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Abstract The utilization of neutrons markedly affects the
medical isotope yield of a subcritical system driven by an
external D-T neutron source. The general methods to
improve the utilization of neutrons include moderating,
multiplying, and reflecting neutrons, which ignores the use
of neutrons that backscatter to the source direction. In this
study, a stacked structure was formed by assembling the
multiplier and the low-enriched uranium solution to enable
the full use of neutrons that backscatter to the source
direction and further improve the utilization of neutrons. A
model based on SuperMC was used to evaluate the neu-
tronics and safety behavior of the subcritical system, such
as the neutron effective multiplication factor, neutron
energy spectrum, medical isotope yield, and heat deposi-
tion. Based on the calculation results, when the intensity of
the neutron source was 5 x 10" n/s, the optimized design
with a stacked structure could increase the yield of *’Mo to
182 Ci/day, which is approximately 16% higher than that
obtained with a single-layer structure. The inlet H,O
coolant velocity of 1.0 m/s and initial temperature of 20 °C
were also found to be sufficient to prevent boiling of the
fuel solution.
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1 Introduction

%mTe is currently the most commonly used medical
radionuclide for diagnosis and treatment owing to its
excellent nuclear imaging properties [1]. For example, a
half-life of approximately 6 h indicates that **™Tc can
enable rapid imaging after entering the human body, and
the emitted gamma rays with an energy of 141 keV can
penetrate most tissues and organs of humans without
obvious harm [2]. The medical use of 99mMTe g mainly
derived from *’Mo decay with a half-life of approximately
66 h, which is predominantly produced by two traditional
methods via the fission reaction of 23> U(n, f) 99Mo, and the
activation reaction of 98Mo(n, v) 99Mo, as shown in Fig. 1
[3, 4]. Compared with the activation method, the use of the
fission method to produce *’Mo is associated with advan-
tages such as higher yield, higher specific activity, and
lower cost [5]. Currently, the fission method accounts for
approximately 75% of the world’s *’Mo production owing
to the irradiation of highly enriched uranium (HEU) targets
in six experimental reactors, such as the National Research
Universal reactor in Canada, the Belgian Reactor-2 in
Belgium, and the High Flux Reactor in the Netherlands [6].
Most of these reactors are aging, with an average operating
life of over 40 years; accordingly, they are facing the
problem of retirement [7]. In recent years, unscheduled
reactor shutdowns have frequently occurred for technical
maintenance and repair [8]. However, the elimination of
HEU target irradiation is increasingly being advocated to
avoid the threat of nuclear proliferation [9]. In general, the
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Fig. 1 Two traditional methods of producing **Mo and the decay
scheme of **Mo/**™Tc¢

prohibition of HEU and frequent reactor shutdown acci-
dents have caused a serious crisis in the global supply of
%Mo, leading to the delay or cancelation of many medical
procedures [10].

