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This paper presents a comparative analysis when transitioning from fuel meat based on uranium zirco-
nium hydride (U-ZrH1:65) to one based on thorium-uranium-233 zirconium hydride (ðTh�233UÞ-ZrH1:65)
as an alternative option for TRIGA reactors. The aim of this study was to investigate the neutronic char-
acteristics of (Th�233UÞ-ZrH1:65 fuels with two different Th-233U weight contents (i.e., 8.5 wt% and 12 wt%)
and various U-233 enrichment levels. Using MCNP6.2 computer code based on the Monte Carlo method, a
three-dimensional (3D) hypothetical TRIGA model was developed to investigate various neutronic
parameters, such as the effects of U-233 enrichment and different (Th�233UÞ weight contents on the
effective multiplication factor, burnup behavior, spent fuel composition, neutron flux, and fission product
poison concentration. Since fuel temperature coefficients of reactivity and effective delayed neutron frac-
tions play important roles in the reactor’s kinetics, these were also investigated, and the results were
compared to the model with U-ZrH1:65 fuel. The obtained results revealed that the presence of Th-232
in the fuels did not drastically reduce the fuel temperature coefficients due to the zirconium hydride
within the fuels providing most of the feedback in a TRIGA reactor. In contrast, the presence of U-233
in the (Th�233UÞ-ZrH1:65 fuels did reduce the effective delayed neutron fraction. Despite this, the lower
transuranic generation in cores fueled by ðTh�233UÞ-ZrH1:65 make this fuel advantageous in terms of
achieving longer cycle lengths and less-hazardous nuclear waste for disposal.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Research reactors like TRIGA (Training, Research and Isotopes
production, General Atomic) reactors have a wide range of applica-
tions, such as neutron activation analysis, education, laboratory
radioisotope production, and neutron beam implementation
(Amsil et al., 2021; Vignolo et al., 2014). They are also useful for
training in terms of acquiring practical experience and becoming
familiar with the key parameters of reactor physics. These poten-
tial applications make them attractive to countries interested in
researching nuclear technology. Currently, most TRIGA reactors
use the standard TRIGA fuel manufactured by General Atomic
(GA) by homogeneously mixing zirconium hydride with U-235-
enriched fuel (8.5 wt%, 12 wt%, etc.). This fuel is primarily respon-
sible for the high degree of inherent safety that is associated with
TRIGA reactors (IAEA, 2016; Matsumoto, 1998; Huda, 2006; Borio
di Tigliole et al., 2010). After the Fukushima accident, however,
the Company for the Study of Atomic Fuel Creation France (CERCA),
which is charged with providing fuel elements, suspended fuel
production in order to implement safety improvements that were
demanded by the French Nuclear Safety Authority and the Euro-
pean Commission. Consequently, many TRIGA reactors around
the world are now experiencing fuel shortages (Böck et al., 2016;
Office of Nuclear Energy, 2017).

Research into new fuel mixtures, such as thorium-based fuels,
has been widely conducted recently to enhance the safety and sus-
tainability of nuclear energy. Thorium and thorium-based fuels
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enjoy many advantages, such as natural abundance, low-
radiotoxicity waste, chemical inertness, a low thermal expansion
coefficient, proliferation resistance, and so on. Natural thorium,
mostly in the form of the Th-232 isotope (fertile), is three to four
times more abundant than uranium. Furthermore, Th-232 has a
greater capture cross-section for thermal neutrons than U-238, so
it has a higher conversion ratio when converted to U-233, com-
pared with when U-238 is converted to Pu-239. Another major
advantage of using thorium is that the spent fuel is unsuitable
for the development of weapons due to the limited production of
plutonium isotopes in burned thorium-based fuels (Mirvakili
et al., 2015). What is more, U-233 is advantageous as a fissile
nucleus in a thermal reactor for several reasons. For example, it
has the lowest a value (the capture-to-fission ratio) of the various
fissile nuclides, and this is responsible for the highest thermal
value of g (Bourquin, 2016) (Table 1). Consequently, Th-233U fuel
may represent a feasible alternative option for use in nuclear reac-
tors (Adams et al., 2020; IAEA, 2006; Nuclear Energy Agency, 2015;
Kabach et al., 2020).

