
sample material were irradiated at exactly the same posi-
tion in the central irradiation channel, constrained by the
central irradiation channel walls and a bespoke calorimeter
cell spacer at the bottom (Sect. 3). During the calorimeter
cell replacement, the reactor was shut down and restarted in
exactly the same position. Owing to the small sample vol-
ume and selection of sample material, no reactivity effects
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were observed during the calorimeter cell exchange from the
reference to the material sample cell.

Nuclear heating was assessed in materials, commonly
used in fission and fusion reactors, such as aluminum, graph-
ite, Eurofer97 steel, tungsten and Nb;Sn superconductors.
As with the previous calorimeter sensor types, the samples
were in the form of a hollow cylinder; however, the contact
between the material sample and the sensor body was on
the inner cylindrical surface of the sample, which allowed
for a single calorimeter design accommodating different
thicknesses of material samples, as shown in Table 1. The
initial assessment of the expected nuclear heating values was
performed by calculating both neutron and gamma energy
depositions without explicitly modeling the sample mate-
rial. This was done using the calculated incident neutron
and gamma flux, spectrum, and neutron and gamma heat-
ing cross sections, neglecting the self-shielding and self-
attenuation effects (gamma field depression in the sample
thickness) [20]. As expected, the gamma component of the
total heating was an order of magnitude greater than the
neutron component. Additional calculations were performed
to quantify the self-attenuation in the material samples, i.e.,
to determine the maximal sample outer diameter, which does
not significantly perturb or attenuate the incident radiation
field and change its underlying heating effect. The attenua-
tion limit was set at 5%, as a compromise between incident
field perturbation and energy deposition. In addition to the
aforementioned constraints in terms of size, expected heat-
ing rate and perturbation, one of the requirements was to
include an electrical heating element for calorimeter cali-
bration. The heating element consisted of a constantan wire
wound inside an alumina pearl, which acted as an electric
insulator and supported the wire. The wire has four electri-
cal connections for the precise measurement of the injected
power via separate voltage and current intensity, indepen-
dently of the wire resistance variation. In addition to the cali-
bration process, an electrical heater is also necessary for the
inference of nuclear heating using the zero method, which is
mentioned below. The structural material of the sensor was
stainless steel, which has lower thermal conductivity than
aluminum. This, combined with the high sensor sensitivity
due to the reduced diameter of the pedestal, resulted in a
significant temperature stabilization time of approximately
40 min. After establishing the expected heating values,
sample material sizes and other requirements, a calorimeter
sensor design was modeled, and the expected temperature
profiles and stabilization times were calculated using the
COMSOL Multiphysics package [16] to obtain the final sen-
sor design. The results of these analyses are reported in Ref.
[17], and the final calorimeter sensor design is shown in
Figs. 1 and 2. The manufacturing of the Nb;Sn superconduc-
tor sample was unfortunately not successful because of the
unfavorable mechanical properties of the Nb;Sn material;

R, 24 .1
Sample : 7 -
Sample holder | &
Inside heater
<\\h_:_____ A

Fig.1 (Color online) Schematic view of the calorimeter head with
heater and the material sample

Table 1 Radii R, and the corresponding sample thicknesses for differ-
ent materials

Sample material Sample thickness (mm) Radius
R,
(mm)
Aluminum 2.0 4.4
Eurofer97 1.1 3.5
Tungsten 0.1 2.5

hence, heating rate measurements with this material were
not performed.

