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Abstract In this study, the effects of changing first wall
materials and their thicknesses on a reactor were investi-
gated to determine the displacement per atom (DPA) and
gas production (helium and hydrogen) in the first wall, as
well as the tritium breeding ratio (7BR) in the coolant and
tritium breeding zones. Therefore, the modeling of the
magnetic fusion reactor was determined based on the
blanket parameters of the International Thermonuclear
Experimental Reactor (ITER). Stainless steel (SS 316 LN-
IG), Oxide Dispersion Strengthened Steel alloy (PM2000
ODS), and China low-activation martensitic steel (CLAM)
were used as the first wall (FW) materials. Fluoride family
molten salt materials (FLiBe, FLiNaBe, FLiPb) and lithium
oxide (LiO,) were considered the coolant and tritium
production material in the blanket, respectively. Neutron
transport calculations were performed using the well-
known 3D code MCNP5 using the continuous-energy
Monte Carlo method. The built-in continuous energy
nuclear and atomic data libraries along with the Evaluated
Nuclear Data file (ENDF) system (ENDF/B-V and ENDF/
B-VI) were used. Additionally, the activity cross-section
data library CLAW-IV was used to evaluate both the DPA
values and gas production of the first wall (FW) materials.
An interface computer program written in the FORTRAN
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90 language to evaluate the MCNP5 outputs was developed
for the fusion reactor blanket. The results indicated that the
best TBR value was obtained for the use of the FLiPb
coolant, whereas depending on the thickness, the first wall
replacement period in terms of radiation damage to all
materials was between 6 and 11 years.
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1 Introduction

Research on fusion energy for electricity production has
primarily focused on the concepts of magnetic and inertial
fusion energy. In the last 70 years, the concept of magnetic
fusion has gained importance in the field of electricity
generation from fusion energy. El-Guebaly [1] stated that
the magnetic fusion concept based on a toroidal configu-
ration of Toroidalnaya Kamera and Magnitnaya Katushka/
Toroidal Chamber and Magnetic Coil (TOKAMAK)
devices, and the International Thermonuclear Experimental
Reactor (ITER) is one of the most important pioneers of
this concept [2].

Several vital elements makeup the successful design of
magnetic fusion reactors. The first element is the self-suf-
ficient fuel cycle for plant sustainability. To design a self-
sustained D-T fueled fusion reactor, tritium must be pro-
duced at least as much as it is consumed [3]. The ratio of
tritium production to its consumption is determined as the
net tritium breeding ratio (7BR), and to ensure its self-
sufficiency, the TBR must be greater than 1.05 (TBR >

1.05) [4]. This is because a fraction of the fuel is
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commonly burned up in plasma, radioactive decay of tri-
tium, and calculation uncertainties [5]. Studies in literature
show that different concepts examine the TBR in fusion
reactors. Hernandez and Pereslavtsev [6] investigated the
solid tritium breeder concept for use in fusion reactors. The
TBR of all solid tritium breeders was sufficient for oper-
ating the reactor sustainably, and Li;N showed the highest
tritium breeding performance. The tritium breeding per-
formance of a solid breeder blanket for (demonstration
power station) was examined, and they found that Li4,SiO4
had the best tritium breeding performance [7].

According to varying cooler thicknesses, neutronic
analysis of a magnetic fusion reactor with spherical
geometry was performed using FLiBe (Li,BeF;) as a
coolant [8]. According to the findings, the TBR value was
sufficient for sustainably operating the reactor, and the
optimum coolant thickness was 50 cm. In the 1960s, FLiBe
was used as the molten salt (MS) in molten salt reactor
experiments (MSRE). The neutronic performance of liquid
metals and molten salts in the blanket of a hybrid reactor
has been examined [9, 10]. It was observed that a model in
which natural lithium was used as a coolant exhibited the
highest TBR performance. The tritium breeding potential of
Li-Sn has been investigated, and it has been determined
that when the thick-liquid-breeder concept is applied, the
tritium breeding potential of Li-Sn is better than FLiBe
[11]. Youssef compared the tritium breeding potential of
FLiBe and FLiNaBe, which have favorable melting points,
and observed that the tritium production potential of FLiBe
was higher than FLiNaBe [12].