To integrate the thorium fuel cycle into research reactors, new
core designs are needed, because fuel core configurations must
be optimized to meet future needs. Furthermore, before integrat-
ing new fuels into reactors, several preparatory activities must be
performed, such as conceptual studies, neutronic and physical
studies, and feasibility studies. Hence, this paper aims to investi-
gate, from a neutronic point of view, the possibility of improving
the performance of a hypothetical TRIGA core by using

ðTh�233UÞ-ZrH1:65 instead of the widely used U-ZrH1:65 fuel. In this

study, two different Th-233U contents for the ðTh�233UÞ-ZrH1:65 fuel
(8.5 wt% and 12 wt%) were considered for the modeled core.
Extending the operation time of the core was considered the pri-
mary measure of performance. To investigate the effect of the pro-

posed ðTh�233UÞ-ZrH1:65 fuels on the neutronic performances of the
modeled core, the following neutronic parameters were also eval-
uated: the fuel temperature coefficients of reactivity and effective
delayed neutron fractions. Burnup simulations were performed at
2 MW power using the BURN option of the MCNP code.
2. Description of the TRIGA reactor and the 3D model

The TRIGA reactor was originally designed and developed by
the GA Corporation in the 1960s to serve as a reliable reactor for
research and training. The reactor was designed to be inherently
safe with a large prompt negative temperature coefficient of reac-
tivity (IAEA, 2016; Chiesa et al., 2015; General Atomics, 2021;
Table 1
Comparison of nuclear properties for the relevant (U-233 and U-235) and fertile (Th-232

Th-232

Thermal
rcaptureðbarnsÞ 4.62
rfissionðbarnsÞ 0
a ¼ rc=rf –
gth –
Epithermal resonance –
I.R: Integral resonance in infinite dilution
RIcapture 85.6
RIfission –
a ¼ RIc=RIf –
gepi –
Neutron yield t –
Delayed neutron yield b –
Capture:
2 200 m/s value 7.6
Resonance integral 85
Neutron/fission –

2

Fouquet et al., 2003). In general, the TRIGA fuel rod is an alloy of
zirconium hydride (ZrH1.x, with x, the atomic ratio between hydro-
gen and zirconium, usually being between 1.2 and 1.8 (Simnad,
1981)) and uranium metal-enriched to 20 wt% with U-235 with
different weights (Kabach et al., 2020). Four TRIGA reactor models
have been developed over the years: the Mark I, Mark F, Mark II
(which varies slightly from the Mark I), and Mark III with its mov-
able core (IAEA, 2016).

Since the TRIGA core and rod dimensions are not standardized
and differ slightly from reactor to reactor, the basic parameters
for a typical TRIGA Mark II reactor were used in this study to build
our hypothetical TRIGA reactor model. In this model, the core of
the reactor is 21.0 cm wide and 88.4 cm deep in a water-filled tank.
It contains 126 fuel holes located across the central thimble, and
these are divided into six circular rings (B to G), where ring B is
closest to the central thimble, while ring G is located at the outer
edge of the core. The number of holes in each ring increases by
six with each increase in radius, such that the innermost ring has
six holes, while the outer ring has 36 holes. The core is surrounded
by an annular graphite reflector that has been designed to reduce
neutron leakage from the sides of the reactor. The outer side of
the reflector is surrounded by an aluminum structure (type
6061) with a thickness of 2 cm (Böck and Villa, 2005). The fuel ele-
ment has a radius of 1.82769 cm and a length of 38.1 cm, and it is
surrounded by 0.054-cm-thick stainless-steel cladding with a zir-
conium plug in the middle of the fuel rod (Table 2 and 3). In addi-
tion, the analysis was performed by filling all the holes with fuel
rods and withdrawing all the control rods. Figs. 1 and 2 provide
an overview of the model’s reactor core and fuel rods, respectively,
and convey all the important aspects of the model’s geometry.