Upon manufacturing, the calorimeters were calibrated
in a test water tank facility, as shown in Fig. 3, where
temperature differences corresponding to injected electri-
cal power were determined, representing the basis for the
measurements in the JSI TRIGA reactor by covering the
entire expected heating range at different reactor power
levels. This procedure yielded two sets of calibration coef-
ficients relating the temperature difference between the
hot and cold temperature measurement points: linear, i.e.,
first-order dependence of the temperature difference to the
injected electrical power, valid up to 0.1 W of injected
power, and nonlinear, 3rd-order polynomial coefficients,
covering the range of OW to 0.5W. Such higher-order
dependence is commonly used in calorimetry techniques
[21-25]. In this particular case, it stems from the fact that
the specific heat capacity depends on the temperature,
radiative losses and changes in thermal contact because
the sample material is press-fit to the sample holder.
Hence, a 3rd-order polynomial fit was used.
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Fig.2 Detailed drawing of the calorimeter sensor used during the
experiments. Hot and cold thermocouples are used to measure the
temperature difference
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Fig.3 (Color online) Calibration water tank with associated measure-
ment and heating equipment

Two different techniques were used to measure nuclear
heating.

e AAT technique: The temperature difference AT,
between the hot and cold thermocouple is measured in
order to determine the heating contribution of the entire
sensor equipped with the material sample. Another tem-
perature difference measurement AT, was performed
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in the same radiation field using a calorimeter without
the sample material (the reference) to determine the
heating rate of the calorimeter structure only. The differ-
ence AAT = AT, ,, — AT, is then used to determine the
nuclear heating in the actual sample on the basis of the
calibration data.

e Zero method: The temperature difference AT, is meas-
ured in the calorimeter with the sample material. The
reference calorimeter without the sample material is
positioned inside the same radiation field, and electri-
cal power is applied to the heater, until AT, ,, = AT,
is satisfied, at which point the injected electrical power
corresponds to nuclear heating in the sample.

It can be observed that the underlying assumption is that
both the calorimeter with the sample material and the refer-
ence calorimeter are exposed to the same radiation field.
This means that the measurement should be performed in the
same position and under the same experimental conditions,
that is, the same core configuration, control rod position and
duration of the power excursion. The measurements were
conducted in an aluminum irradiation channel located at the
central (A1) position of the JSI TRIGA reactor core. The
channel had custom holes that allowed the ingress of cooling
water into the channel, serving as a calorimeter heatsink. An
aluminum spacer with a length of 221 mm was manufactured
and inserted in the irradiation channel to achieve consistent
centering of the sample material at the core mid plane. For
consistent positioning in the horizontal plane, the calorim-
eter sensors were equipped with fins, which centered the sen-
sor inside the irradiation channel and served as an effective
heat spreader, maintaining the calorimeter pedestal base at
the temperature of the surrounding cooling water.

2.2 JSITRIGA reactor

The JSI TRIGA reactor is a pool-type reactor with a
maximum steady state thermal power of 250 kW. The
reactor core is submerged approximately 490 cm below
the water surface, as shown in Figs. 4 and 5. It consists
of 91 positions in an annular configuration arranged in 6
concentric rings. 4 positions are taken by the control rods,
and the rest can be either empty, filled with fuel elements
or irradiation positions, which can be dry or filled with
water [18]. Two irradiation positions—triangular chan-
nels—occupy three fuel element positions. The in-core
irradiation channels are shown schematically in Fig. 6.
The core is surrounded by a graphite reflector, which
houses a rotary carousel irradiation facility with 40 posi-
tions. Aside from the in-core irradiation positions, there
are several larger horizontal ports: tangential, radial beam
and radial piercing ports, and 2 two larger ex-core irra-
diation facilities: the thermalizing and thermal columns.
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Fig.4 (Color online) Top view of the JSI TRIGA reactor with ther-
mal and thermalizing column, and the horizontal irradiation ports
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Fig.5 (Color online) Side view of the JSI TRIGA reactor, showing
the core inside the reactor tank, as well as larger thermal and thermal-
izing column facilities

The fuel elements are schematically displayed in Fig. 6,
consist of a central Zr rod, a homogeneous mixture of
fuel and moderator in the U-ZrH form, with graphite
reflectors on top and bottom and clad in stainless steel.
The reactor core and internal structures around the core
are shown schematically in Fig. 7. Two similar reactor
core loading patterns were used for the two experiments,
as shown in Fig. 8. In both cases, the calorimeter was
inserted into the Al—central position inside a wet thin-
wall irradiation channel (Fig. 6), which has holes on the
side, allowing for the exchange of water. Both triangular
channels were inserted during the experiments.
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Fig.6 (Color online) TRIGA in-core irradiation channels and fuel
element

