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In the Japanese OMEGA program, the accelerator driven transmutor has been studied
for eliminating the minor actinide using the fast neutron deep subcritical reactor. In this
system, radiation damage to the structural materials by neutrons and charged particles is
more severe than in an ordinary fission reactor. It is very important to estimate radiation
damage to the transmutor because the damage primarily determines the life of the materials.
The damage to the structural materials was investigated using Monte Carlo simulation codes
LAHET, HMCNP, and HTAPE. Atomic displacement (DPA), H and He production rates,
and energy deposition were evaluated. In calculating the DPA cross section, the TRANSX2
code was used. By using these values, we calculated the radiation damage and heat deposition
of the system. It requires the frequent replacement of target or beam window and results into
the low plant factor. By choosing the smaller subcriticality, this difficulty can be avoided.

Otherwise we need the search for materials which has the low DPA cross section.
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1. Introduction

In the Japanese OMEGA program, the accelerator-driven transmutor has been studied
for eliminating the minor actinide using the fast neutron deep subcritical reactor. The fast
reactor with hard neutron spectrum is effective to transmute minor actinides, because the
minor actinide nuclei can be fissioned by high energy neutrons. However, it is not advisable
to run the fast reactor with hard neutron spectrum in the critical condition, because of the
positive Na void coefficient, short neutron life time, smaller delayed neutrons portion and
small doppler coefficient which are associated with the hard neutron spectrum The critical
safety problem becomes serious. To avoid the positive Na void coefficient, the small or

flattened core, which is not neutron economical, has been adopted.

When a reactor is run in a subcritical condition by providing spallation neutrons, the
safety problem associated with the criticality can be alleviated without sacrificing the neutron
economy'l. In the Japan Atomic Energy Research Institute (JAERI), accelerator-driven
transmutor of minor actinide™, rather deep subcriticality of k =0.90 is adopted to avoid the

recriticality which might occurs when the core meltdowns.

In the accelerator-driven transmuter, high-energy, high-flux neutrons are produced by
the spallation reaction, and these spallation neutrons, as well as fission neutrons from the
core, are used to transmute the radioactive wastes!?. In such a system, radiation damage to
the structural materials by neutrons and charged particles is more severe than in an ordinary
fission reactor. It is very important to estimate radiation damage to the transmuter because

the damage primarily determines the life of the materials.

We studied radiation damage to a JAERI transmutation system driven by a proton
accelerator. The transmuter is composed of a tungsten target, beam window, structural wall,
subcritical core, and reflector. Because of the rather deep subcriticality, the proton accelerator

power is high and it results in the high radiation damage. The spallation neutrons, as well as
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the fission neutrons, cause the radiation damage. We evaluated the atomic displacement, the
production rates of hydrogen and helium, and energy deposition. The fuel is Na-cooled
pin-bundle metal fuel that contains minor actinides (MAs). The tungsten target and beam
window recurred large damages. The structural wall near the beam window also had a large
atomic displacement when the proton beam power is large for large subcritical reactor. This
suggest that the small subcriticality which requires the small proton power is desirable beside

of the flatter power distribution.

2. Geometry and Material Composition of the Transmuter

Figure 2.1 shows the r-z cross sections of transmuters that use the spallation reaction
generated by medium energy protons™ . The tungsten target is a cylinder with radius of 10
cm and assumed to be bombarded with a homogeneous proton beam with a 3 cm radius. The
beam windows are made of stainless steel (Fe 87 % and Cr 13 % : these values are representative
of stainless steel), 0.5 cm thick, and a density of 6.24 g/lcm’. The 2 cm-thick structural walls
between the core and the lead target are made of the same stainless steel as the beam

window.

The fuel is the metal pin-bundle fuel that contains minor actinides (MAs) and tungsten.
The material compositions of each regions are shown in the table 2.1 and 2.2. The length of
the core was fixed at 140 cm, its outer and inner radius are respectively 70 cm and 20 cm.
The core was surrounded by a reflector made of stainless steel whose composition was the
same as that of the beam window. The outer radius of the reflector was 130 cm, and its length

was 220 c¢m.
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3. Calculational Methodology

The nucleon meson transport process above 20 MeV nucleon and 150 MeV pion are
calculated with the nuclear cascade process code system LAHET which has been assembled
and developed at LANL from NMTC, HETC, and ISABEL codes. This LAHET code treats
all the interactions by protons, and pions, but only treats neutron interactions above a cutoff
energy, 20 MeV. And neutron transport under 20 MeV is calculated by the Monte Carlo code
HMCNP® using the neutron source generated by the LAHET code. The information on
secondary particles is written on a history file. By running the HTAPE code!” ¥ that uses the
history file as an input, we obtained the neutron flux, production rates of H and He, and

energy deposition.

