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a b s t r a c t

Fuel temperature coefficient (FTC) of PuO2þZrO2 (ROX) fueled LWR cell is analyzed neutronically with
reactor- and weapons-grade plutonium fuels in comparison with a U-free PuO2þThO2 (TOX), and a
conventional MOX fuel cells. The FTC value of a ROX fueled LWR is smaller compared to a TOX or a MOX
fueled LWRs and becomes extremely positive especially, at EOL. This is because when fuel temperature is
increased, thermal neutron spectrum is shifted to harder, which is extreme at EOL in ROX fuel than that
in TOX and MOX fuels. Consequently at EOL, 239Pu and 241Pu contributes to positive fuel temperature
reactivity (FTR) in ROX fuel, while they have negative contribution in TOX and MOX fuels. The FTC
problem of ROX fuel is mitigated by additive ThO2, UO2 or Er2O3. In ROX-additive fuel, the atomic density
of fissile Pu becomes more than additive free ROX fuel especially at EOL, which is the main cause to
improve the FTC problem. The density of fissile Pu is more effective to decrease the thermal spectrum
shifts with increase the fuel temperature than additive ThO2, UO2 or Er2O3 in ROX fuel.
© 2019 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

At the present day once through U-free inert matrix fuel (IMF)
concept becomes a highly promising anti-proliferation option for
safe and for Pu disposition [1e6]. Within inert matrix fuels, Rock-
like oxide: ROX fuel has excellent Pu transmutation capability
[1,6], and lower radiotoxicity hazard compared to those in U-free
PuO2þThO2 (Thorium oxide: TOX) and conventional MOX fueled
LWRs [7,8]. The major drawback of ROX fuel is its lower fuel tem-
perature coefficient (FTC) value, which leads to a maximum fuel
enthalpy, which is a yardstick of reactivity insertion accident (RIA).
It was reported that the maximum acceptable FTC values are about
75e80% to the values of UO2 fuel cell, for a sufficient decrease of
fuel enthalpy of ROX fuel cell [9]. To adequate the required FTC of
ROX fuel first it is important to find out the cause of lower FTC value
of ROX fuel. After that to find out the remedy to improve the FTC
problem of ROX fuel by the proper way.

To improve the FTC problems, ThO2, UO2, and Er2O3 are added to
ROX fuel as an additive and reported that these additives can
improve the FTC problem of ROX fuel [10e13]. But detailed
neutronic analyses have not been done to understand the effect of
by Elsevier Korea LLC. This is an
these additives on the FTC of ROX fuel. The detailed study of the FTC
of ROX-additive fuel will help to understand their effect on FTC.
Moreover, it will be helpful to consider an adequate amount and
effective additive for ROX fuel.

In this paper neutronic analyses of fuel temperature coefficient
(FTC) of U-free PuO2þZrO2 (Rock like oxide: ROX) fuel have been
performed before and after adding additives ThO2, UO2 and Er2O3.
The FTC of U-free PuO2þThO2 (Thorium oxide: TOX) and conven-
tional MOX fuels are considered as references. From these calcu-
lations we can compare neutronically the FTC behavior of ROX fuel
cell from the TOX and MOX fuels cell. In addition, it will be able to
figure out the proper way to improve the FTC problem of ROX fuel
in a LWR.
2. Calculation conditions and method

Cell burnup calculations were done on the ROX, TOX, and MOX
fueled a pin cell model based on a 17� 17 type PWR. These fuels are
burnt in 1150 MW (electric)-class LWRs for 887 EFPD. Moderator to
fuel volume ratio (Vm/Vf) of the cell is 2.0. The temperatures of fuel,
clad and moderator are assumed to be 600 OC, 350 OC and 300 OC,
respectively. Cell calculations have been performed by the SRAC95
[15] based on JENDL-3.2 [16] nuclear data library. Composition of
RePu is that of LWRs spent fuels with 4.5-wt% 235U enriched UO2
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Fig. 1. Burnup dependent fuel temperature coefficient of WePu and RePu fuels.
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fuel at 46 GWd/t discharged burnup, cooling of 5 years and
reprocessing of 2 years. Composition of WePu [14] and RePu are
shown in Table 1.