2.3 Experimental campaigns

Design basis calculations and calibration procedures were
performed for full reactor power operation. This is why the
first experimental campaign was performed in July 2021 at
reactor power of 100 kW to 250 kW, respectively. During
the preliminary measurements of the campaign, the read-
ings from the calorimeter sensor equipped with the graph-
ite sample were erratic and unreliable and were not further
evaluated.

The reactor power level and control rod positions for 1st
and 2nd experimental campaigns are reported in Tables 2
and 3, respectively. The detailed time-dependent control
rod positions and reactor power plots for each calorimeter
irradiation are displayed in Fig. S1 and Fig. S2 of the Sup-
plementary Material for the 1st and 2nd experimental cam-
paigns, respectively. The measured temperature time series
for the 1st campaign are also provided. The methodology
for obtaining the nuclear heating results differed slightly
between the two experimental campaigns. The calibration
data showed a linear dependence of the temperature differ-
ence for low applied heating power up to approximately 0.1
W and a nonlinear regime for higher applied heating power.
During the 1st campaign, the measured heating rates were
in the nonlinear regime; therefore, the heating rate results
were inferred from higher-order calibration curves fitted to
the calibration data, as well as the current injection, i.e., the
zero method. The results obtained using the linear calibra-
tion curve differed significantly from those obtained using
the other two methods and were therefore not considered,

@ Springer
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Fig.7 (Color online) Reactor
core and internal structures
around the core
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as discussed in Ref. [6]. This was addressed during the 2nd
campaign, where irradiations were performed at a lower
reactor power of 30 kW to remain in the linear regime with

July 2021 campaign
Core configuration no. 245

- 15)"‘5/;:17

”3@\5@(\\514{?

Tnc“L/DQ@/j/jE)‘eU \
@@(\ T

C/m
(/ \D@

D1\

(0 20% LEU fuel element
© Empty position

@ Neutron source

© Water filled irr. position
(© Dry irradiation position

March 2022 campaign
Core configuration no. 247

es cs —(co)
@ N BS\\ B5) 2, 01
E7)

52\

Control rods
(© Compensating
@ safety
(O Regulating

O Pulse

Fig.8 (Color online) Reactor core configuration during the 1st (left)
and 2nd (right) experimental campaign
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lower heating rates. The heating values obtained during the
Ist campaign are displayed in Table 4, while the results
obtained during the 2nd campaign are presented in Table 5
The measured nuclear heating uncertainties were calculated
based on the evaluated uncertainty of the reactor power [26]
and as a 1o standard deviation of nuclear heating evaluations
using both the Zero and AAT methods in combination with
linear and higher-order calibration curves.

3 Computational modeling

Nuclear heating was modeled using the Monte Carlo par-
ticle transport code MCNP [15], for the transport of both
prompt and delayed particles, including neutron and photon
transport. Electron transport was modeled only inside the
sample material, calorimeter body and irradiation chan-
nel, to reduce the computational time but still calculate the
energy deposition rate without the kerma approximation.
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Table2 Reactor p owgr and Sample mate- Reactor Control rod

control rod gonﬁgurat.lons for rial power (kW) ' . -

nuclear heating experiments Safety Regulating Compensating Transient

during the 1st experimental

campaign % out pos. % out pos. % out pos. % out pos.
Aluminum 100 100 200 577 484 571 500 100 0
Aluminum 250 100 200 659 470  66.5 434 100 0
Eurofer97 100 100 200 548 506  57.1 500 100 0
Eurofer97 250 100 200 63.0 447 657 441 100 0
Tungsten 100 100 200 57.0 490  57.1 500 100 0
Tungsten 250 100 200 644 437  66.3 436 100 0