Several new methods have been proposed to produce
“Mo in a safer, cleaner, more affordable, and capable
manner. These methods can be divided into three cate-
gories: (1) accelerator-based production methods, includ-
ing 98M0(n, v) Mo, 238U(y, f) “Mo, and 100Mo(y, n)
Mo (2) solution reactor-based methods, such as the use
of the medical isotope production reactor (MIPR) and
molten salt reactor (MSR); and (3) methods based on a
combination of the accelerator and solution fuel, such as
the use of a subcritical system driven by an external neu-
tron source [11-17]. The third method has become one of
the best choices for *’Mo production owing to the fol-
lowing advantages: (1) the solution target can be recycled
efficiently, which markedly reduces the generation of
radioactive waste, compared with that of accelerator-based
production methods that use solid targets; (2) the third
method is markedly safer than MIPR as the use of an
external accelerator-based neutron source to drive the
subcritical system avoids the generation of criticality
accidents; and (3) building new subcritical systems is
associated with a shorter approval cycle and lower
approval difficulty than MIPR [18-21]. However, the
neutron flux of an accelerated-based D-T neutron source is
markedly lower than that of the experimental reactor, and
the efficient use of source neutrons is the key issue for the
application of this new production method. In 2011, a
subcritical system with LEU solution driven by an external
D-T neutron source was proposed to produce at least one-
half of the U.S. demand for “’Mo by SHINE Medical
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Technologies, which increased the utilization of the D-T
neutron source by adding functional components of a
neutron multiplier and a neutron reflector. The calculation
results revealed that the neutron multiplier increased the
level of thermal neutron flux by moderating and multi-
plying neutrons, and the neutron reflector could effectively
reduce neutron leakage by 80-90% [22, 23]. The subcrit-
ical assembly for *’Mo production (SAMOP) is similar to
the SHINE design principle, which increased the utilization
of neutrons by applying similar methods [24]. Pardo’s team
from Cuba used a D-T neutron source and an ARGUS
reactor model containing LEU solution for isotope pro-
duction, which increased the utilization of neutrons owing
to the use of a neutron moderator and a neutron reflector
[25]. Y. Han’s team from China explored the influence of
geometrical dimensions, such as the neutron multiplier and
the neutron reflector, on the neutronics performance of the
subcritical system to optimize the geometric dimensions.
As a result, they obtained an *’Mo vyield of 167 Ci/day
[26]. According to previous research, the utilization of
source neutrons can be effectively improved by using a
moderator to regulate the neutrons, a multiplier to increase
the neutrons, a reflector to reduce neutron leakage, as well
as optimization of the geometric dimensions. The structure
of the above-mentioned subcritical system is basically a
single-layer structure consisting of an external neutron
source, multiplier, LEU solution, reflector, and shield from
inside to outside, which does not fully utilize neutrons that
backscatter to the source direction. The stacked structure is
formed by the neutron multipliers and LEU solution layers
being multi-layer (layers > 2) and arranged across each
other, as shown in Fig. 2, which can enable better use of
the neutrons scattered in the source direction. The number
of neutron multipliers and LEU solution layers is referred
to as the number of stacked pairs.

The utilization efficiency of source neutrons was
improved in this study by introducing a stacked structure.
The objective of this study was to determine the effect of
the number of stacked pairs on the reactivity of a subcrit-
ical system and to evaluate the neutronics and safety
behavior of the system in steady-state operation. Neutronic
and safety studies have sought to evaluate parameters, such
as neutron effective multiplication factor, thermal power,
neutron flux density distribution, and yields of medical
isotopes.

2 Model and methods
2.1 Description of the subcritical system

The subcritical system with a stacked structure is
roughly a nested concentric cylinder with a gas target
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Fig. 2 (Color online) Basic
scheme of the stacked
subcritical system without
cooling and containers

- Gas target - Multiplier

chamber in the middle, as shown in Fig. 2, and a stacked
structure composed of multipliers and LEU solution, a
reflector, and a shield outward. The dimensions of the
subcritical system, as shown in Fig. 2, were fixed accord-
ing to the preliminary analysis results. A similar subcritical
system with a single-layer structure has been described in
detail elsewhere [26]. The D™ ion beam is accelerated by
the linear accelerator into the T, gas target cavity located in
the middle of the subcritical system and induces the D-T
fusion reaction to produce primary neutrons. After the
multiplier’s multiplication and moderation adjustment,
neutrons enter the LEU solution to induce ***U fission and
generate *°Mo. After irradiation with neutrons, the LEU
solution enters the separation and purification unit for *’Mo
extraction and separation, and the final medicine is deliv-
ered to the hospital as an *’Mo/**™Tc generator for treat-
ment. The separation LEU solution re-enters the reaction
zone after concentration and acidity adjustment, and
receives irradiation in the next cycle. The cooling system is
composed of a coiled cooling pipe, which ensures that the
working temperature of the LEU solution is below 90 °C.

2.2 The accelerator-based D-T fusion neutron
source

The accelerator-based D-T fusion neutron source is
critical for subcritical systems. The high-intensity D-T
fusion neutron generator (HINEG), developed by the Chi-
nese Academy of Sciences, has a neutron source strength of
6.4 x 10'* n/s, which will provide the experimental

Unit: cm

LEU solution - Reflector - Shielding

research basis for this study. The working principle of the
D-T fusion neutron source is as follows: the radio fre-
quency antenna is used to strip the deuterium atoms to form
a deuterium ion beam, which is focused by the director, and
the four-stage lens to bombard the gaseous tritium target to
produce a strong current of neutrons. HINEG’s technical
upgrade will help to achieve the target parameters of this
study [21, 27]. The key properties of the neutron source
used in this study are listed in Table 1.