The tungsten target, structural walls, and the core were divided into small cells to
estimate the positional dependence of the radiation damage. The atomic displacement was
calculated by multiplying the neutron flux with the atomic-displacement cross section. The
neutron flux of neutron energy below 20 MeV was calculated with the HMCNP code, while
that above 20 MeV was obtained by the HTAPE code. The atomic-displacement cross section
(DPA = Displacements Per Atom) at neutron energy below 20 MeV was obtained from
MATXS library, usingthe TRANSX2 code®!. However, above 20 MeV, no atomic-displacement
cross section was available. For stainless steel, the DPA cross section at energies above 20
MeV was obtained from Dr. Yu.A. Korovin!""'. Figure 3.1.1 shows the DPA cross section
of stainless steel for neutron energies between 20 and 800 MeV referred to by Korovin et al;
the cross section is nearly constant in this energy range. Accordingly, we assumed that the
DPA cross sections other than that of stainless steel, such as tungsten target and the core,
were constant above 20 MeV, and were equal to the values at 20 MeV obtained by the

TRANSX?2 code.

In Figs. 3.1.1-3.1.7, we show the DPA cross sections of stainless steel, tungsten

target, and the cores. Compared to the lead target, the DPA cross section in the tungsten



JAERI—Research 99—011

target is large in the energy range of 2 eV -100 eV. Due to this large DPA cross section
makes larger DPA than the lead target. Thus, the tungsten target requires more frequent
replacement than the solid lead target although there is advantage of the little high spallation
yield in the tungsten target. In Figs.3.2.1-3.2.6 we show the (n, p) cross sections for tungsten
1st and 2nd target, material for and fuel (core), radial and axial reflector regions.

~

In Figs.3.3.1-3.3.6, we show the cross section of (n, a) for the all materials.

4. Results and Discussion

The multiplication factor calculated using the option of criticality in HMCNP code is
0.955. The number of the spallation neutrons which generated in the reaction of the nucleon
energy larger than 20 MeV is 20 which is larger than the multiplication calculated from

criticality calculation option in the HMCNP code.

4.1 Neutron Spectrum

The neutron fluxes which are normalized to one incident proton are shown in the
following figures. The high-energy neutron flux is high in lead target cell #5 compared with
other cells. Neutron spectra in the core # 11,12, 13 and the radial reflector #23 are shown in
the Figs 4.1.1-4.1.4 The neutron spectrum becomes softer in the order of cell #11 12 13 and
23. The spallation neutrons which energy are more than 10 MeV are in the radial reflector

regions.

The ratios of neutron fluxes with energies above 20 MeV and below 20 MeV are less
than 107 in cells, such as #31,32,41, and #45, that are largely influenced by the proton beam.
In other cells such as core and reflector regions, the ratios become much smaller than these

values.
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4.2 Table of the Annual Atomic Displacement (DPA), Energy Deposition, and H and He

Production Rates

Tables 4.1 shows the annual atomic displacement (DPA), energy deposition, and H
and He production rates of each cell in the case of the 10 mA proton beam current. The total
thermal power becomes 456 MW at this beam current. To get nominal thermal power output
of 600 MW in JAERI's design, the proton beam current should be increased to 600MW/456MW *
10mA = 123 mA. And the radiation damage of DPA, energy deposition, etc. increase

proportionally to the beam currents.

Our beam current required to run 600 MW thermal power is much smaller than the
beam current which is obtained in JAERI's design. The reason of this is due to the fact that

the multiplication factor calculated here is 0.955 instead of the 0.90 at JAERI's one.

4.3 DPA

Highest DPA value are 149/year in the core region #11. at this region DPA =59.6, it
is estimated that maximum DPA which can be allow the stainless steel (SS) material is about
130, thus every year the core fuel needs replacement. The window section has 40.3 it can
stand about 3 year for 10 mA beam, the target section in the half upper section #31-33 is
about the 44. which are very close, to the window's DPA. Beyond this depth value, the DPA
in the target wall has little higher than those in the target section, so that if target diameter is

small, the damage of the target wall is high and the frequent replacement might be required.

The DPA is depend on the proton beam currents, the high current proton beam
requires in the deep subcritical system as shown in the analysis of the lead target for particle

fueled reactor and fast reactor.

When the subcriticality is not large, the proton beam current can be small, then the

atomic displacements become larger in the core cells mainly influenced by fission neutrons,

_5_._
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and also in the target cells regions,

As shown in Figs.3.1.3, 3.1.6 and 3.1.7 in the core and target, the DPA cross sections
have large resonance behavior in the range of neutron energy between 20 eV to 100 eV. The

large neutron fluxes in this energy range contribute these large DPA.