% out and pos. denote the percentage of control rod withdrawn and the rod position as given by the reactor

instrumentation, respectively

Table 3 Reactor control rod

. Control rod
configurations for nuclear

Sample material

heating experiments during the Safety Regulating Compensating Transient

2nd experimental campaign at

reactor power of 30 kW % out pos. % out pos. % out pos. % out pos.
Aluminum 100 200 55.2 503 57.1 500 100 0
Eurofer97 100 200 53.1 518 54.6 518 100 0
Tungsten 100 200 52.7 521 54.6 518 100 0

Table 4 Nuclear heating measurements and their 1o uncertainties of
the 1st campaign at different reactor power levels

Material Reactor Heating (mW/g)  Heating per reactor
power (kW) power (mW/g kW)
Aluminum 100 53.8+8.4 0.538 + 0.084
Aluminum 250 131.0 +20.0 0.524 + 0.080
Eurofer97 100 528+ 1.1 0.528 + 0.011
Eurofer97 250 129.0 +2.8 0.516 +0.112
Tungsten 100 112.6 +3.2 1.126 +0.032
Tungsten 250 275.0 + 8.4 1.100 + 0.034

Table 5 Nuclear heating measurement and their 1o uncertainties of
the 2nd campaign at reactor power of 30 kW

Material Heating (mW/g) Heating per reactor
power (mW/g kW)
Aluminum 13.1+33 0.437 +0.11
Eurofer97 15.1+0.6 0.503 + 0.02
Tungsten 352+4.0 1.173 £0.13

The ENDF/B-VIIIL.O [27] nuclear data libraries [27] were
used throughout the modeling.

A detailed MCNP model of the JSI TRIGA reactor was
used based on the criticality benchmark model [28]. The
model was expanded by introducing irradiation channels and
verified control rod positions [29] as well as new triangular

Fig.9 (Color online) Mesh outer boundaries superimposed over
MCNP model of reactor core and the calorimeter with Eurofer97
sample from the 2nd experimental campaign. 25 X 25 voxels in X-Y
direction, and 50 voxels in Z direction

irradiation channels [30]. Fresh fuel was used. The reac-
tor model core configuration and control rod positions were
modified to reflect the configurations used during the experi-
ments. A 3D ray-traced image of the JSI TRIGA MCNP
model used in the 2nd campaign is displayed in Fig. 9.

The calorimeters, including the material samples within,
as well as the supporting structures, such as the bottom

@ Springer
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spacer, connecting cables and coupler for calorimeter inser-
tion and withdrawal, were modeled in great detail. A 3D
ray-traced image of the calorimeter and supporting struc-
tures inserted inside the wet thin-wall irradiation channel is
displayed in Figs. 10 and 11.

Two separate simulation steps were performed to model
the heating from both prompt and the delayed gamma rays,
the latter owing to the decay of fission and activation prod-
ucts. In the first step, calculations were performed in the
criticality mode, and the heating due to prompt radiation
was calculated inside the sample over a cylindrical mesh
corresponding to the sample dimensions. The energy depo-
sition was calculated separately for neutrons, gamma rays
in the kerma approximation, and electrons, as well as the
total energy deposition using the TMESH functionality of
the MCNP code. The effective multiplication factor k 4 and
number of neutrons per fission ¥ were also obtained for each
individual simulation for power normalization using the for-
mulation described in [31]. The reactor power, as measured

Thermocouple

~

Heater leads
| —meater leads

Top cap
) Centering fins

Irr. channel walls
L. Channe’ wals -

Pedestal sample
holder,
constantan wire
heater inside
alumina pearl

Pedestal neck
pece S SllSCKE

Pedestal base

Calorimeter

spacer

Fig. 10 (Color online) Ray-traced calorimeter MCNP model, side-
views
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Fig. 11 (Color online) Close-up of the ray-traced calorimeter model:
the pedestal and accompanying components

by the reactor instrumentation [26], was used to normalize
the heating level inside the sample at the readout time.