2.3 Materials

The following materials were selected for use in the
subcritical system: (I) Be was selected as the multiplier,
which is consistent with previous research, to further
increase the neutron flux and the uranium utilization rate in
the LEU solution zone. The Be material also moderates the
neutrons; (II) the Zr-4 alloy, SS304 stainless steel, and
6061-Al alloy were selected as candidate container mate-
rials to hold the LEU solution. These materials are com-
monly applied in pressurized water reactors as fuel
containers and core structural materials owing to their good
corrosion resistance, suitable mechanical properties, and

Table 1 Key properties of the required neutron source

Physics parameters Value
Total intensity of the neutron source 5 x 10" n/s
Energy of the primary neutron 14.1 MeV
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low thermal neutron absorption cross-section [28, 29]; (III)
the UO,S0, solution was selected as the fission fuel owing
to its good radiation stability. The uranium concentration
was 75 g/L and the enrichment of 25U was 19.75%; (IV)
light water (H,O) was selected as the coolant for the sub-
critical system; (V) graphite was used to form the reflector,
which is used to surround the LEU solution zone, as
employed in previous studies; (VI) SS304 boron steel was
selected as the shielding material owing to its excellent
nuclear shielding performance and good mechanical
properties. The steel can also be used as the structural
material to support the system. In the final design, the
concrete material was further added outside the SS304
boron steel shield to achieve a double-layer shielding
structure. The main specifications of the subcritical system
are listed in [30] Table 2.

2.4 Calculation method
2.4.1 Program

Neutron calculations of the subcritical system were
carried out using the Super Monte Carlo Simulation Pro-
gram for Nuclear and Radiation Process (SuperMC) ver-
sion 3.2, which was coupled with the hybrid evaluation
nuclear data library system [31]. Herein, the steady-state
neutronics parameters of the subcritical system mainly
included the neutron effective multiplication factor, neu-
tron energy spectrum, medical isotope yield, and heat
deposition. Thermal analysis of the subcritical system was
performed using COMSOL software to design the cooling
system, which has sufficient cooling performance to pre-
vent boiling of the fuel solution [8].

Table 2 Material parameters of each area of the subcritical system

2.4.2 Uncertainty

Generally, one calculation requires a random process of
hundreds of thousands of particles to satisfy the statistical
reliability, tracking each particle from the source to being
absorbed or escaping, and recording its reaction in real-
time. In this study, the number of statistical particles was
10 million in each neutronics calculation, and the corre-
sponding statistical uncertainties did not exceed 1%.
Except for the calculations of energy deposition and neu-
tron flux density distribution, the statistical uncertainties
were less than 3%.

2.4.3 Definition and equation

Criticality calculation: Estimating the safety of a sub-
critical system by the effective subcritical neutron multi-
plication factor with external neutron source k, is
conservative and feasible, as k is greater than the effective
neutron multiplication factor k.e in the presence of an
external neutron source inside the nuclear fuel. The state of
criticality can be concisely summarized by ks, which is
defined as the ratio of fission neutrons to the total number
of neutrons (i.e., fission neutrons and external neutron
source) in the system [32]:

1 S
— =142 (1)

where S is the intensity of the neutron source [n/s], v is the
average number of neutrons generated in a fission reaction,
and W is the fission reaction rate [fissions/s].

The utilization rate of uranium was evaluated according
to the definition of specific activity (SA) [Ci/kg], which is
obtained by the yield of **Mo per unit mass of ***U in the

Zone Materials Element mass ratio (W%) Density (g/cm3)
Target Tritium (gas) *H:100.00 270 x 107¢
Multiplier Beryllium °Be:100.00 1.85

Fuel solution 75 g-U/L UO,S0, B5U:1.37, 28U:5.57, 1°0:82.20, 3%S:0.94, 'H:9.92 1.08
Container 1 Zr-4 alloy 947r:98.20, 38Sr: 1.50, *Fe:0.20, 32Cr:0.10 6.55
Container 2 $S304 stainless steel 36Fe:69.50, *2Cr:19.00, *®Ni:9.50, 3*Mn:2.00 7.93
Container 3 6061-Al alloy 27A1:97.85, °Fe:0.50, 3¥Ni:0.60, “*Ti:0.15, >2Cr:0.20, 275