4.4 Heat Deposition

The energy deposition due to high energy reaction is the largest in the stainless steel
window #41 390.3 watt/cc. The second largest is in the target section cell #33 298.5 watt/cc,
this is larger than the front parts of target cell #31 and #32 where the deposition are respectively
259.7 and 199.5 W/cc. This peak value at cell #33 correspond to the Bragg peak in the target.
The heat depositions in the core region are comparable to the one of the target regions. This
is mostly due to the fission reaction. The highest heat deposition by fission reaction in core is
294 W/cc, and the one by the high energy reaction is only 1.64 W/cc. The peaking factor of

this small non-flat reactor is not so large.

The wall region of target are much smaller than the target regions. This is due to the
small cross section of deposition energy in the stainless steel compared to the tungsten

materials.

Their energy depositions are quite high, therefore, an effective cooling system should
be considered. However, if a slightly subcritical transmuter is used, the energy deposition in

the target region becomes smaller than this calculation because of a low proton beam current.

4.5 Hydrogen Production

In general, hydrogen is deposited in the system by the spreading of the proton beam
arising from multiple Coulomb scattering. Hydrogen is also deposited by secondary protons

generated mainly in the lead target that are slowed during their transport, as well as by

_6_



JAERI—Research 99-—011

secondary protons produced by (n, xp) or (p, xp) reaction, and deuterons through evaporation.
Highest hydrogen production occurs at window region, second highest production region is
in the cell #33. similar to the heat deposition and DPA the hydrogen production in the frontal
parts in the cell 31 and 32 are smaller than the value in cell #33 behind this cells of #34 and
#35 is reduced rapidly, In the target wall region of cell #45 and #44 are factor 3 smaller than

the target region. Region which are far way from target becomes very small.

4.6 Helium Production

Helium is generated by an evaporation process caused by nuclear interactions. The
tungsten cell #31 and the stainless beam window cell #41 respectively have He production
rates of 1.5%10”, and 8.3*10° mol/cc/yr, because they are directly effected by the proton
beam. The He production rate is 74% less than the H production rate in cell #31, while it is
~4 % in cell #41. The H and He production rates in cell #44 (the structural wall near the
beam window) are not as large, unlike the large DPA in this cell. Generally, a higher proton

beam current gives larger H and He production rates.

5. Comparison with the Radiation Damage of Accelerator-driven Fast

Reactor with Particle Fuel (PFT) and MOX Fuel (MFT)

We studied radiation damage of accelerator-driven fast reactor with particle fuel
(PFT) and MOX fuel (MFT) in the previous work. The target is lead instead of tungsten, and
there is no tungsten in the core. As mentioned in the above, the tungsten has large DPA cross
section in the energy range between 2 - 100 eV, so that the DPA in the core is quite large in
the JAERI's transmutor. But the transmuters without tungsten in the core has highest DPA in
the target and surrounding target vessels. Since this is depend on the incident proton currents,

we reiterate the main results of analyzing these two transmuters in this section.
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To study the effects of the proton current intensity on the radiation damage, we
analyzed the transmuters with particle fuel (PFT) and MOX fuel (MFT) were studied by

varying the thickness of core, in other words, the k..

Figure 5.1 shows the -z cross sections of transmuters that use the spallation reaction
generated by high energy protons™ . The centers of the cylinders are made of lead targets
with a radius of 8 cm and density of 11.34 g/cm’. It is assumed that the target is bombarded
with a homogeneous proton beam of energy 1 GeV with a 3 cm radius. The beam windows
are made of stainless steel (Fe 87 % and Cr 13 %: these values are representative of stainless
steel), 0.5 cm thick, with a radius of 8 cm, and a density of 6.24 g/cm’. The 2 cm-thick
structural walls between the core and the lead target are made of the same stainless steel as

the beam window.

Two types of fuel in core were investigated; one was a He-cooled particle fuel that
contains minor actinides (MAs), and the other was a Na- cooled mixed oxide (MOX) fuel.
The composition of the particle fuel is the same as that studied by Mukaiyama et al.’®. For
the MOX fuel, the Pu enrichment was 20.0 w/o for the inner core and 27.6 w/o for the outer

core. The weight fraction of Pu was *’Pu: ***Pu: **'Pu: ***Pu = 58: 24: 14: 4 (w/0).

The length of the core was fixed at 120 cm, but its outer radius was varied from 60
cmto 20 cm to change the k; of the system. The core was surrounded by a reflector made of
stainless steel whose composition was the same as that of the beam window. The outer radius

for various core radii were

of the reflector was 90 cm, and its length was 180 cm. The k,,

calculated with the criticality calculation option of MCNP code!”

The lead target, structural walls, and the core were divided into small cells to estimate
the positional dependence of the radiation damage (Fig.5.1). The length in the z-direction of
cells #5-8 and #10-15 is 30 cm. The core was divided into three cells of the same length in
the r-direction. For the particle fuel transmuter (PFT), cells #1-3 have the same composition,

but for the MOX fuel transmuter (MFT), cells #1 and #2 have the inner-core composition (20

_8_
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w/o Pu enrichment), and cell #3 has the outer-core composition (27.6 w/o Pu enrichment).