The content of additives UO2 and ThO2 are considered from 10 to
20 a/o for weapons-grade Pu (WePu) and from 5 to 15 a/o for
reactor-grade Pu (RePu) ROX fuels. Additive Er2O3 is considered
from 3 to 10 a/o in WePu and from 2 to 5 a/o for RePu ROX fuels.

3. Neutronic analyses of fuel temperature coefficient

Fig.1 shows the burnup dependent FTC of ROX fuel for RePu and
WePu in LWRs cell. The nominal fuel temperature 600 �C is
increased to 900 �C for FTC calculation. The FTC values of TOX and a
typical MOX fuels are shown as references. This Fig. shows that at
BOL, the FTC values in ROX fuel cell is less negative compared to
that in TOX and MOX fuel cells. With burnup time the FTC values in
ROX fuel increased to positive direction and at EOL becomes
extreme positive both forWePu and RePu cases. On the other hand
in TOX and MOX fuels, the changes of FTC values with burnup time
are negligible. To understand clearly the difference of FTC behavior
of ROX fuel from the TOX andMOX fuels, it is important to compare
the fuel temperature reactivity (FTR) contributor nuclides of these
fuels.

3.1. Fuel temperature reactivity (FTR) contributor nuclides

Fig. 2 shows the FTR contributor nuclides at (a) BOL and (b) EOL
for WePu fuels. As Y-axis, the change of neutron absorption and
production reaction rate from 600 OC to 900 OC fuel temperature is
considered. At BOL, ROX fuel contains only Pu as actinide, while
TOX and MOX fuel contains also fertile nuclides 232Th and 238U,
respectively. In WePu fuel, the content of 239Pu is about 93.8%,
which is the major source of FTR contribution at BOL of ROX fuel as
shown in Fig. 2(a). Besides Pu, 232Th and 238U also contributes to
negative FTR values at BOL in TOX and MOX fuels, respectively. As a
result, the FTC value of TOX and MOX fuels becomes more negative
at BOL compared to ROX fuel.

At EOL, minor actinides (MAs) and fission products (FPs) are also
contributed to FTR. Fig. 2 (b) shows that the neutron absorption and
production rate of 239Pu and 241Pu increases with fuel temperature
increase in ROX fuel, which are opposite to the behavior in TOX and
MOX fuels, even opposite at BOL of ROX fuel. In consequence of
large positive changes of neutron production rates than positive
change of neutron absorption rate with fuel temperature increase,
239Pu and 241Pu have positive FTR contribution in ROX fuel. While
they have negative contribution in TOX and MOX fuels. Contribu-
tion of 240Pu and 242Pu in FTR is small negative at EOL however; it is
more in ROX fuel than that in TOX and MOX fuels. Net fission
products (FPs) have more positives FTR contribution in ROX fuel
than that in TOX and MOX fuels. In TOX and MOX fuels the negative
contribution of 232Th and 238U is nearly to the same. However, the
secondary fissile 233U in TOX fuel contribute to negative in FTR.
Hence at EOL, the net negative FTR contribution in TOX fuel nu-
clides is more than that in MOX fuel nuclides.

Fig. 3 shows the FTR contributor nuclides in RePu fuels at (a)
Table 1
Isotopic composition of reactor-grade and WePu.

Pu-Grade 238Pu 239Pu 240Pu 241Pu 242Pu 241Am

Reactor-grade (a/o)a 2.32 58.2 20.8 11.561 5.95 1.17
Weapons-grade(a/o) [14] 0.012 93.84 5.78 0.347 0.022 0.0

a 4.5W/o235U in UO2 fuels 46 GWd/t burnup 5 years cooling and 2 years reproc-
essing (SRAC95 based on JENDL 3.2 nuclear data).
BOL and (b) EOL. In RePu fuels, FTR contributor nuclides have the
similar tendencies as the nuclides in WePu fuels. However, the
positive FTR contribution of 241Pu is less in RePu ROX fuel than that
in WePu fuels.
3.2. Neutron spectra and their changes with fuel temperature