57n:0.25, ** Mg:0.10, **Mn:0.15, **Cu:0.20

Coolant Light water 'H:11.11, '°0:88.89 1.00
Reflector Graphite 12€:100.00 1.70

Shield $S304 boron steel 3Fe:67.42, *2Cr:19.00, *®Ni:9.50, >*Mn:2.00, 28Si:1.00, 7.93

12€:0.08, *28:0.03, 3'P:0.045, 1°B:1.00
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uranium solution with irradiation for 1 day. The calculation
method is as follows:
S = % - %N = JRTS) 2 X g oo, 2)
where 7y, _go is the fission branch ratio of **Mo, and the
value for U fission is 6.1%, which can be found at
(www-nds.iaea.org/sgnucdat/c3.htm#92-U-235), A is the
total yield of *’Mo [Ci], N is the number of generated **Mo
[atoms], m is the mass of B5y [g], T is the irradiation time
period [s], M is the relative atomic mass of 85y, Ny is the
Avogadro constant (6.02 x 10%%), and / is the decay con-
stant of *Mo (0.0105 h™).

Burnup calculation: The goal is to obtain the changes in
fuel components over time; its main task is to solve the
following equations [33]:

dn;
= —(\ + 0;Q)N; + ZN]'(M‘ + ij(p) +S;, (3)
dr .
J#1
Si =Y Ny DY, 4)
3

where N; represents the nuclear density of nuclide i at time
t[x 10* em™]; ; and /;; represent the decay constant of
nuclide i and the decay constant of nuclide j to i [s_l]; aj,
g, and o represent the total reaction cross-section of
nuclide i, the reaction cross-section of nuclide j to nuclide
i, and the fission cross-section of nuclide k [b]; §; is the
source of the fission reaction to produce nuclide i; and Y
represents the share of fission products from nuclide & to
nuclide i.

Void coefficient calculation: The water in the LEU
solution undergoes radiolysis to generate H, and O, during
the irradiation process. These gases form bubbles in the
solution and continue to rise to the surface of the solution,
causing the LEU solution to “boil,” which has an obvious
impact on the reactivity of the system. The void coefficient
oy is defined as the reactivity change caused by a 1%
change in the volume fraction of the cavity in the LEU
solution:

ay = d_p = l%, (5)
da kda

where o is the void fraction, p is the reactivity of the

system, and k is the effective multiplication coefficient of

neutrons.

The calculation methods for other parameters, such as
the neutron flux density distribution, heat deposition, and
reaction rate, follow similar methods described elsewhere
in detail [26].

3 Results and discussion

3.1 Influence of the number of stacked pairs
on the subcritical system

3.1.1 Keeping the total width of the multiplier and fuel
solution constant

In this section, the impact of the stack structure on the
system under ideal conditions, which do not consider the
cooling system and fuel containers, is discussed. The
change in the LEU solution volume with the number of
stacked pairs when the total width of the multiplier and fuel
solution are kept constant, is shown in Fig. 3a. The volume
of the LEU solution was found to sharply decrease and then
gradually saturate as the number of stacked pairs approa-
ched eight. This is because the multiplier occupies more
volume with an increase in the number of stacked pairs.
The *’Mo yield and **Mo yield per unit volume varying
with the number of stacked pairs are shown in Fig. 3b. The
trend of the “Mo yield with the number of stacked pairs
was observed to be roughly the same as the volume of the
LEU solution. The *’Mo yield per unit volume increased
with the increase in the number of stacked pairs until sat-
uration, with the maximum reaching 0.94 Ci/L. Such a
finding indicates that the stacked structure can improve the
reactivity of the system because the yield of *’Mo per unit
volume changes completely, opposing the yield of **Mo.