The total powers of the PFT and MFT were assumed to be 1000 MW , and 700 MW
respectively, when the outer radius of the core was 60 cm; in other words, R in Fig. 5.1 was
50 cm. When we reduced the outer core radius to decrease the k,; the transmuter, we also
reduced the total power so that the transmuter had a constant power density (760 W/cm’ for
PFT and 530 W/cm® for MFT). We assumed that the proton beam energy was 1 GeV. From
the results of the energy deposition per proton calculated by HTAPE and HMCNP codes, we

established the proton beam current so that the transmuter had the desired power.

In Figs. 5.2.1-5.2.5, 5.3.1-5.3.5 and 5.4.1-5.4.5 we show respectively the cross sections

of DPA, (n,p), and (n, a) for stainless steel, lead, and the cores.

Figures 5.5.1 and 5.5.2 show the effective multiplication factors (k,;) of PFT and
MFT, respectively, as a function of the core thickness (R) in the radial direction. The k;
increases monotonically as R increases. In the case of k< 1 where an accelerator is needed
to operate the transmuter, we chose R = 10 and 20 ¢cm for PFT, and R = 10, 20, and 30 cm for
MFT, and calculated the radiation damage for each case. From the results of the HMCNP and
HTAPE calculations, we obtained the energy deposited in the system by one proton. Then,

we evaluated the proton beam current, taking into account the total power of the transmuter.

Tables 5.1 and 5.2 show the annual atomic displacement (DPA), energy deposition,
and H and He production rates of each cell for PFT and MFT with different Rs, together with

k . the total thermal power, and the proton beam current required. The atomic displacement

o>
is the severest in lead cell #5, because this cell is influenced most by the incident proton
beam and the spallation neutrons produced by protons. The beam window (cell #9) has the
second largest atomic displacement, because this cell is bombarded directly with the proton
beam. We notice that the cell #12 of the structural wall also has a large atomic displacement.

When the k., is smaller and the proton beam current is higher, cells #5, #9, and #12 that are

largely influenced by the proton beam have larger atomic displacements, when the k, is

_.9_.
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larger and the proton beam current is lower, then the atomic displacements become larger in

the cells mainly influenced by fission neutrons, such as cells #1, #2, and #3.

The DPA caused by neutrons with energies above 20 MeV is smaller than that caused
by neutrons with energies below 20 MeV, although the DPA cross section above 20 MeV is
larger than that below 20 MeV. This difference is because the neutron flux with energy
below 20 MeV is dominant. The ratios of neutron fluxes with energies above 20 MeV and
below 20 MeV are a few percent even in cells, such as #5, #9, and #12, that are largely
influenced by the proton beam. In other cells, the ratios are below 1%. Figs. 5.6.1-5.6.7 and
5.7.1-5.7.7 show the neutron spectra in various cells in PFT and MFT, respectively. The
neutron flux is normalized to per proton, and is divided by the lethargy of each energy bin in
HMCNP and HTAPE. Furthermore, the flux is integrated over all time. Because the number
of fission neutrons increase with increasing core thickness, R, the neutron flux in the energy
range of 100 eV to 10 MeV becomes larger for a larger R. On the other hand, the high-energy
neutron fluxes in each cell for different Rs are almost equal because the size of the lead target
is fixed, and the number of neutrons produced by one proton is almost same, even if R is
changed. The high-energy neutron flux is high in lead target cell #5 compared with other
cells. Comparing the neutron spectra in PFT to those in MFT, we notice that PFT gives
harder spectra than the latter. The fuel in the PFT core is particle fuel, mainly made of minor
actinides'”’; minor actinides are apt to capture lower energy neutrons and to fission to higher

energy neutrons. As aresult, the neutron spectrum is harder in PFT than in MFT.

Figures 5.8.1-5.8.7 and 5.9.1-5.9.6 show the annual atomic displacement of various
cells in PFT and MFT as a function of k. The figures show the DPAs by neutrons with
energies below 20 MeV and above 20 MeV, which are based on the fluxes calculated by the
HMCNP and the HTAPE codes. We also show the DPA based on the fluxes calculated by
the MCNP code in which we used the criticality calculation option; this DPA does not
include the effect due to the spallation neutrons produced by the proton beam. The DPAs
based on the results by HMCNP and by MCNP coincide, in principle, at k_, = 1. The DPAs
based on the MCNP results (solid lines in Figs. 5.8.1-5.8.7 and 5.9.1-5.9.6) increase with
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increasing k., because the contribution by fission neutrons rises as k_, increases. For PFT, the
DPAs by neutrons below 20 MeV based on the HMCNP results (dashed lines in Figs.
5.8.1-5.8.7) in cells #9, #12, and #5 decrease as k,; increases because those cells are largely
influenced by the proton beam and the proton beam current decreases as k., increases.
However, the DPAs in cells #1, #3, #7, and #14 increases as k, increases because, in those
cells, the fission neutrons from the core are dominant rather than the spallation neutrons
produced by the proton beam. The DPAs by neutrons above 20 MeV based on the HTAPE
results (dotted lines in Figs. 5.8.1-5.8.7) decrease with increasing k_,, because the number of
spallation neutrons declines owing to the fall off of the proton beam current. For MFT, the
characteristics of DPA for PFT are held except for cells #9, #12, and #5 in the small k,,
region. The k_;, was changed by changing the core thickness, R. Since we assumed a constant
power density, the total power changed when R was changed. Comparing the proton beam
currents required to run MFT at k ;= 0.46 (R = 10 cm), and k, = 0.71 (R = 20 cm), we see
that the proton beam current at k., = 0.46 is lower than that at k., = 0.71 (see Table 52 (a)
and (b)). Although k. is lower for MFT with R =10 cm, the total power is also lower, and as
a result, the necessary proton beam current is lower. This is why the DPAs at k,, = 0.46 in
cells #9, #12, and #5 where the spallation neutrons are dominant are small compared to those