For the simulation and transport of the delayed radiation
owing to the decay of fission and activation products, the JSIR2S
code was used. The code utilizes the cell-under-voxel approach,
where a mesh is superimposed over the model geometry, and
each part of the geometry is divided into individual mesh pieces.
A 2cm X 2cm X 2cm mesh was superimposed, spanning
the entire reactor core, control rods and partially encompass-
ing the graphite reflector as shown in Fig. 9. To calculate the
volume-averaged fluxes in each cell-under-voxel, volume cal-
culations in the resulting irregular shapes must be performed
using the Monte Carlo method, with the target 1o accuracy set
to1 x 103 cm?, primarily because of the small size of the calo-
rimeter and its components.

Once the volumes were calculated, another neutron transport
simulation was performed in the criticality mode, and the neu-
tron flux was tallied in each of the above mentioned cells-under-
voxel in the CCFE-709 energy group structure [32], which was
used for subsequent depletion calculations on a per cell-under-
voxel basis. The time-dependent total fluxes were modeled in
steps closely following the reactor power readout during the
experiments: A change in power step was modeled if the reac-
tor power recorded by the instrumentation differed from the last
change by more than 0.5%, resulting in several hundred steps, as
displayed in Fig. 12. Changes in k. and ¥ due to different control
rod positions and the effects of the sample were also considered
for the normalization of neutron fluxes. This data, along with the
material composition of each cell, were used for the depletion
calculations using the FISPACT-II code and ENDF/B-VIII.O
nuclear data libraries. Nuclide vectors were calculated at the
time of heating measurements during the experiment and were
used to construct a custom secondary particle source descrip-
tion, which was used for delayed particle transport calculations
and determination of nuclear heating using the same approach
as for prompt heating calculations.
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Fig. 12 Recorded and modeled reactor power during the 1lst cam-
paign’s Eurofer97 sample irradiation

Because the material calorimeter samples were of rela-
tively small size, a comparison of the energy deposition due
to incident gamma rays was made under the assumption of
charged particle equilibrium (in the kerma approximation)
and by the transport and energy deposition of secondary
charged particles.

The nuclear heating results owing to delayed radiation were
then combined with the results for prompt radiation, scaled to
the reactor instrumentation power readout at the measurement
times, to obtain the total heating rates. The 1 ¢ statistical uncer-
tainty of the Monte Carlo particle transport tallies was consid-
ered for the uncertainty estimate. Further effects, such as the
accuracy of reactor power modeling, geometrical model inac-
curacies, uncertainties in material definitions and nuclear data,
were not considered in this study.

4 Comparison of modeled and measured
nuclear heating

In this section, we compare the prompt and delayed heat-
ing values obtained from computational modeling with the
experimental values.

The heating values obtained by the computations were fur-
ther divided into individual contributions: prompt neutrons and
prompt gamma, as well as the contribution of gamma rays due
to the decay of fission and activation products. The nuclear
heating values obtained experimentally and by computational
modeling and their comparison are graphically presented in
Figs. 13 and 14 for the 1st and the 2nd campaign, respectively,
with numerical values given in Tables S1 and S3 of the Supple-
mentary Materials. The fractions of individual contributions are
also reported in Table S2 and S4, respectively. The differences in
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Fig. 13 (Color online) Comparison of measured and calculated
nuclear heating values for the lst campaign, performed at reactor
power of 100 kW and 250 kW. Values on top of the individual bars
represent the total nuclear heating, with black error bars denoting the
1o uncertainty. Purple dots and error bars denote the C/E — 1 values
and their uncertainties

the modeling frameworks between kerma and dose approxima-
tion are presented in Tables S5 and S6, respectively.