3.1.2 Keeping the total volumes of the multiplier and fuel
solution constant

In this section, the impact of the stacked structure on the
system under ideal conditions, while the total volumes of
the multiplier and the fuel solution are kept constant, is
explored. The influence of the number of stacked pairs on
the yield of **Mo is shown in Fig. 4. When the number of
stacked pairs was four, the yield of *’Mo reached a max-
imum value of 190 Ci/day, which was 17% higher than that
with a single-layer structure (162 Ci/day). This finding is
because the neutrons scattered in the source direction can
be fully utilized when the number of stacked pairs
increases in the early stage. As the number of stacked pairs
continues to increase, the multipliers contribute more to
neutron absorption. As a result, some neutrons cannot enter
the LEU solution to induce the fission reaction, leading to a
decrease in the yield of 9*Mo. Overall, the stacked structure
can increase the reactivity of the system under ideal con-
ditions, which is consistent with the conclusion of the
previous section.

@ Springer
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3.2 Impact of the cooling system and container
materials

We explored the influence of the number of stacked
pairs on the system under ideal conditions in Sect. 3.1, and
proved that the use of the stacked structure is beneficial for
increasing the reactivity of the subcritical system. How-
ever, the cooling system and the use of fuel container
materials in the actual situations need to be considered.
Based on the model in Fig. 2, when the total volumes of the
multiplier and fuel solution are kept constant, the yields of
%Mo were calculated with the number of stacked pairs
under different conditions of container materials (Zr-4
alloy, SS304 stainless steel, and 6061-Al alloy) coupled
with the coolant material (H,O), as shown in Fig. 5a. When
Zr-4 alloy was employed as the container material, the
highest Mo yield was obtained relative to that achieved

@ Springer

with the other two materials. The yield of Mo with the
Zr-4 alloy container reached the maximum when the
number of stacked pairs was three, which is two for the
SS304 stainless steel and 6061-Al alloy. Such finding
indicates that the Zr-4 alloy has the least influence on
neutrons compared to the other two materials. Therefore,
the Zr-4 alloy was selected as the container owing to its
good corrosion resistance, suitable mechanical properties,
and low thermal neutron absorption.

The yield of *’Mo first increases and then decreases with
an increase in the number of stacked pairs according to the
“Zr-4 alloy” curve in Fig. 5a. The overall yield of *’Mo
was slightly lower than that of the ideal situations in Fig. 4,
which indicates that the Zr-4 alloy is not as capable of
neutron multiplication as neutron absorption under this
condition. When the number of stacked pairs was three, the
yield of *Mo could reach a maximum of 182 Ci/day,
which is almost 16% higher than that with a single-layer
structure (157 Ci/day). This result is because with an
increase in the number of stacked pairs, the neutrons
scattered in the source direction can be fully utilized for the
same reason under ideal conditions; however, as the
number of stacked pairs continues to increase, the neutron
absorption effect of the container material is enhanced,
resulting in a faster decline in the yield of *’Mo than that
under ideal conditions. Based on the influence of stacked
pairs on kg, when the number of stacked pairs was three, k;
increased to the maximum value of 0.954, as shown in
Fig. 5b. This increase further illustrates that the use of a
stacked structure is beneficial for increasing the reactivity
of the subcritical system. Based on the above calculation
results, three was selected as the best number of stacked
pairs.

From the definition of kg in formula (1), the number of
fission is proportional to ky/(1-ks), and the yield of Mo is
proportional to the number of fission; thus, the yield of
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Mo is also proportional to ky/(1-kg). The “Mo yield
varying with kg can be obtained by combining the above
calculation results, as shown in Fig. 6, whose trend is
similar to that of kJ/(1 — k) varying with k. Therefore,
despite changes in the thickness and uranium concentra-
tion, the greater the kg, the higher the Mo yield. The
subcriticality can be further tuned to increase the yield of
Mo by increasing uranium concentration, and the corre-
sponding cooling system must be adjusted according to the
thermal power.