The tritium breeding ratio of the fusion-fission hybrid
reactors with different molten salts was investigated [13]
and the findings of this study determined that the highest
TBR value was obtained when 90% enriched lithium was
used as a coolant in the model. Despite the high 7BR value
obtained in studies using natural or enriched lithium, the
radiation damage and energy multiplication factors of the
blanket structure of the reactor should be carefully exam-
ined. On this basis, FLiBe is a much more appropriate
coolant than natural lithium, as it has both a sufficient TBR
and causes a higher energy multiplication factor and low
radiation damage. The effects of varying the lithium
enrichment rates and SS304 material used in the first wall
on the neutronic performance of the hybrid reactor were
examined [14]. The calculations show that the lithium
enrichment rate is directly proportional to the total 7TBR
and inversely proportional to the displacement per atom
(DPA). The vanadium alloy provided the best results in
terms of the TBR value, and the copper alloy gave the best
result in terms of DPA. In this study, the effect of changing
the coolers and first wall materials on the neutronic per-
formance of hybrid reactors was examined [15]. The best
coolant performance was obtained when FLiBe was used;
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W-5Re, TZM, T111, and Nb-1Zr were used as the first wall
materials. The calculations showed that the worst tritium
production performance was obtained when the TI111
material was used, whereas the tritium production perfor-
mance of the other materials was found to be very close to
each other. SS304, SS316, ODS, Mo, vanadium, and W
were used as the first wall materials in the blanket structure
fusion, whereby hybrid reactors were investigated [16].
The highest TBR and lowest radiation damage were
observed for vanadium and W, respectively. In addition to
liquid metals and molten salt coolants in magnetic fusion
reactors, gas coolants can be used to make necessary design
changes. The effect of the He/LiPb coolants on the neu-
tronic performance of the reactor was examined [17].
Despite sufficient tritium production, the coolant zone of
the reactor must be designed for operation at high pressures
and temperatures. Wang et al. [18] analyzed the efficiency
of CO,-and He-cooled DEMO fusion power plants and
found that helium (He) performed better in terms of gross
and net efficiencies. Tillack et al. [19] summarized existing
design concepts and parameters for fusion power plants
using He as the coolant material and determined that the
heat removal capability of He is not worse than that of
water in a well-designed system, but noted that an increase
in pump power is necessary to work with high-pressure
values.

According to the findings obtained from previous stud-
ies, the lithium concentration in the coolant materials
directly affects tritium production, and neutron breeder
isotopes provide a sufficient tritium breeding ratio for
autonomous fusion reactor operation. Romatoski and Hu
[20] recommended experimental and theoretical property
data for candidate fluoride salt coolants for use in nuclear
applications. They investigated neutronic and coolant
thermophysical properties, such as density, heat capacity,
thermal conductivity, and viscosity [20]. In addition, the
properties (melting points, densities, neutron multiplier,
TBR) of the molten salt materials (FLiBe, FLiNaBe,
FLiPb), belonging to the family of fluorides with their
references in the literature, have been reported [21].

The second element for a successful fusion reactor design
is to protect the reactor structure from high-energy neutrons
released from the plasma. As such, a layer should be placed
between the plasma and reactor layers. The mentioned layer
is known as the first wall and can be designed using two
essential concepts: solid and liquid. Nevertheless, the solid
wall concept is preferred owing to the high neutron damage
and wall load in fusion reactors; the liquid wall concept is
preferred for hybrid reactors with low wall loads [22, 23].
Tung et al. [24] investigated the radiation damage parame-
ters of oxide dispersion-strengthened (ODS) steel alloys.
According to the results of tritium production, gas produc-
tion, and nuclear heating calculations, the 12YWT steel
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showed the best performance. A comprehensive study on the
neutronic  performance of reduced activation fer-
ritic/martensitic steels (RAFMs) (such as EUROFER97 and
F82H), vanadium alloys, silicon carbide, copper alloys, and
stainless steel (SS 316) as the first wall materials has been
conducted. V,Cr,Ti and Cug sCrqsZr exhibited the best tri-
tium breeding, gas production, and DPA performance in this
work [4]. In addition to ODS steels, vanadium and copper
alloys can also be used as the first wall material in fusion
reactors. Muroga [25] used vanadium alloy as the first wall
material and FLiBe as the coolant. According to the study
results, the reactor produced self-sufficient tritium and the
superconductor magnet systems were protected from neu-
tron damage. The Institute of Plasma Physics, Chinese
Academy of Sciences (ASIPP), has conducted a series of
research and development studies on CLAM as a structural
material and related technology. A summary of these studies
was presented by Huang et al., primarily covering the
composition design, property tests, techniques for joining
and coating, and activation analysis, which are corrosion
properties of liquid LiPb and irradiation effects from plasma.
These studies show that CLAM has some good properties
before irradiation from the current test. Huang et al. [26]
provided the chemical composition of CLAM, which is
based on extensive research from various ongoing interna-
tional research and development programs on RAFMs.