3. Description of computational code and research method

The geometry of our TRIGA model, as shown in Figs. 1 and 2,
was modeled through the Monte Carlo method using MCNP 6.2
code (Werner, 2017). MCNP6 is a general-purpose, continuous-
energy, generalized-geometry, time-independent, depletion/bur-
nup, and coupled neutron/photon/electron transport code. In this
study, a burnup card was used in the MCNP model and enabled
in order to evaluate how long the reactor core could support sus-
tained criticality. In addition, the Tier 3 fission products (i.e., all
the fission products for which CINDER90 has fission-yield data)
was used to track the products at a realistic power of 2 MW. To
determine the effective multiplication factors (keff) for each bur-
nup step calculation, all the control rods were completely removed
and the KCODE criticality calculation was defined using 30,000
and U-238) isotopes in thermal and epithermal regions (IAEA, 2005).

U-233 U-235 U-238

364 405 1.73
332 346 0
0.096 0.171 –
2.26 2.08 –
764 – 275

882 405 278
746 272 –
0.182 0.489 –
2.1 1.63 –
2.48 2.43 –
0.0031 0.0069 –

54 100 2.7
140 144 275
2.5 2.4 –



Table 2
Fuels’ material and geometric specifications for the hypothetical TRIGA core.

Fuel meat composition U-ZrH1:65 ðTh�233UÞ-ZrH1:65

Content (wt.%) 8.5 (U-235 & U-
238)

8.5 or 12 (Th-232 & U-
233)

Diameter of zirconium rod
(cm)

0.635 0.635

Diameter of fuel meat (cm) 3.655 3.655
Length of fuel meat (cm) 38.1 38.1
Cladding material (Table 3) SS-304L SS-304L
Cladding thickness (cm) 0.054 0.054
Graphite reflector thickness

(cm)
30 30

Table 3
Atomic density for stainless steel 304L
cladding.

Atomic density (atoms.b-1.c-1)

C 0.0003021
Si 0.0001715
Cr 0.0175939
Mn 0.0017540
Fe 0.0592637
Ni 0.0075942
Co 0.0001200
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particles per cycle over 500 active cycles, with the initial 100 cycles
being skipped before tally accumulation. All the data came from
the ENDF/B-VIII.0 (Brown et al., 2018) data library and were pro-
cessed using NJOY (Macfarlane et al., 2017; Kabach et al., 2021),
and the required Sða; bÞ models were used for the moderator,
reflector, and zirconium hydride (Kabach et al., 2019).
4. Results and discussion

4.1. Parametric study: Selecting potential ðTh�233UÞ-ZrH1:65 fuel
mixtures for the TRIGA model

This preliminary phase of the investigation aimed to compare

the criticality behavior of ðTh�233UÞ-ZrH1:65 fuel with two proposed
contents (8.5 wt% and 12 wt%) and enrichments at beginning of the
cycle (BOC) that differed from that of the reference U-ZrH1:65 fuel.
Fig. 1. (a) x-y plane and (b) x-z plane cross-sectional views of the MCNP model
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The first scenario, which is depicted in Fig. 3 (a), uses

(Th�233UÞ-ZrH1:65 (8.5 wt%) fuel with U-233 enrichment increasing
from 5% to 90%. From the figure, we can see that after 10% enrich-
ment, the criticality increases quickly in line with the increasing U-
233 enrichment, and the reactor becomes critical at 11.3 % enrich-
ment, while at 15 % enrichment, keff ðTh�233UÞ�ZrH1:65

� keffU-ZrH1:65 .