The evolution of k; over ten full-power years was cal-
culated, reaching a fuel burnup of 3542 kWd/kgU, as
shown in Fig. 7. An important parameter in the operation
of a nuclear system is the fissile fuel consumption and
fissile isotope production, which are mainly ***U and ***Pu
in the current study. The consumption of **°U was
approximately 0.094 g in the study subcritical system for a
5-day irradiation cycle, and approximately 2.2% of the
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Fig. 7 kg varying with the burnup under the condition of 3 stacked
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total content even after running 10 full power years. The
results of 2*°Pu displayed a linear growth proportional to
the time of burnup, reaching only 3.788 g of **’Pu at the
end of a burnup cycle of 10 years. In addition, 0.022 g of
24%py and 8.967 g of **°U were generated after 10 full
power years. The contents of other uranium isotopes and
transuranic nuclides, such as 234U, 237U, 239Np, and 237Np,
were less than 1 mg.

The capability of the system to produce medical isotopes
was evaluated. The accumulation of **Mo in 168 h under
normal operating conditions is shown in Fig. 8a. The *’Mo
inventory grows exponentially and reaches saturation
activity. Based on the calculations, 570 Ci and 606 Ci of
“Mo were produced in 5 and 7 days, respectively. In
addition, as shown in Fig. 8b, the yields of other useful
medical radioisotopes, such as 133Xe, 13 1I, and 89Sr, were
calculated, which confirmed that the subcritical system has
great potential for medical isotope production.
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3.3 Calculation of neutron flux density distribution

To more intuitively obtain the neutron flux density
distribution in the LEU solution area, a grid counter card
was used to calculate the entire area after cutting along the
axis, including the neutron source, stacked-structure area,
reflector, and shield. The neutron flux density distribution
in the subcritical system is shown in Fig. 9a. As the dis-
tance from the source increased, the neutron flux density
distribution was found to gradually decrease. The neutron
flux density distribution in the entire subcritical system is
related to the structural layout and radiates in an elliptical
shape. The dashed line box in Fig. 9a is the neutron source
area, and the solid line box represents the stacked-structure
area. The neutron flux density significantly declined after
passing through the reflector and shield to approximately
5 x 10® n/(cm*-s), which meets the design requirement of
less than 5 x 10° n/(cm®s) according to the “NB/T

20194-2012 PWR Nuclear Power Plant Radiation
P (82.5,75) n/(cm”s)

5.0x10"

5.0x10"

5.0x10°

Shielding Design Guidelines”, and indicates that the
shielding design of the subcritical system played a role. A
more detailed neutron flux density distribution in the
stacked-structure region is shown in Fig. 9b. Evidently, the
neutron flux density in most areas of the stacked structure
was higher than 10"" n/(cm?s). Further, the neutron flux
density reached a maximum at the middle position and a
minimum at the corners of the stacked structure, and the
neutron flux density in the four edge corners was the
smallest owing to edge effects.

Origin O is the geometric center of the subcritical sys-
tem; the r-axis represents the relative radius while the A-
axis represents the relative height.

The neutron energy spectra of the inner multiplier, inner
LEU solution, and reflector are shown in Fig. 10. After
passing through the LEU solution, the thermal neutron flux
significantly decreased, indicating that the neutrons were
effectively used. However, a high neutron flux remained in
the reflector, which should be further optimized in the

n/(cm?s)

h (27.5, 60)
5.0x10""

3.9x10"

2.7x10"

1.6x10""

46x10"

Fig. 9 (Color online) The neutron flux density distribution in a the subcritical system; and b the stacked structure
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Fig. 10 Neutron energy spectrum in different functional areas of the
subcritical system. The energies of peak “1,” “2” and “3” are
14.1 MeV, ~ 5 MeV, and ~ 0.05 eV, respectively

future to effectively use these neutrons. Peak “1” at the
neutron energy of 14.1 MeV in the inner multiplier grad-
ually disappeared after the moderation and adsorption
effect of the materials of each layer. Owing to the fission
reaction of *3U, an obvious peak “2” appeared in the fast
neutron energy region (~ 5 MeV) in the inner LEU
solution. Peak “3” is caused by the moderation of neutrons
and Maxwell’s equilibrium being reached in the thermal
neutron zone (~ 0.05eV); the neutron flux density
decreases layer by layer due to the absorption effect. The
neutron flux density in the reflector was smaller than that in
other areas, indicating that the system had a better uti-
lization of neutrons. Altogether, the excellent thermal
neutron flux in the stacked structure is conducive to the
production of *’Mo.