In contrast to other studies in literature on the neutronic
performance of fusion reactors, this study aimed to deter-
mine the effect of the material composition and thickness
of the first wall on the reactor’s neutronic performance,
such as tritium breeding materials and first wall material
damage. Modeling of a magnetic fusion reactor was com-
pleted based on ITER’s blanket parameters of the ITER.
Stainless steel (SS 316 LN-IG), steel alloy (PM2000 ODS),
and CLAM were used as FW materials. The effects of
changing the first wall materials and their thickness on the
reactor were investigated in the DPA and gas production in
the first wall, as well as the 7BR in the coolant zone and
tritium breeding zone. Therefore, in the blanket, fluoride
family molten salt materials (FLiBe, FLiNaBe, and FLiPb)
as well as the neutron multiplier (Be and Pb) were used as
coolants. Lithium oxide (LiO,) was considered as a tritium
production material for comparison.

2 Method

2.1 Description of geometrical model for neutronic
calculations

Figure 1 illustrates the MCNP5 geometry output of the
simplified model for neutronic analysis of the blanket

structure of a magnetic fusion reactor. In this model, the
reactor comprised nine layers [27]:

2.1.1 Plasma region inside a D-shaped blanket structure

In this study, deuterium—tritium fusion fuel was used in
the magnetic fusion reactor owing to its high-energy
potential. In the model where the plasma was homoge-
neously distributed, the minor radius of the plasma region
was 200 cm and its major radius was 620 cm, which was
added to the model as a reactor component to preserve the
low aspect ratio.

2.1.2 First wall zone

The solid first wall concept was applied in this study.
Different stainless steel materials (SS 316 LN-IG, PM2000
ODS, and CLAM) were used as the first wall materials.
The effect of the thickness of the first wall (1-5 cm) on the
neutronic performance of the reactor was investigated.

2.1.3 Coolant zone

Fluoride family molten salt materials (FLiBe, FLiNaBe,
and FLiPb), which have high tritium breeding performance
and are also neutron multipliers, were used as coolants in
the reactor blanket. The thickness of this layer was chosen
to be 50 cm to achieve optimum neutronic performance.

2.1.4 Reflector zones

The first reflector zone (graphite, 10 cm) was added to
the reactor model after the coolant zone to reflect the
neutrons from the fusion source and send them back to the
coolant zone. Graphite was used as a reflector because of
the high elastic scattering of neutrons. The second reflector
zone (graphite, 20 cm) was also added after the tritium
breeding zone to reflect the neutrons and send them back to
the tritium breeding zone. In this way, the neutron damage
in the magnet layer of the reactor was reduced, and an
increase in tritium production and energy multiplication
factor values was observed.

2.1.5 Tritium breeding zone
Lithium oxide (LiO,) was selected as the tritium pro-
duction material. The layer thickness was determined as

10 cm, and the tritium production potential was increased
by adding a reflector zone after this zone.
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Fig. 1 Blanket structure of investigated magnetic fusion reactor
2.1.6 Vacuum vessel

This is a safety containment barrier that supports plasma
stability. It provides a high vacuum environment and
electrical resistivity. It has a double structure with electri-
cal and structural continuity [28]. In this study, we assumed
that the vacuum vessel was composed of a homogeneous
mixture of 60% borated steel (S30467) and 40% water
[29]. The thickness of the vacuum vessel was set at 30 cm.

2.1.7 Thermal shield

When the plasma releases heat, conductive heat transfer
occurs between blanket components. The thermal shield
hampers the heat load required to reach the toroidal field
coils. It is composed of stainless-steel panels and panels
cooled by helium gas [2]. SS316LN-IG was selected for
thermal shielding, and the thickness of the shield was
determined to be 2 cm.