The second scenario calculations were performed with a

different (Th�233UÞ content (12 wt%), and the outcome is
shown in Fig. 3 (b). In this case, at 8.6% U-233 enrichment, the
reactor becomes critical, while at 11.3% enrichment,
keff ðTh�233UÞ�ZrH1:65

� keffU-ZrH1:65 . Fig. 4 illustrates the correlated den-

sities as a function of U-233 enrichment and temperature.

q Th�233Uð Þ�ZrH1:65
¼ wTh�233U

qTh�233U

þ 1�wTh�233U

qZrH1:65

 !�1

ð1Þ

where wTh�233U is the weight fraction of Th�233U, qTh�233U is the den-

sity of the ðTh�233UÞ mixture calculated as a function of tempera-
ture, as described in (IAEA, 2008), while qZrHx

can be calculated as
follows (Simnad, 1981):

qZrHx
½g=cm3� ¼ ð0:171þ 0:0042xÞ�1forx > 1:6 ð2Þ
4.2. Time-dependent calculations and burnup

4.2.1. Reactivity behavior of the (Th�233UÞ-ZrH1:65 cores as a function
of burnup

In this section, we load the modeled reactor core with six differ-
ent fuel mixtures (core-2 to core �7) with the enrichment and
weight fractions described in Table 4. These mixtures were
selected based on the results of the previous section, beginning
with the enrichment whose excess reactivity reached the
U-ZrH1:65 value with an estimated difference smaller than 0.3%
and then increasing the enrichment by approximately 1% until
we reached mixtures with a higher discharge burnup (in days)
than that of U-ZrH1:65 (core-1 [i.e., the reference fuel]).

The effective multiplication factor (keff) values depend on both

the U-233 enrichment and heavy metal content (Th�233UÞ in the
assembly, and these are illustrated in Fig. 5. In all cases, the keff
values decrease over two stages. In the first stage, the keff values
decrease rapidly due to the buildup of fission product poisons
(i.e., Xenon-135 and Samarium-149). In the second stage, the keff
of the TRIGA core used in this study; (c) a view of the reactor core in water.



Fig. 2. Schematic of a typical TRIGA fuel rod with SS-304L cladding (dimensions are given in centimeters) (Shugart, 2013).

Fig. 3. Evolution of the effective multiplication factor depending on fuel enrichment and heavy metal weight contents ((a) 8.5 wt% and (b) 12 wt%) for the TRIGA model.
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values decrease more gradually with burnup due to the consump-
tion of fissile material. According to the burnup calculations, core-
7, core-6, and core-4 have longer cycles than the reference core-1,
primarily due to the higher reactivity values at BOC, while core-2,
core-3, and core-5 have the shortest cycles. The initial load of core-
1, however, was 4,851 g of U-235, while the initial loads of core-7,
core-6, and core-4 were 4,591 g, 4,237 g, and 4,171 g of U-233,
respectively. Figs. 6 and 7 show the mass variation of the fissile iso-
topes with burnup. The lower initial loads that are needed for the

ðTh�233UÞ-ZrH1:65 fuels, when compared to U-ZrH1:65 , are clearly
due to U-2330s lower capture-to-fission ratio (Table 1) and higher
average number of neutrons emitted per fission (m). Furthermore,
4

a fundamental benefit of the ðTh�233UÞ-ZrH1:65 fuels is the higher
reactivity that is obtained at end of life (EOL) for core-7, core-6,
and core-4.

Fig. 8 illustrates how the average number of neutrons emitted
per fission tends to vary with burnup (m). The figure indicates that

the m values in the (Th�233UÞ-ZrH1:65 cases are greater than the
value in the U-ZrH1:65 case because the m value of U-233 in the
thermal region is 2.4968 while the value of U-235 is 2.4355
(Nichols et al., 2007; Galahom et al., 2021). In the U-ZrH1:65 case,
the m value increases linearly with burnup, which is due to fissile
material formed with burnup, primarily Pu-239 and Pu-241, which
were formed from U-238 (the m values of Pu-239 and Pu-241 are



Fig. 4. Density of ðTh�233UÞ-ZrH1:65 fuel depending on U-233 enrichment in Th-233U, Th-233U content (wt.%) in ðTh�233UÞ-ZrH1:65 and fuel temperature; the alloy density can
be calculated using Eqs. (1 and 2).