From the FTR behavior of 239Pu, 241Pu and FP it is assumed that
thermal neutron spectrum and its change with fuel temperature
are different in ROX fuel from the TOX and MOX fuels. Fig. 4 shows
(a) neutron spectra and (b) its change with temperature as a
function of neutron energy at EOL for WePu fuels. It has been seen
that thermal neutron spectrum in ROX fuel cell is extremely softer
than that in TOX and MOX fuel cell. When the fuel temperature is
increased from 600 OC to 900 OC, the thermal neutron spectrum is
shifted largely in ROX fuel than that in TOX andMOX fuels. Fig. 4 (b)
shows that, the shift of spectrum is negative up to 0.1 eV and
positive from 0.1 to 1 eV neutron energy range. Both of these shifts
are very high in ROX fuel cell than those in TOX and MOX fuel cells.
By energy integration, it has been seen that spectrum shift is pos-
itive in ROX fuel while it is shifted to negative in TOX andMOX fuels
as shown in Fig. 5. Therefore the nuclides, which have resonance
within 0.1e1 eV, contribute positive FTR in ROX fuel. On the other
hand they are contributed negative FTR in TOX and MOX fuels.

In ROX fuel, nuclide 241Pu has large positive contribution in FTR
at EOL. To understand the contribution of 241Pu Fig. 6 shows the
change of neutron absorption and production reaction rate of 241Pu
at EOL as a function of neutron energy. The energy-integrated
values of neutron absorption and production reaction rate are
also shown in this Fig. It is shown by this figure that the change of
neutron production rate of 241Pu also follows the same tendency as
the change of neutron spectrum with fuel temperature. Moreover,
low energy (beyond 0.1 eV) 1/v-absorber nuclide show more pos-
itives FTR contributions in ROX fuel than that in TOX andMOX fuels.

Fig. 7 shows the change of neutron capture reaction rate from
600 to 900 �C of some important FP nuclides with temperature,
whose have large FTR contribution. The most of the FP nuclides
have large positive FTR contribution in ROX fuel compared to those
in TOX and MOX fuels. This is because these FP nuclides are 1/v-
absorber nuclides at low energy region. However, some FP nuclides
like 148mPm, 154Eu, 155Eu have neutron capture resonance in
0.1e0.4 eV energy region, shows negative FTR contribution in ROX
fuel. While these FP nuclides have positive FTR contribution in TOX
and MOX fuels. However, 103Rh, 135Xe, 149Sm have less positive FTR
contribution in ROX fuel than that in TOX andMOX fuels. In these FP
nuclides especially, 135Xe has less positive contribution in ROX fuel
compared to that in MOX fuel. This is because, 135Xe has neutron



Fig. 3. Change on neutron reaction rate from 600 �C to 900 �C fuel temperatures in RePu fuels at (a) BOL and (b) EOL.

Fig. 4. Neutron spectra and its change with fuel temperature in WePu fuels at EOL.

Fig. 5. Energy integrated change of neutron spectra with fuel temperature in WePu
fuels at EOL.

Fig. 2. Difference of neutron reaction rate from 900 �C to 600 �C fuel temperatures in WePu fuels at (a) BOL and (b) EOL.
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capture resonance in the 0.06 eV neutron energy region, where the
neutron flux of ROX fuel decreases largely with increase the fuel
temperature than that in MOX fuel.

In RePu fuels, thermal neutron spectrum is harder than WePu
fuels and also the spectrum shift with temperature is less than
that in WePu fuels. Therefore, the positive FTR contributions of
241Pu and FP in RePu ROX fuel are less than that of WePu ROX fuel.
4. Improvement of fuel temperature coefficient (FTC) of ROX
fuel by additives

From the analyses of FTC of ROX fuel, it is clear out that the soft
neutron spectrum is the cause of large shift with increase the fuel
temperature and dominates the FTC problem of ROX fuel. It is



Fig. 6. Neutron absorption and production reaction rate difference of 241Pu from 600 �C to 900 �C at EOL (left side) and energy integrated values (right side). [Reaction rate is
normalized by total absorption reaction rate].