@ Springer

1- Major radius of plasma (620 cm)

2- Minor radius of plasma (200 cm)

Magnetic Coil (90 cm)
Thermal Shield (2 cm)

=g —— Vacuum Vessel (30 cm)

Reflector Zone (20 cm)

TBR Zone (10 cm)

2.1.8 Magnetic coil

Plasma limitation in magnetic fusion reactors is
accomplished with the help of magnets. The magnets and
plasma surrounding the outermost layer of the reactor limit
the plasma with a magnetic force according to the limits of
the designed reactor. Another function of the magnets is to
maintain the plasma in the center of the reactor with
magnetic force and prevent it from dispersing. We assumed
that magnetic coil was composed of a homogenous mixture
of 45% Nb;Sn, 50% Incoloy 908, and 5% Al,O3 [29].

Table 1 lists the atomic densities of the blanket materials
in the different zone used in this study. Furthermore,
Table 2 shows the isotopic compositions and atomic den-
sities of the candidate materials for the investigated first
wall. Moreover, atomic densities of the candidate coolant
molten salt materials are given in Table 3.

2.2 Calculation tools

Neutron particle transport calculations were performed
using the continuous energy Monte Carlo method with the



Neutronic study on the effect of first wall material thickness on tritium...

Page 5 of 18 43

Table 1 Atomic densities of the blanket materials

Blanket zone Material Specific weight (gr/cm?) Nuclide Nuclei density (atom/barn-cm)
2 First wall candidate Seen in Table 2
3 Coolants Seen in Table 3
4 Reflector (Graphite) 2.267 C-12 1.13661E-01
5 TBR zone (Lithium oxide) 2.013 Li-6 6.15851E-03
Li-7 7.49813E-02
0O-16 4.05699E-02
6 Reflector (Graphite) 2.267 C-12 1.13661E-01
7 Vacuum vessel S30467 (60%) 7.8 Fe 5.24159E-02
C 7.82143E-05
Mn 1.39364E-03
Cr 1.74350E-02
B 9.12492E-03
Si 8.86414E-04
H,0 (40%) 1 Ni 1.12828E-02
H 6.68566E-02
(0] 3.34283E-02
8 Thermal shield (SS 316 LN-IG) 8 Fe 5.65101E-02
C 4.01099E-05
Mn 1.57845E-03
P 3.11074E-05
S 1.50268E-06
Si 6.86146E-04
Ni 1.00948E-02
Cr 1.61217E-02
Mo 1.20515E-03
N 2.06424E-04
Nb 1.03709E-05
Cu 2.27438E-05
Co 2.45240E-05
B 4.01095E-06
Ta 2.66242E-06
Ti 1.00576E-05
9 Coil
Nb3Sn (45%) 8.4 Nb 1.71828E-02
Sn 5.72759E-03
AL O3 (5%) 3.987 Al 2.35482E-03
(6] 3.53223E-03
Incoloy 908 (50%) 8.17 Fe 1.79278E-02
Ni 2.05348E-02
Cr 1.88298E-03
Nb 7.73161E-04
Ti 8.93607E-04
Al 8.47909E-04
N 3.51351E-06
Mn 1.83588E-05
C 2.04811E-05
Co 4.17419E-05