Table 4
Characteristics of the fuels chosen for further investigation in this study.

Case name Description

Fuel meat type Heavy metal
content

Enrichment

Core-1
[Reference core]

U-ZrH1:65 8.5 wt%
(U-235 & U-238)

20% (U-235)

Core-2 (Th�233UÞ-ZrH1:65
8.5 wt%
(Th-232 & U-233)

15% (U-233)
Core-3 16% (U-233)
Core-4 17% (U-233)
Core-5 12 wt%

(Th-232 & U-233)
11.3% (U-233)

Core-6 12% (U-233)
Core-7 13% (U-233)
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2.8836 and 2.9479, respectively). However, in the case of

(Th�233UÞ-ZrH1:65, the smaller formation of U-235 does not con-
tribute to the change in m value.

4.2.2. Actinide inventory
A comparative analysis of the actinides produced in all of

the investigated cases was also performed. Table 5 shows the
Fig. 5. Evolution of the keff values with burnup (days) for the

5

mass of these actinides at the same burnup step (466 days),
which is approximately the stage at which the reference core
reaches a critical condition (keff = 1). Fig. 9, meanwhile,
depicts the evolution of the accumulated actinide inventories
over time.

According to the table, there was no production of plutonium

isotopes in the ðTh�233UÞ-ZrH1:65 fuels. Conversely, due to the pres-
ence of U-238 in the reference U-ZrH1:65 fuel, plutonium isotopes
were formed during the burnup process. Among these were
82.75 g of Pu-239, which is produced through the capture of a neu-
tron in U-238 and two subsequent b decays of U-239.

Neptunium isotopes, primarily Np-235 and Np-236, were pro-
duced in small quantities for both the U-ZrH1:65 and

ðTh�233UÞ-ZrH1:65 fuels. As U-233 enrichment in the

ðTh�233UÞ-ZrH1:65 fuels increases, however, the masses of Np-235
and Np-236 decrease. In the U-ZrH1:65 fuel, the mass of the Np-
237 isotope is greater, which may be attributed to the presence
of U-235 in the U-ZrH1:65 fuel. In contrast, there was no Np-237

production in the ðTh�233UÞ-ZrH1:65 fuels.
Other radionuclides, such as protactinium (Pa-233, 27-day

half-life) and U-232 (a gamma emitter), may have long-term
examined fuels. Standard deviation lower than 20 pcm.



Fig. 6. Mass degradation of U-233 and U-235 isotopes in different cases.

Fig. 7. Mass variation of the accumulated fissile isotopes with burnup.

Fig. 8. Variation in the average number of neutrons emitted per fission with
burnup.
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radiological effects in the case of ðTh�233UÞ-ZrH1:65 fuels. What is

more, as shown in Fig. 9, increasing the ðTh�233UÞ content
increases the total mass of actinide, although this is due to the aug-
mented Th-232 charge in the fuels.
6

4.2.3. Fission product poisons
Fission product poisons are nuclei with a large absorption cross-

section and a considerable ability to capture neutrons without con-
tributing to the fission process. Xenon-135 and samarium-149 are
the most significant poisons (2.7E + 06 barns and 4.2E + 06 barns,
respectively) that may affect the safety of the reactor due to their
ability to extract neutrons from the reactor and thus impact reac-
tivity (Galahom, 2017; Uguru et al., 2020). Fig. 10 illustrates how
Xe-135 and Sm-149 masses vary with burnup over all the investi-
gated cases. This reveals that the production of Xe-135 and Sm-149

during the burnup of the ðTh�233UÞ-ZrH1:65 fuels are lower and
decrease in line with decreasing U-233 enrichment, while the iso-
tope concentrations are the highest with U-ZrH1:65 fuel. This is
because when U-235 fissions, it yields significantly more fission
products that cause reactor poisoning during operation compared
to when U-233 fissions.
4.2.4. Neutron energy spectra
It is important that transitioning from U-ZrH1:65 to