Fig. 7. Change of neutron captures reaction rate of FP from 600 �C to 900 �C tem-
peratures of WePu fuels at EOL.
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expected that the resonance energy neutron absorber such as UO2
or ThO2 or thermal energy neutron absorber poison nuclide Er2O3
to be hard the neutron spectrum of ROX fuel. In these section the
FTC of ROX fuel will be analyses by adding these additives.
4.1. Effect of additives on the fuel temperature coefficient

Fig. 8 shows the effect of additives (a) ThO2, (b) UO2 and (c)
Er2O3 on the FTC of WePu ROX fuel cell. This figure shows that all
of these additives make the FTC of ROX fuel negative from BOL to
EOL. Additive UO2 makes the FTC of ROX fuel more negative than
additive ThO2 or Er2O3. The content of additive 15 a/o UO2 and 20
a/o ThO2 are selected for ROX fuel, because both of them satisfy
the FTC of ROX fuel nearly 80% of the FTC of UO2 fuel at BOL. The
FTC value of ROX fuel at EOL is less than that of 80% of the FTC of
UO2 fuel. However, at EOC, the FTC values in the ROX fuel core
seems nearly 80% of that in the UO2 fuel core, because core con-
tains different burnup stage FTC values. Additive 7 a/o Er2O3 does
not satisfy the required FTC values, but with increasing the
content of Er2O3 from 7 to 10 a/o, the difference of FTC is
negligible.

4. 3. . Effect of additives on the neutron spectrum

Fig. 9 (a) and (b) respectively show the neutron spectra and its
change with the increase of the fuel temperature at EOL in the
WePu ROX fueled cells with and without additives. It can be seen
from Fig. 9 (a) that the soft spectrum of ROX fuel becomes harder
after adding the additive ThO2, UO2 or Er2O3. In consequence, the
spectrum change with fuel temperature increase becomes smaller
shown in Fig. 9 (b). Additive UO2 increases the negative side change
of thermal neutron spectrum of ROX fuel more than that with the
other additives. Additive Er2O3 is the most effective to decrease the
spectrum change of ROX fuel.

4. 4. Fuel temperature reactivity contributor nuclides in ROX-
additive fuels

Fig.10 compares the effect of additives to the FTR contribution in
WePu ROX-additives fuel nuclides at EOL. By adding ThO2, UO2 and
Er2O3 in ROX fuel, the positive FTR contribution of 239Pu and 241Pu
becomes negative. Additive 232Th it self has negligible effect on the
FTR but the secondary product fissile 233U contributes to negative
in FTR. Additive 238U has negative FTR contribution in ROX-UO2
fuel. Also, poison Er itself has very small effect on FTR in ROX-Er2O3
fuel.

The positive FTR contribution of net FP in ROX fuel increases
with additive ThO2 and UO2 but decreases with additive Er2O3.
Fig. 11 compares the FTR contribution of important FP nuclides in
ROX and ROX-additive fuels. This Fig. shows that the positive FTR
contribution of the most FP nuclides especially 103Rh, 135Xe, 143Nd,
149Sm of ROX fuel increases with additives ThO2 and UO2. More-
over, the FP nuclides, which had negative FTR contribution in ROX
fuel, are converted to positive FTR contributor with additives ThO2,
UO2 or Er2O3.



Fig. 8. Burnup dependent fuel temperature coefficient in WePu ROX fuel with additives (a) ThO2, (b) UO2 and (c) Er2O3.

Fig. 9. (a) Neutron spectra and (b) change of flux with temperature in WePu ROX fuel with additives at EOL.
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5. Density effect of some nuclides on neutron spectra and
fuel temperature coefficient

Thermal neutron spectrum becomes hard, if neutron is absorbed
by a resonance or a thermal absorber, such as Th, U or Er.
Furthermore in the ROX fuel with such an additive, the density of
Pu becomes more than that in the additive free ROX fuel at EOL. Pu
has also a large thermal neutron absorption cross section. Conse-
quently, not only the additives themselves but also Pu may
contributed to the thermal spectrum hardening as well as to the
decrease in the spectrum shift with the fuel temperature increase.
It is therefore studied the independent effect of the additive and Pu
isotopes on the thermal neutron spectrum and FTC of ROX fueled
cell. The densities of nuclides in WePu ROX fuel cell at EOL is
considered as a reference case to compare the density effect of Pu
and additives on the neutron spectrum and FTC.

5.1. Density effect on neutron spectrum

Fig. 12 compares effect of (a) 232Th, (b) 238U, (c) 166Er þ 167Er, (d)
239Pu and (e) 241Pu on the thermal neutron spectrum change with
the fuel temperature increase. From the reference case, the density
of 239Pu is increased up to 1.0E-3 atom/cm3 [here & after that, 1
atom/cm3 ¼ 1.0 � 1024 atoms/cm3], which is nearly equivalent to
the initial loaded density of 239Pu in ROX fuel. The density of 241Pu is
increased up to 5.0E-4 atom/cm3. The 241Pu density in the WePu



Fig. 10. Effect of additives on the FTR contribution of ROX fuel nuclides at EOL.