@ Springer



43 Page 6 of 18

H. M. Sahin et al.

Table 2 Atomic densities of the first wall candidate materials

Nuclide Nuclei density (atom/barn-cm)
SS 316 LN-IG stainless steel PM2000 ODS steel alloy CLAM (China low activation martensitic steel)
Al - 8.22968E-03 -
B 4.01095E-06 1.20830E-06 -
C 4.01099E-05 3.62493E-05 3.90069E-04
Co 2.45240E-05 7.38789E-06 -
Cr 1.61217E-02 1.58427E-02 8.10948E-03
Cu 2.27438E-05 6.85158E-06 -
Fe 5.65101E-02 5.82026E-02 7.42966E-02
Mn 1.57845E-03 8.71764E-05 3.83760E-04
Mo 1.20515E-03 4.53768E-06 -
N 2.06424E-04 8.70346E-06 6.69159E-05
Nb 1.03708E-05 - -
Ni 1.00948E-02 7.41810E-06 -
- 6.80340E-04 -
P 3.11074E-05 2.81133E-06 4.53779E-06
S 1.50268E-06 2.85190E-06 2.92272E-06
Si 6.86146E-04 6.20104E-05 1.66819E-05
Ta 2.66242E-06 - 3.88381E-05
Ti 1.00576E-05 4.09313E-04 5.86275E-06
\Y% - - 1.83939E-04
w - 9.47325E-06 3.82271E-04
Y — 1.81196E-04 -
Zr - 4.77276E-06 -
Total 8.65498E-02 8.37873E-02 8.38818E-02
’tll‘lzb:zn:fikﬁtt?zfoi Zrisgllztse:il;ls Nuclide  Nuclei density (atom/barn-cm)
FLiBe FLiPb FLiNaBe
LiF (67%) + BeF, (33%)  LiF (40%) + PbF, (60%) LiF (35%)-NaF (27%)-BeF, (38%)
Density  1.94 3.545 2.0
Li-6 1.80234E-03 4.11519E-04 8.35829E-04
Li-7 2.19439E-02 5.01034E-03 1.01764E-02
Be-9 1.16959E-02 - 1.19562E-02
F-19 4.71381E-02 2.16875E-02 4.34197E-02
Na-23 - - 8.49516E-03
Pb-206 - 2.07386E-03 -
Pb-207 - 1.79735E-03 -
Pb-208 - 4.26158E-03 -
Total 8.25802E-02 3.52421E-02 7.48833E-02

well-known 3D code MCNP5 [30]. MCNP5 allows for a
unique geometric definition limited only by the available
computing power band, which uses the built-in continuous
energy nuclear and atomic data libraries such as the
Evaluated Nuclear Data File (ENDF) system [31]. ENDF/
B-V and ENDF/B-VI are nuclear data files evaluated in a

@ Springer

US study coordinated by the National Nuclear Data Center
at Brookhaven National Laboratory [32]. ENDF/B-V [33]
and ENDF/B-VI [34] are neutron energy regimes that are
107" MeV to 20 MeV for all isotopes, and 150 MeV for
some isotopes. In addition, the activity cross-section data
library CLAW-IV [35] was used for atomic displacement
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cross-sections of FW structural materials to evaluate both
the DPA values and gas production.

An interface computer program written in the FOR-
TRAN 90 language to evaluate the MCNP5 outputs was
developed for the fusion reactor blanket. Figure 2 shows
the flowchart of the interface code for the assessment of the
MCNP5 output, entitled MCNPAS (MCNP Assessment
Code) [36]. In the first step, with the stochastic MCNP5/
MCNPAS code, the MCNP5 code calculates the neutron
fluxes and reaction rates in the cells and surfaces [37]. In
the second step, the interface code reads the required data
from the output and activity cross-section data library,
CLAW-1V. Thereafter, the interface code calculates neu-
tronic performance parameters such as TBR, DPA, gas
production, and nuclear heating.

3 Results and discussion
3.1 Fusion blanket performance
Fluoride family molten salt materials (FLiBe, FLiNaBe,

FLiPb) as well as the neutron multiplier and lithium oxide
(LiO,) were considered the coolant and tritium production

material in the blanket, respectively. We performed cal-
culations to compare the fusion blanket performance.

3.1.1 Tritium breeding ratio

Tritium is an important and hazardous material. Because
tritium is difficult to obtain and degrades with a half-life of
12.3 years, the quantity produced must be as much as is
needed to be consumed. Therefore, one triton must be bred
in the blanket for every triton consumed in the D-T fusion
reaction. Thus, the fusion blanket must contain tritium
breeding material. Tritium can be produced by contact with
lithium during the fusion reaction. The neutrons escaping
the plasma must interact with the lithium contained in the
blanket to produce tritium. Therefore, the only viable
choice is Li, which is naturally composed of 92.41% ’Li
and 7.59% °Li. Both isotopes breed tritium, but °Li breeds
much more than "Li does. In other words, the tritium
reaction cross-section increases with decreasing neutron
energy, namely thermal neutrons, whereas the cross-sec-
tions of ("Li, n) are much lower. Neutrons produce tritium
via the following reactions for both isotopes:

Stop
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SLi+n — jHe + jH + 4.8 MeV, (1)
JLi+n— 3He+7H+n—2.5MeV. (2)

As can be observed from the reactions, one neutron
produces only one tritium atom in the (°Li, n) reaction. In
addition, in Eq. 1, the exoenergic neutron absorption in 14
occurs in tritium breeding and an important heat effect is
generated. A neutron multiplier was added to increase tri-
tium breeding efficiency. Beryllium (Be) is mainly a neu-
tron multiplier, and (Pb) was also considered in some
concepts of tritium breeding blankets [38].