3.4 Calculation of heat deposition in the subcritical
system

The heat deposition in the subcritical system was cal-
culated using an F6 tally card to roughly estimate the
temperature distribution inside the LEU solution. The heat
deposition appeared as obvious boundaries between the
parts of the subcritical system, while the power deposition
distribution in the LEU solution region was similar to that
of the neutron flux density distribution, displaying an
elliptical shape, as shown in Fig. 11a. Compared with other
areas, the LEU solution had the largest thermal deposition
owing to the heat generated by **°U fission. The reaction
heat was mainly deposited in the middle and inside of the
inner LEU solution, and the heat deposition could reach as
high as 0.1 W/ecm® in part of the inner LEU solution. The
horizontal heat distribution at # =0 cm (solid line in
Fig. 11a) is shown in Fig. 11b. The energy deposition in

other areas, such as the multiplier, is markedly smaller than
that of the LEU solution. The inner LEU solution had the
largest thermal deposition, whereas the outer LEU solution
had the smallest thermal deposition. This result is due to
the gradual decrease in the neutron flux density from the
inside to the outside. The vertical heat distribution in the
middle of the uranium solution at » = 15 cm (i.e., the dash-
dot line in Fig. 11a) is shown in Fig. 11c. The heat dis-
tribution curve was relatively smooth and almost com-
pletely symmetrical to the r-axis, indicating that the
divided cells in the model are sufficiently small and the
calculation error control is reasonable. The average and
total heating power in the LEU solution were approxi-
mately 0.074 W/cm® and 14.67 kW, respectively, indicat-
ing that the fuel solution will boil within 2 h without the
addition of any cooling design. Considering the cooling
system, the inlet H,O coolant velocity of 1.0 m/s and
temperature of 20 °C are sufficient to ensure that the
temperature of the fuel solution remains below 90 °C
according to the simulation results of COMSOL. The void
coefficient was — 106 &+ 3 pcm, which indicates that the
system will continue in a subcritical safety state if the
temperature of the LEU solution increases and gas is
generated.

4 Conclusion

Herein, a stacked structure developed by alternately
assembling the multiplier and LEU solution was proposed
to further improve the utilization of neutrons based on a
previous study. SuperMC was used to explore the impact of
the stacked structure on the neutronics performance of the
subcritical system driven by a D-T neutron source. COM-
SOL was used to evaluate the performance of the cooling
system. By carrying out neutronics and thermal analysis of
the subcritical system, the following conclusions were
drawn:

1. The subcritical system has the best neutron utilization
rate with the Zr-4 alloy as the container material, H,O
as the coolant, and three as the number of stacked
pairs.

2. The calculated k; and void coefficient were 0.954

and — 106 £ 3 pcm, respectively, indicating that the
system is in an intrinsic safe state.

3. The average and total heat deposition in the solution

were approximately 0.074 W/cm® and 14.67 kW,
respectively. The inlet H,O coolant velocity of
1.0 m/s and initial temperature of 20 °C were suffi-
cient to prevent boiling of the fuel solution.

4. The fuel burnup reached 3542 kWd/kgU after 10 years

of operation, consuming 2.2% of U and
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Fig. 11 (Color online) a Distribution of heat deposition inside the system; b horizontal heat distribution at # = 0 cm (on the surface of the solid
line in a); ¢ vertical heat distribution in the middle of the LEU solution at » = 15 c¢m (on the surface of the dashed line in a)

accumulating 3.788 g of *°Pu. The consumption rate
of the fissile material >>U was found to be insignif-
icant, and the system displayed excellent nuclear
proliferation resistance.

5. The maximum yield of “Mo was 182 Ci/day, which
indicates that the stacked structure can increase the
“Mo yield by 16% compared to the single-layer
structure.

6. The stacked structure improved the reactivity of the
subcritical system by enabling full utilization of the
neutrons scattered in the source direction.

This study provides a new method to improve the uti-
lization of source neutrons in subcritical systems to pro-
duce medical radioisotopes. The results obtained herein are
consistent with those of other studies in this category.
However, the safety and economic feasibility of this new
Mo production method needs to be further estimated,
including the analysis of thermal hydraulics, system
structure, and gas generation, to ensure the safe and reliable
operation of the production system.
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