The difference between the simulated and measured nuclear
heating is significantly higher for the 1st experimental campaign,
where nonlinear calorimeter calibration factors were used to esti-
mate the measured nuclear heating values. The C/E — 1 values
range between — 35% to — 28% for aluminum with uncertainty
6%, between — 11% to — 8% for Eurofer97 with 0.4% uncertainty
and between — 22% to — 18% with 1% uncertainty for tungsten.
The discrepancies appear to be much smaller for the second
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Fig. 14 (Color online) Comparison of measured and calculated
nuclear heating values for the 2nd campaign, performed at reactor
power of 30 kW. Values on top of the individual bars represent the
total nuclear heating, with black error bars denoting the 1o uncer-
tainty. Purple dots and error bars denote the C/E — 1 values and their
uncertainties
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campaign, where special care was taken to irradiate the calorim-
eter at a sufficiently low power of 30 kW so that the calorimeter
response remained in the linear regime. The C/E — 1 values
here are greatly reduced, being —11.5% with a 3% uncertainty
for aluminum, 2.5% with a 0.15% uncertainty for Eurofer 97 and
—7.8% with a 1% uncertainty for tungsten.

It is interesting to note that the discrepancy between sim-
ulations and measured heating values appears to be system-
atic, and could be attributed to several reasons:

e ENDF/B-VIIL.O nuclear data libraries used in our simula-
tions only include data only for 557 of more than 3000 in
total. Moreover, not all of the nuclear data, i.e., reaction
cross sections and decay constants have uncertainty data
associated with them.

e Model inaccuracies in terms of geometry, material com-
position and the accuracy of replicating the reactor power
in time.

The computational analysis of the above mentioned uncer-
tainties can be performed by random sampling of both
nuclear data within their uncertainties [33], as well as sam-
pling the material composition and model geometry within
their uncertainties, known as the total Monte Carlo method.
However, such an analysis would be very computationally
expensive and beyond the scope of this study.

It can also be noted that although the comparison between
the measurements and simulations appears to be within their
1o uncertainties for the most part, the calculated nuclear
heating values are systematically below the measurements,
which was not the case in previous analyses of nuclear heat-
ing and gamma dose rates in the JST TRIGA reactor [12, 34].

5 Conclusion

We present nuclear heating experiments performed using
custom built calorimeter devices, where nuclear heating was
measured in aluminum, Eurofer97 and tungsten samples.
Two experimental campaigns were performed: the initial one
at reactor powers of 100 kW and 250 kW, where the calo-
rimeter responses were determined to be out of the scope of
linearity. The second experimental campaign was performed
at a much lower reactor power of 30 kW, where the calorim-
eter response was evaluated to be linear.

Both experimental campaigns were reproduced in great
detail, both in terms of model geometry and time-dependent
power following. The prompt neutron and gamma radiation
were modeled using the MCNP particle transport code,
whereas the delayed radiation term was modeled using the
JSIR2S code, which coupled the FISPACT-II radioactive
inventory calculation code with MCNP.

@ Springer

The agreement between calculated and measured heating
values is given, where discrepancies between simulations and
measurements for the 1st campaign range between — 12% to
— 8% for Eurofer97 and — 21% to — 18% for tungsten, while
differences of — 35% to — 28% are observed for aluminum. It is
interesting to note that the C/E — 1discrepancy did not increase
with an increase in reactor power for Eurofer97 and tungsten,
which is the case for aluminum, where the effect of the nonlinear
response was the most significant.

For the 2nd campaign, performed at a reduced reactor power,
the discrepancies were much lower, below 12% for aluminum
and within 3% for Eurofer97 and tungsten. The calculated heat-
ing is in good agreement with the measured heating values
within the uncertainty range of the measured values.

Further analysis using the total Monte Carlo method was
proposed to identify the source of the systematic discrepan-
cies between the measured and simulated heating values and
to identify sensitivity profiles for perturbations of individual
simulation parameters.
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tary material available at https://doi.org/10.1007/s41365-025-01877-z.
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