As shown in Fig. 3, high-energy neutrons (14 MeV)
have a higher cross-section of Pb(n,2n), whereas lower-
energy neutrons have a higher cross-section of Be(n,2n)
[39]. In addition, as shown in Fig. 4, the coolant zone
exhibits a high-energy neutron spectrum. Therefore, lead-
containing coolants increase the efficiency of tritium
breeding. Hence, we investigated the TBR production in
two regions of the blanket layer. These effects are also
clearly seen in Fig. 5 when comparing the TBR perfor-
mance of the coolants. The TBR production rates in these
two regions are shown in Fig. 5. These were the coolant
and tritium breeding zones, respectively. As shown in
Fig. 5, the contribution of the lead-containing (Pb) coolant
(FLiPb) to the total TBR shows that there is a sharp
increase in tritium production in the tritium breeding zone,
namely the LiO, zone. Among the three different first wall
materials, the best performance of the total TBR was
obtained for the FLiPb coolant. Moreover, when the first
wall was 2 cm for all materials, the 7BR value produced in
the coolant zone was sufficient.

In addition, to resist fusion plasma damage and protect
the blanket, the first wall, which is the first layer of the

Fig. 3 Cross-section of

blanket on the plasma side, must be composed of steel with
a strong structure. This affects the reaching of high-density
metal fusion neutrons to the TBR region and the amount of
TBR production. To measure the effect of the first wall
thickness, the TBR was calculated for various materials
used on the first wall. Because more neutrons were mod-
erated after travelling through the thick first wall, to
observe this effect, three different materials were used as
the first wall material by changing from 1 to 5 cm.

As can be seen from Fig. 6, in the first wall material (SS
316 LN-IG), as the first wall material thickens from 1 to
5 cm, the TBR values decrease from 1.20 to 1.00, from 1.28
to 1.00, and from 1.08 to 0.94 for the FLiBe, FLiPb, and
FLiNaBe coolants, respectively. When examining the val-
ues for the first wall material (SS 316 LN-IG), the highest
reduction in the TBR was 22% for FLiPb coolant. In the
same examination, in the first wall material (PM2000
ODS), as the first wall material thickened from 1 to 5 c¢m,
the TBR values decrease from 1.22 to 1.10, from 1.31 to
1.09, and from 1.10 to 1.02 for the FLiBe, FLiPb, and
FLiNaBe coolants, respectively. When examining the val-
ues for the first wall material (SS 316 LN-IG), the highest
reduction in the TBR was 17% for FLiPb coolant. For the
first wall material (CLAM), as the first wall material
thickens from 1 to 5 cm, the TBR values decrease from
1.22 to 1.08, from 1.30 to 1.04, and from 1.09 to 0.98 for
FLiBe coolant, FLiPb coolant, and FLiNaBe coolant,
respectively. When examining the values for the first wall
material (SS 316 LN-IG), the highest reduction in the TBR
was 20% for FLiPb coolant. In terms of the TBR, the best
performance was obtained for the 1 cm first wall material
PM2000 ODS.

Be(n,2n) and Pb(n,2n) at the
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Fig. 5 The change in the tritium breeding ratio with respect to thickness for first wall materials
Sufficient tritium production in the fusion reactor blan-  3.1.2 Energy multiplication factor

ket must be maintained to sustain the reactor. The fig-

ures are useful for evaluating the effects of the first wall Energy multiplication through various neutronic reac-
thickness on the overall production of tritium. tions in the blanket is an important performance parameter

for fusion reactors. In the blanket of a fusion reactor, nearly
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Fig. 6 The change in the tritium breeding ratio with respect to thickness for first wall materials

all the kinetic energy of 14 MeV neutrons is converted into
useful heat energy by multiple scattering. The multiplica-
tion factor (M) was calculated using Eq. 3.