ðTh�233UÞ-ZrH1:65 fuel in a TRIGA reactor does not dramatically
change the neutron energy spectrum of the core. Fig. 11 depicts
the neutron spectra for the various investigated cases at BOC and
burnup (466 days). The calculations revealed that the neutron
spectra for core-7 and the reference fuel are virtually identical,
while in the other cases, the neutron spectrum becomes even more
thermal as the Th-232 content increases (and the U-233 enrich-
ment decreases). This phenomenon may be explained by the fact
that the neutron capture cross-section of Th-232 in the thermal
and epithermal neutron spectra is approximately two and a half
times greater than that of U-238 (Kabach et al., 2020). In the cases
of high U-233 enrichment, meanwhile, the nearly equivalent neu-
tron spectra can be attributed to the fact that both U-233 and U-
235 have similar capture resonance integral values of 138 and
133, respectively (Attom et al., 2019).

Fig. 12 illustrates the variation in thermal neutron flux with
burnup for the analyzed cases. In all these cases, the neutron fluxes
increased in a similar manner. Furthermore, in the neutron spec-
trum, a specific feature indicates that the neutron flux increases
proportionally with the Th-232 content of the fuel.
4.2.5. Fuel temperature coefficients
The fuel temperature coefficient (FTC) is a critical safety param-

eter that affects a core’s reactivity, with a change in fuel tempera-
ture inducing a change in reactivity because the latter causes a



Table 5
Mass inventory of actinides for different spent fuels (burnup = 466 days).

Mass inventory [g]

Isotope Zaid Core-1 Core-2 Core-3 Core-4 Core-5 Core-6 Core-7

Th-229 90229 – 1.628E-02 1.757E-02 1.887E-02 1.802E-02 1.932E-02 2.120E-02
Th-230 90230 – 2.598E-03 2.534E-03 2.541E-03 3.342E-03 3.313E-03 3.252E-03
Th-231 90231 1.548E-08 7.827E-04 7.480E-04 7.174E-04 1.154E-03 1.111E-03 1.059E-03
Th-232 90232 4.844E-06 2.073E + 04 2.048E + 04 2.025E + 04 3.114E + 04 3.091E + 04 3.058E + 04
Th-233 90233 4.223E-12 6.889E-03 6.382E-03 5.941E-03 9.028E-03 8.436E-03 7.733E-03
Th-234 90234 3.210E-07 1.431E-15 1.281E-15 1.072E-15 1.359E-15 1.127E-15 9.132E-16
Pa-230 91230 – 3.171E-08 2.981E-08 2.797E-08 4.710E-08 4.435E-08 4.137E-08
Pa-231 91231 – 2.010E-01 1.939E-01 1.874E-01 3.016E-01 2.921E-01 2.811E-01
Pa-232 91232 3.363E-09 1.578E-04 1.423E-04 1.292E-04 2.169E-04 1.978E-04 1.759E-04
Pa-233 91233 6.565E-08 1.184E + 01 1.098E + 01 1.023E + 01 1.555E + 01 1.454E + 01 1.334E + 01
U-232 92232 – 2.061E-02 1.923E-02 1.804E-02 2.771E-02 2.588E-02 2.384E-02
U-233 92233 – 2.738E + 03 2.974E + 03 3.213E + 03 3.085E + 03 3.323E + 03 3.665E + 03
U-234 92234 2.713E-02 9.025E + 01 9.087E + 01 9.147E + 01 9.157E + 01 9.215E + 01 9.292E + 01
U-235 92235 3.715E + 03 3.343E + 00 3.181E + 00 3.038E + 00 3.160E + 00 3.021E + 00 2.846E + 00
U-236 92236 1.811E + 02 6.649E-02 5.861E-02 5.206E-02 5.653E-02 5.040E-02 4.328E-02
U-237 92237 6.725E-02 – – – – – –
U-238 92238 1.991E + 04 – – – – – –
U-239 92239 5.861E-03 – – – – – –
U-240 92240 6.942E-18 – – – – – –
Np-235 93235 1.465E-09 3.677E-12 3.075E-12 2.544E-12 3.028E-12 2.542E-12 2.017E-12
Np-236 93236 5.814E-07 2.634E-11 2.211E-11 1.868E-11 2.215E-11 1.880E-11 1.521E-11
Np-237 93237 1.580E + 00 – – – – – –
Np-238 93238 1.154E-03 – – – – – –
Np-239 93239 8.465E-01 – – – – – –
Pu-236 94236 4.468E-08 5.717E-12 4.706E-12 3.901E-12 4.672E-12 3.900E-12 3.086E-12
Pu-237 94237 8.540E-08 1.015E-12 7.918E-13 6.244E-13 7.741E-13 6.149E-13 4.545E-13
Pu-238 94238 5.595E-02 – – – – – –
Pu-239 94239 8.275E + 01 – – – – – –
Pu-240 94240 7.291E + 00 – – – – – –
Pu-241 94241 1.098E + 00 – – – – – –
Pu-242 94242 4.983E-02 – – – – – –
Totals 2.390E + 04 2.357E + 04 2.356E + 04 2.357E + 04 3.434E + 04 3.434E + 04 3.435E + 04