Fig. 11. Effect of additives on the neutron captures reaction rate of FP of ROX fuels.
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ROX fuel is initially very low, and it increases with burnup. Espe-
cially in the 7 a/o Er2O3 added ROX fuel, the 241Pu density becomes
very high at EOL to be about 5.0E-4 atoms/cm3. The density of 232Th
and 238U is increased up to 1.0E-2 atom/cm3, which is nearly equal
to the initial loaded density of these isotopes in TOX andMOX fuels,
respectively. The density of Er is increased up to the equivalent
amount to the initial loaded density in 7 a/o Er added ROX fuel.

It is seen by Fig.12 (a) and (b) that fertile nuclides 232Th and 238U
have nearly the same effect on the thermal neutron spectrum shift
in ROX fuel. The shift of spectrum with temperature of ROX fuel
decreases largely if the density of 232Th or 238U is more than 5.0E-3
atom/cm3. Fig. 12 (c) shows that poison additive Er is more effective
to decrease the spectrum shift than the fertile additives 232Th and
238U. Fig. 12 (d) and (e) shows that 239Pu and 241Pu are more
effective than the fertile and poison additives to decrease the
thermal neutron spectrum shift.
5.2. Density effect on fuel temperature coefficient

Fig. 13 show the density effect of 239Pu, 241Pu, 238U, 232Th, and Er
on the FTC of ROX fuel at EOL. This figure shows that 232Th or 238U
does not improve the FTC of ROX fuel to negative if the density of
fissile Pu does not increase. Erbium can improve the FTC of ROX fuel
to negative when the density Er is more than 1.0E-4 atom/cm3.
With this amount of Er in ROX fuel, the value of k-eff becomes
unrealistic. To get criticality, it is essential to increase the density of
fissile Pu of ROX fuel largely. Therefore, it is assumed that the fertile
or poison additive is effective to improve the FTC problem of ROX
fuel if the density of fissile Pu is about 1.0E-5 atom/cm3.
6. Burnup reactivity swing of ROX-additive fuels (13)

Fig. 14 shows the burnup reactivity change of WePu ROX fuel
with additives 15 a/o ThO2, 15 a/o UO2 or 7 a/o Er2O3 (13). Fertile
additives ThO2 and UO2 suppress the value of multiplication factor
of ROX fuel at BOL by decreasing the neutron production to ab-
sorption ratio, as a result, the reactivity swing decreases in ROX-
additive fuels. A large amount of secondary fissile nuclide 233U in
ROX-ThO2 and 239Pu in ROX-UO2 are produced with burnup time.
Consequently at EOL, the ratio of neutron production to absorption
rate becomes large in ROX-ThO2 or ROX-UO2 fuel than that in ROX
fuel. Therefore, it is easy to design a reactor core with a small power
peaking by using additive ThO2 or UO2 in ROX fuel.

When Er2O3 is added to ROX fuel as an additive, the multipli-
cation factor decreases largely at BOL. This is because, large thermal
neutron absorption cross-section of Er decreases the ratio of
neutron production to absorption rate in ROX-Er2O3 fuel than that
in ROX fuel. As a result, it is necessary to increase the initial content
of Pu in ROX-Er2O3 fuel to achieve the same burnup as the ROX fuel.
With burnup time, the neutron absorption rate of Er decreases and
at EOL becomes less than a half of that of BOL. Therefore at EOL, the
ratio of neutron production to absorption rate in ROX fuel increases,
consequently, decreases the reactivity swing of ROX fuel.