atk,, =0.71 for MFT.

Next, we discuss the DPA of slightly subcritical transmuter. From Figs. 5.8.1-5.8.7
and 5.9.1-5.9.6, the DPAs of lead target cell #5, which has the severest DPA in the system,
are 162 dpalyr at k_, = 0.95, and 93 dpa/yr atk,; = 0.99 for PFT, and 154 dpa/yr at k,; = 0.95,
and 82 dpa/yr at k. = 0.99 for MFT. Comparing DPA at k,; = 0.99 to the one at k= 0.95
gives about 57 % for PFT and about 53 % for MFT. These result indicate that using a very

slightly subcritical transmuter greatly alleviates atomic displacement by a proton beam.

The energy deposition is the largest in the lead target cell #5, and the second largest
in the beam window cell #9. Their energy depositions are more than 1000 watt/cm’, and
therefore, an effective cooling system should be considered. However, if a slightly subcritical

transmuter is used, the energy deposition may be less because of a low proton beam current.
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Hydrogen (H) and helium (He) production rates are also shown in Tables 5.1 and 5.2.
The lead cell #5 and the beam window cell #9 have large H and He production rates, because
they are directly effected by the proton beam. The He production rate is 20 % less than the H
production rate in cell #5, while it is ~ 3 % in cell #9. The H and He production rates in cell
#12 (the structural wall near the beam window) are not as large, unlike the large DPA in this
cell. Generally, a higher proton beam current gives larger H and He production rates. However,
this general rule is not obeyed in the core (cells #1, #2, and #3) for MFT. Fission neutrons
and different core volumes for different Rs might change these characteristics. (The production
rates were calculated by dividing the number of H and He produced in unit time by cell
volume.) This analysis shows that the characteristics of radiation damage for PFT and MFT
were the almost same. Cell #5 of the lead target, the beam window (cell #9), and cell #12 of
the structural wall had large DPA. Cell #12 is a side wall near the beam window. This result
indicates that in designing a proton accelerator-driven transmuter, the radiation damage of
not only the beam window and the target should be carefully investigated but also the side
wall near the beam window. For contributions to DPA by neutrons, those with energies

below 20 MeV were dominant compared to those above 20 MeV.

A high proton beam current is necessary for a transmuter with a large degree of
subcriticality, which means that the radiation damage caused by a proton accelerator becomes

larger when a bigger subcritical transmuter is used.

The energy deposition, and the H and He production rates depended on the proton
beam current. A higher beam current gave larger values, except in the core, because there,
fission energy is mainly deposited, and the total fission energy mostly depends on the power
density, not on the proton beam current. The beam window (cell #9) and the lead target near
the beam window (cell #5) had large amounts of energy deposited and high production rates

of H and He, although the He production rate was smaller than the former.
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6. Conclusions

The damage to the structural materials of a proton-accelerator-based transmuter was
investigated using Monte Carlo simulation codes LAHET, HMCNP, and HTAPE. Atomic
displacement (DPA), H and He production rates, and energy deposition were evaluated. In
calculating the DPA cross section, the TRANSX2 code was used. The tungsten target, the
structural walls, and the core were divided into small cells to estimate the positional dependence

of the radiation damage.

In this transmutor, Cell #31-35 of the tungsten target, the beam window (cell #41),
and cell #43-48 of the structural wall have smaller DPA than the core regions. Since the fuel
has tungsten material which has large neutron DPA cross section in energy range of 2 eV to
100 eV, and the neutron flux in the core is high, the reduction of proton current can not make

the DPA small as the case of the MOX or particle fueled core.

The energy deposition, and the H and He production rates depended on the proton
beam current. A higher beam current gave larger values, except in the core, because there,
fission energy is mainly deposited. The beam window (cell #41) and the tungsten target near
the beam window (cell #31-33) had large amounts of energy deposited and high production

rates of H and He, although the He production rate was smaller than the former.