Fig. 9. Evolution of the cumulative inventory of actinides in the core over time.
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variation in the fuel absorption cross-section (Abdelghafar
Galahom, 2020). If the reactivity is negative, the reactor will tend
to stabilize, but if the reactivity is positive, the reactor’s state tends
to escalate out of control, necessitating an external intervention to
preserve its stability. This section, therefore, looks into how the
FTC values of the core change in line with burnup, U-233 enrich-

ment, and Th�233U content as a result of two different operating
states: cold and warm. The cold state means that the temperatures
of the Zr rod, cladding, and moderator are set to be the same as the
fuel temperature (room temperature or 293.6 K). In the warm
7

state, meanwhile, the temperature of the fuel and the Zr rod is
raised to 600 K, while the temperature of the moderator remains
at 293.6 K. The FTCs were determined using Equation (3)
(Kabach et al., 2021; Mosteller et al., 1991), evaluated by perform-
ing sixth-order polynomial fitting, and plotted as reactivity versus
burnup. Fig. 13 shows the temperature coefficients as calculated
across the temperature range. The first thing that can be gleaned
from this figure is that all the FTCs are negative. Moreover, with
increased fuel burnup, the coefficient curves show a more negative

trend. However, the cores fueled by ðTh�233UÞ-ZrH1:65 have mar-
ginally lower negative FTC values due to the lower neutron capture
resonance of Th-232 when compared to U-238. Furthermore,
increasing the U-233 enrichment of the fuel has a positive effect
due to the fission cross-section broadening in the Doppler Effect.

FTC ¼ Dq
DTFuel

¼ q Warmstateð Þ � q Coldstateð Þ
DTFuel

� �
� 105½pcm=K�

ð3Þ
4.2.6. Effective delayed neutron fraction
The effective delayed neutron fraction (beff) is the second safety

parameter that was calculated. beff is an important parameter to
investigate because it is a kinetics parameter that determines the
time-dependent response of a reactor. A higher beff value means
that a smaller proportion of the fission neutrons appear as prompt
neutrons, and the core responds more slowly. A lower beff value,
on the other hand, means that a greater proportion of fission neu-
trons appear as prompt neutrons, so the reactor’s kinetic response
is quicker (Carbajo, 2005). We therefore calculated the beff values
using MCNP code for each case by using the prompt method, which
requires two simulations. In the first simulation, both delayed
neutrons and prompt neutrons were counted, resulting in a total



Fig. 10. Comparison of Xe-135 and Sm-149 buildup as a function of core burnup.