7. Effect of additives on the Pu transmutation of ROX fuel

Fertile additives UO2 and ThO2 decrease the initial content of Pu
of ROX fuel by increasing the secondary fissile nuclide, but poison
Er2O3 increases the initial content of Pu by the absorption of ther-
mal neutron. In consequence, the transmutation rate of Pu (kg/
GWe/day) of ROX fuel decreases by the new fissile production from
additive ThO2 and UO2. On the other hand poison Er2O3 does not
change the decreasing rate of Pu of ROX fuel. Table 2 shows the
transmutation percentages and amount in kg/GWe of WePu ROX
fuel with additives. The transmutation percentage of Pu in WePu
ROX fuel is 87.1%. Considering 15a/o ThO2, 15a/o UO2 and 7a/o
Er2O3 additives this percentage becomes 85.3%, 73.6% and 55.1%,
respectively. The net Pu transmutation amount in ROX-Er2O3 fuel is
nearly equal to that in ROX fuel. But the transmutation percentage
of Pu is less than that of ROX-ThO2 or ROX-UO2 fuels because of
large amount of initial Pu inventory.

8. Concluding remarks

From the analysis of FTC of U-free inert matrix PuO2þZrO2 (ROX)
fuel before and after adding additives we can make the following
remarks:

(1) The FTC of ROX fuel is positive at EOL both for WePu and
RePu cases. This is because of soft thermal neutron spec-
trum, which leads to large positive shift with the increase of
fuel temperature. The positive shift of spectrum of ROX fuel is
in the energy region 0.2e0.7 eV, which dominates the posi-
tive FTR contribution of 239Pu and 241Pu. In TOX and MOX
fuels, these nuclides have negative FTR contribution. Low
energy 1/v absorber FP nuclides have large positive FTR
contribution in ROX fuel than those in MOX and TOX fuels,
which also dominate for the positive FTC in ROX fuel. How-
ever, in ROX fuel fission products 148mPm, 154Eu, and 155Eu,
which have resonance within 0.2e0.7 eV contributes nega-
tive in FTR. But they have positive FTR contribution in TOX
and MOX fuels.

(2) The FTC of ROX fuel is improved to negative by adding
(10e15 a/o) resonance neutron absorber UO2, or ThO2, or
thermal neutron absorber (5e10 a/o) poison Er2O3. This is



Fig. 12. Change of neutron spectrum of WePu ROX fuel at he EOL with fuel temperature in addition of (a) 232Th, (b) 238U, (c) Er-166, 167 (d) 239Pu and (e) 241Pu nuclides. [*Here 1
atom/cm3 ¼ 1 � 1024 atoms/cm3].

Fig. 13. Density effect of some nuclides on the FTC of ROX fuel at EOL.
Fig. 14. Effect of additive on the burnup reactivity changes of WePu ROX fuel for 33
GWd/t burnup (13).
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Table 2
Transmutation percentages and amount (kg/GWe) of Pu in ROX and ROX-additive fuels for 33 GWd/t discharge burnup (13).

Weapons-grade Pu

Fuel Net Pu (%) 239Pu (%) Net Pu (kg/GWe)

ROX 87.07 99.87 2686.61
ROX-15 a/o ThO2 85.29 99.55 2287.33
ROX-15 a/o UO2 73.61 94.80 1768.42
ROX-7 a/o Er2O3 55.10 77.28 2659.46
MOX 30.77 67.77 615.48
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because thermal neutron spectrum of ROX-additive fuels
becomes harder especially at EOL than that of additive free
ROX fuel. As a result, the positive spectrum shift of ROX fuel
also decreases with the fuel temperature increase. Conse-
quently, the positive FTR contribution of 239Pu and 241Pu of
ROX fuels becomes negative FTR contribution in ROX-
additive fuels. However, additive ThO2 and UO2 increase
the positive FTR contribution of net FP of ROX fuel.

(3) To decrease the spectrum shift of ROX fuel, the atomic den-
sity of 239Pu or 241Pu is more effective than the density of
additive UO2, ThO2 or Er2O3. Consequently, these additives
are not effective to improve the FTC problem of ROX fuel if
the atomic density of fissile Pu (239Pu or 241Pu) does not in-
crease. Because, the density of fissile Pu is more important
for hardening the thermal neutron spectrum of ROX fuel than
the density of 232Th, 238U or 166,167Er.

From the burnup characteristic study and neutronic analyses, it
is found that ThO2 added ROX fuel has tendencies very similar to
ROX fuel compared to the additive UO2 and Er2O3. Finally, 15 a/o to
20 a/oThO2 is recommended to be fully loaded ROX fuel core for the
improvement of safety problems of a once cycle Pu burning fuels.
However, we need to pay attention, about the production of 233U
from 232Th and its a-active toxicity hazard in spent fuel.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.net.2019.12.002.
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