We calculated the radiation damage and heat deposition of these reactor in the case
when it is run with 10 mA proton current, since the total thermal energy out putis 456 MW,
and nominal power is 600 MW. Therefore, the proton current has to be increased to 13.15
mA, and the radiation damages are increased to this factor of 1.315. This becomes rather high
radiation damage rate so that it requires the frequent replacement and results into the low
plant factor. By choosing the smaller subcriticality, this difficulty can be avoided. Otherwise
we need the search for materials which can stand for radiation damage or has the low DPA

Cross section.
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The geometry, which is used in this calculation, is slightly different from the JAERI's
recent design for transmutor, New design has wider tungsten target which is not go through

the core, we are going to evaluate this new geometry in the next calculation,
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Table 2.1 Parameters for the design of tungsten target/MA metal fuel transmuter system

Core Composition
Core region

(cylinder)

Target (1) region

Target (2) region

Up-Down reflector
R-direction reflector
Fuel
Composition
Bond Material
Clad Material
Srug diameter
Clad outer diameter
Clad thickness
Pin pitch
Cluster shape
Cool system
Cooling material

Input temperature

Maximum velocity

Cross diameter

Cross inner radius

Height

140 cm
20 cm

140 cm

(Beam in) (Multi-disk type)

Cross radius
Height
(Multi-disk type)
Cross radius
Height
Thickness
Thickness

(Pin-bundle type)

20 cm

40 cm

20 cm
100 cm
40 cm

60 cm

Np-15Pu-30Zr / AmCm-35Pu-10Y

Na

ODS steel
4 mm
5.22 mm
0.3 mm
8.7 mm

Hexagonal

Na
330 °C
8 m/s
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Table 2.2 Material composition in each region

Region Target-1 Target-2 R-reflector  Z-reflector  Fuel
W-182 0.2642e-3 0.1058e-2 0.1953e-5
W-183 0.1437e-2 0.5750e-2 0.1062e-5
W-184 0.3084e-2 0.1235e-1 0.2280e-5
W-186 0.2873e-2 0.1151e-1 0.2124e-5
Na-23 0.2133e-1 0.9078e-2 0.7617e-2 0.1016e-2 0.1794e-1
Cr-nat 0.5569%¢-2 0.4774e-2 0.5946e-3
Mn-nat 0.3010e-3 0.2658e-3 0.2251e-4
Fe-nat 0.2059%e-1 0.1765e-1 0.3906e-2
Ni-nat 0.3484e-2 0.2986e-2 0.2195e-4
Mo-nat 0.4438e-3 0.3804e-3 0.2739¢-4
Pu-238 0.1717e-4
Pu-239 0.5351e-3
Pu-240 0.3880e-3
Pu-241 0.9167e-4
Pu-242 0.5000e-4
Np-237 0.1354e-2
Am-241 0.6476¢-3
Am-243 0.2919¢-3
Cm-243 0.7298e-6
Cm-244 0.1238e-3
Cm-245 0.6756e-5
C-nat 0.4076e-4
Si-nat 0.2660e-4
V-nat 0.1517e-4
Y-nat 0.5396e-3
Zr-nat 0.1919¢-2
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Table 4.1 Calculations of radiation damage of transmuter (Geometry 1)
R = 50 cm, kg = 0.966, P» = 456 MWy, 1,9 =10 mA, E, = 1 GeV

1# | Material DPAY we) HD He®)
Ce ateria (dpa/yr) | (W/em?) | (mol/cm?/yr) (mol/cm3/yr)
11 Fuel 1491 1.6 42X10° 3.4 X107

ODS 59.6 294 1
12 | Fuel 125.0 0.5 14X 106 2.2X107
~ h)
T el e R L
ODS 347 219.2
21 4.4 0.08 6.0x10-7 3.3X10-8
22 OoDS 4.0 0.003 47x108 6.2 X109
23 7.8 0.02 2.5%107 1.3x108
31 41.6 259.7 6.3 X104 1.5x104
32 44 8 199.5 45x104 1.0X104
33 Tunesten 440 298.5 6.7 X104 8.0x10-5
34 = 20.5 108.5 1.8 X104 1.6 X103
35 11.7 214 45%X10-3 0.0
36 4.0 04 2.1%X106 2.6 X105
40 40.3 3903 1.7x10-3 8.3 X103
41 7.0 0.05 59107 0.0
42 234 1.3 8.5x 106 0.0
43 40.2 18.3 8.1x10-3 3.5%X10%6
44 | Stainless 499 354 1.6 X104 7.0x 106
45 47.1 293 1.6 X104 1.1 X107
46 30.5 13.9 5.3 105 0.0
47 20.8 5.3 4.0x10-3 2.4X106
48 6.4 0.4 1.8 X106 0.0

a) Core thickness in the radial direction
b) Total thermal power

¢) Proton beam current required to operate the transmuter continuously

d) Atomic displacement

¢) Energy deposition
f) H production rate
g) He production rate

h) Energy generation by fission in core
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Table 5.1 Calculations of radiation damage of particle fuel transmuter (PFT)
(@) RM =10 cm, k5= 0631, PP =857 MW, IpC) =244 mA