Fig. 11. Neutron spectra for the investigated cases at (a) BOC and (b) burnup (466 days).

Fig. 12. Variation of thermal neutron fluxes with burnup.
Fig. 13. Fitted curves for fuel temperature coefficients as a function of burnup. The
1r statistical uncertainty bars range from around 0.0015 to 0.0033 pcm.
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multiplication factor (keff ;ðtotalÞ). In the second simulation, only the
prompt neutrons were counted (TOTNU data mode with entry
NO after KCODE), resulting in the prompt multiplication factor
(keff ;ðpromptÞ). Based on the results of these two simulations, the beff
values could be estimated using Equation (4) (Kabach et al., 2020;
Kabach et al., 2019; Tucker and Usman, 2018).

Based on the simulation results shown in Fig. 14, the beff values

of the modeled cores fueled with ðTh�233UÞ-ZrH1:65 were lower at
every stage than those of the core fueled with U-ZrH1:65. This is
8

unsurprising given that the delayed neutron fraction of U-233
(0.0031) is lower than that of U-235 (0.0069) (IAEA, 2005), some-
thing that is undesirable from a reactor safety viewpoint. Further-
more, the U-233 isotope clearly makes the greatest contribution to
the effective delayed neutron fraction values, while thoriummakes
virtually no contribution, and this happens because the fission rate
of U-233 in the thermal core is noticeably higher than that of Th-
232 (Mirvakili et al., 2015).



Fig. 14. Effective delayed neutron fraction versus burnup. The 1r statistical uncertainty bars range from around 3 to 4 pcm.
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beff ffi 1� keff;ðpromptÞ
keff ;ðtotalÞ

� �
�105½pcm� ð4Þ
5. Conclusion and future work

This study investigated the consequences of transitioning from

U-ZrH1:65 fuel to ðTh�233UÞ-ZrH1:65 fuel in a TRIGA reactor core by
simulating two different Th-233U weight contents (i.e., 8.5 wt%
and 12 wt%) and various U-233 enrichment levels. According to
the results, the U-238 isotope was found to be the primary source
of plutonium isotopes and actinides, so replacing U-ZrH1:65 with

ðTh�233UÞ-ZrH1:65 would greatly reduce the actinides in spent fuel
because the plutonium content in the spent form of the latter fuel
is virtually zero. Furthermore, fission product poisons were pro-

duced in much lower concentrations in the ðTh�233UÞ-ZrH1:65

fuels. It was observed, however, that replacing U (i.e., U-235

and U-238) with Th�233U requires a higher excess reactivity at
BOC to achieve the same discharge burnup. Consequently, at this
level of reactivity, a burnable absorber would be needed to con-
trol the excess reactivity. The findings of this study also revealed

that the fuel temperature coefficients for the ðTh�233UÞ-ZrH1:65

fuels were slightly less negative than those for the reference
U-ZrH1:65 fuel. Moreover, due to the lower delayed neutron frac-
tion of U-233, the effective delayed neutron fractions for

ðTh�233UÞ-ZrH1:65 fuels are noticeably lower at all-time steps
when compared to U-ZrH1:65 fuel, which is not desirable from
the reactor safety point of view. It is possible; however, that
9

bringing about more favorable temperature coefficient values
could ameliorate the controllability issues suggested by its lower
delayed neutron fractions.

Overall, using ðTh�233UÞ-ZrH1:65 fuel in a TRIGA reactor seems
feasible from a neutronics perspective due to its numerous advan-
tages. Even so, a complete thermal fluid analysis in combination
with a neutronic analysis is needed to fully understand the impact
of this change of fuel. Future research could also focus on other

neutronic properties and safety parameters for ðTh�233UÞ-ZrH1:65

fuels, such as incorporating a burnable absorber to control core
excess reactivity, improve core lifetime, and bring about more-
negative fuel temperature coefficients that in turn will reduce
the impact of the lower delayed neutron fraction.
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