14| Material DPAY we) Hb He®)
Cel ateria (dpa/yr) | (W/em?) | (mol/cm3/yr) | (mol/cm?/yr)

1 Fuel 56.5 689.3 4 8x10-> 1.1x10-3
2 Fuel 48.6 616.1 2.8x10°3 5.9X 106
3 Fuel 41.6 582.0 2.5%10-5 49x106
4 Stainless 3.7 0.3 3.2 X106 1.4%x107
5 Lead 348.1 19242 45x10-3 93x104
6 Lead 97.7 353.7 5.1 %104 6.5%X10-3
7 Lead 16.1 3.4 1.9 X103 53%106
8 Lead 2.8 4.8x102 <106 <106
9 Stainless 205.5 1474.0 7.1 X103 2.4 X104
10 Stainless 11.8 0.3 2.4X10¢ 2.4 X106
11 Stainless 59.4 4.7 4.4x10-5 2.4%106
12 Stainless 173.5 53.9 3.8 X104 2.1X1053
13 Stainless 76.0 49.0 2.0x 104 1.4x10-5
14 Stainless 16.8 1.5 1.2 X103 <10-7
15 Stainless 3.2 < 10-6 <106 <1077

a) Core thickness in the radial direction

b) Total thermal power

¢) Proton beam current required to operate the transmuter continuously
d) Atomic displacement

¢) Energy deposition

f) H production rate

g) He production rate
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Table 5.1 (Continued)

(b) R® = 20 cm, k5= 0.882, PY) = 228.6 MWy, ,9) = 13.7 mA

Cell # | Material DPAY we) HD He®)

¢ ateria (dpalyr) | (W/em3) | (mol/cm3/yr) (mol/cm3/yr)
1 Fuel 66.6 893.9 2.1x10°3 49X 106
2 Fuel 57.6 781.8 1.1 X103 2.4X106
3 Fuel 454 608.7 6.1 X10¢ 1.7 X106
4 Stainless 5.1 0.1 1.3x10° 6.6 X108
5 Lead 241.9 1076.8 2.5x1073 5.2x 104
6 Lead 99.0 198.1 2.9x104 3.6 X10-
7 Lead 30.7 1.8 8.9x 106 3.0X 106
8 Lead 6.1 2.7%1072 <10¢ <108
9 Stainless 160.2 822.5 3.9x10-3 1.3x104
10 Stainless 16.4 5.7X107 <10 <108
11 Stainless 66.4 2.7 2.1 X105 1.3 X106
12 Stainless 151.2 29.8 2.2X104 9.2X 106
13 Stainless 88.3 273 1.1 xX10% 9.2 X106
14 Stainless 36.3 0.8 7.9 X106 <108
15 Stainless 7.6 8.0x10-3 <106 <108

a) Core thickness in the radial direction

b) Total thermal power

¢) Proton beam current required to operate the transmuter continuously

d) Atomic displacement
¢) Energy deposition

f) H production rate

g) He production rate
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Table 5.2 Calculations of radiation damage of MOX fuel transmuter (MFT)
(@) R =10 cm, k5= 0.461, P® = 60 MW, IPC) =225mA

Cell # | Material | PPAY | W9 HY Het)
(dpa/yr) | (W/em?) | (mol/cm3/yr) | (mol/cm3/yr)

1 Fuel 65.0 419.5 5.3X105 9.3X106
2 Fuel 53.7 391.8 3.5%X103 8.4 106
3 Fuel 441 409.7 2.9x10-3 7.3 X106
4 Stainless 2.8 0.2 2.6 X106 1.2 X107
5 Lead 321.6 1768.5 4.1x10-3 8.5X 104
6 Lead 89.2 3249 4.7x104 6.0X10-3
7 Lead 10.6 34 1.8 X103 4.9x106
8 Lead 1.7 4.4x102 <106 <107
9 Stainless 182.0 13534 6.5x10-3 2.2X104
10 Stainless 7.8 0.3 4.3x10°0 <10-7
11 Stainless 495 4.2 4.1x10-5 <107
12 Stainless 162.3 474 3.5x104 1.1X10-3
13 Stainless 71.4 45 4 1.7 X104 1.5X10-5
14 Stainless 14.3 1.0 1.9X103 <107
15 Stainless 2.3 <106 < 10-6 < 10-7

a) Core thickness in the radial direction

b) Total thermal power

¢) Proton beam current required to operate the transmuter continuously
d) Atomic displacement

¢) Energy deposition

f) H production rate

g) He production rate
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Table 5.2 (Continued)
(a) RY =20 cm, kg =0.711, P =160 MWy, [9)=24.0 mA

Cell # | Material DPAYD we) Hb He®

© ateria (dpa/yr) | (W/em3) | (mol/cm3/yT) (mol/cm3/yr)
1 Fuel 874 592.3 4.6 %10 9.4 X106
2 Fuel 672 450.7 2.2X10°3 5.8x10¢
3 Fuel 492 449 8 1.3x10°3 3.1 X106
4 Stainless 4.0 0.2 2.0x 10 1.1 X107
5 Lead 364.1 1886.9 44x1073 91x104
6 Lead 117.3 3473 50x10¢ 6.5%x 10"
7 Lead 24.5 3.7 2.1 X103 52 X106
8 Lead 6.0 4.7%102 <10-¢ <107
9 Stainless 221.8 14359 6.8 X 10-3 2.3 X104
10 Stainless 15.4 0.2 2.3X10° <107
11 Stainless 733 49 50x10-3 2.3X10°
12 Stainless 197.4 47.0 3.6 X104 92 %106
13 Stainless 95.8 48.5 1.8 X 10-4 1.4X10-3
14 Stainless 30.0 0.6 9.2x10°¢ <107
15 Stainless 6.0 5.7x10-2 23X 100 <1077

a) Core thickness in the radial direction

b) Total thermal power

¢) Proton beam current required to operate the transmuter continuously

d) Atomic displacement
¢) Energy deposition

f) H production rate

g) He production rate
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Table 5.2 (Continued)
(@) R® =30 cm, k5= 0.858, P =300 MW, I©)=16.8 mA

Cell 4 | Material DPAD we) HH He®
¢ ateria (dpa/yr) | (W/ecm?) | (mol/cm3/yr) | (mol/cm3/yr)
1 Fuel 88.5 600.1 2.7X10-3 5.3X106
2 Fuel 71.1 503.2 8.8 X106 3.3X10°6
3 Fuel 51.4 481.6 42 X103 1.2X10-6
4 Stainless 5.3 0.1 1.1xX10°¢ 6.1 X108
5 Lead 273.1 1322.1 3.1x10-3 6.3 X104
6 Lead 98.1 242.7 3.5x104 45x105
7 Lead 33.6 24 1.3X10-3 3.6X106
8 Lead 6.6 6.0 X 10-2 <106 <108
9 Stainless 160.7 1003.8 49x10-3 1.6X104
10 Stainless 15.8 0.1 1.6 X106 <108
11 Stainless 67.8 3.4 2.9x 103 3.2X106
12 Stainless 167.7 344 2.7x10+ 97X 106
13 Stainless 96.8 33.1 1.2X10-4 9.7X 106
14 Stainless 39.7 0.4 6.5 X106 <10-8
15 Stainless 8.7 <106 <106 <10-8

a) Core thickness 1n the radial direction
b) Total thermal power

c) Proton beam current required to operate the transmuter continuously

d) Atomic displacement

¢) Energy deposition
f) H production rate
g) He production rate
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Fig 2.1 Cross sectional view of the calculational geometry
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Fig.3.1.5 DPA cross section of radial reflector for neutron energies from 107 to 20 MeV
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Fig.3.1.6 DPA cross section of target-1 for neutron energies from 107 to 20 MeV
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Fig.3.1.7 DPA cross section of target-2 for neutron energies from 107 to 20 MeV
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Fig.4.1.2 Neutron spectra in cell #12
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Fig.5.2.1 DPA cross section of stainless steel
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Fig.5.2.2 DPA cross section of lead
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Fig.5.6.1 Neutron spectra in cell #9 of PFT

Neutron Spectra in Cell #12

7

10° 10° 10" 10 10
Neutron Energy (MeV)

10

Fig 5.6.2 Neutron spectra in cell #12 of PFT
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Fig.5.6.4 Neutron spectra in cell #5 of PFT
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Fig.5.6.6 Neutron spectra in cell #1 of PFT
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Fig.5.6.7 Neutron spectra in cell #3 of PFT
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Fig 5.7.2 Neutron spectra in cell #12 of MFT
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Fig.5.7.4 Neutron spectra in cell #5 of MFT



JAERI—Research 99—011

Neutron Spectra in Cell #7

— — a—
C)n Ol ol
N RN

—
ol
x

Flux (n/cm2/lethargy/proton)

10-10 , .
107 10° 10°® 10' 10" 10°
Neutron Energy (MeV)

Fig.5.7.5 Neutron spectra in cell #7 of MFT

Neutron Spectra in Cell #1

Flux (n/cm2/lethargy/proton)

107 10°% 10° 10' 10" 10°
Neutron Energy (MeV)

Fig.5.7.6 Neutron spectra in cell #1 of MFT
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Fig.5.7.7 Neutron spectra in cell #3 of MFT
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