[(Zuitium (§Li) X 4.786) — (Zuisum (JLi) % 2.467)] MeV

M=1
+ 14.1 MeV

(3)

Per Eq. 1, the exoenergic neutron absorption in °Li
occurs in tritium breeding and an important heat effect is
generated in the coolant and tritium breeding zones. In
addition, the addition of the neutron multipliers Be(n,2n)
and Pb(n,2n) to the coolant increases the energy multipli-
cation factor. Moreover, the y-emissions in the first wall
material and coolants resulting from the (n, y) reactions
contribute to overall heat energy production. Figure 7
illustrates the change in M with respect to the thicknesses
of the first wall materials and coolants. The highest energy
multiplication is observed with the FLiPb coolant, which is
directly related to the neutron multiplier and intense y
emission in lead and occurs via multiple inelastic neutron
scattering reactions. As shown in Figs. 6 and 7, both the
M factor and TBR are the highest owing to neutron mul-
tiplication in the FLiPb coolant; additionally, the M and
TBR values decrease as the thickness of the first wall
material increases..
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3.2 Radiation damage in the first wall

In the fusion reactor, the first wall (FW) was exposed to
large amounts of plasma and electromagnetic radiation. At
the same time, the first wall protected the blanket from the
plasma. Additionally, the first wall (FW) was exposed to
14 MeV high-energy neutrons released from the DT reac-
tion. High-energy neutrons caused nuclear reactions in the
first wall in terms of material damage, a criterion of the
fusion reactor structure. It is known that the most important
parameters are DPA and gas production, such as produc-
tion of He and H.

Radiation damage, a design concept for fusion energy
reactors, limits the lifetime of the FW structure to one full
power year (FPY), which means that the FW material must
be replaced every year. In this study, 100 DPA/FPY was
selected as the DPA limit criterion for FW structural
materials [40, 41]. Radiation damage beyond certain limits
warrants the replacement of the first wall material. In
addition, according to the literature, the acceptable limit for
helium production was chosen as 500 appm (atomic parts
per million) [42, 43]. When the first wall radiation was
evaluated in terms of damage criteria, we observed that the
first wall thickness used in this study was sufficient.
However, when evaluated in terms of the fusion reactor
blanket as a whole, we found that the FLiBe and FLiPb
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Fig. 7 The change in the multiplication factor with respect to thickness for first wall materials and coolants

coolants, in which ODS steel is used together, provide the
best performance, especially when considering the pro-
duction of TBR, as shown in Fig. 6.

3.2.1 Displacement per atom

The DPA is expressed as a measure of the damage
caused to the atomic crystal structure of a substance via
bombardment with energy particles. In other words, the
number of times each atom is separated from its location in
the crystal by radiation. The displacement per atom in a
lattice structure is called DPA. In other words, one DPA is
equivalent to displacing all atoms from their lattice sites. In
the first wall calculations, the DPA is expressed as a
probability. This possibility is called the DPA cross-sec-
tion. Neutrons that cause DPAs are usually those with
energies greater than 1 MeV. Thermal neutrons do not
cause DPAs. The cross-section for the processes of neutron
displacement damage is generally in the range of 1-10
barns [38].

Three types of first wall materials were considered for
the first wall performance. However, the coolants behind
the first wall also affected its structure. This is because the
coolants contain neutron multiplier isotopes. Thus, both

factors should be considered when evaluating the DPA
performance. As shown in Fig. 8, during first wall damage,
the DPA is higher when the FLiPb coolant is used because
high-energy neutrons (14 MeV) have a higher Pb(n,2n)
cross-section and high neutron multiplier. In other words,
as the number of neutrons in the material increases, more
DPAs occur on the first wall than in the FLiBe and FLi-
NaBe coolants. In addition, because Fe and Cr have the
highest content of all the first wall materials, one can say
that the DPA damages of the first wall materials are
approximately similar.

Figure 8 illustrates the change in the DPA values with
respect to the thickness of the first wall material and the
three different coolants. Neutron moderation in lithium, the
lightest coolant element, decreases the DPA. Neutron
multiplication in FLiPb is higher than that in FLiBe and
FLiNaBe because high-energy neutrons (14 MeV) have a
higher cross-section of Pb(n,2n), whereas thermal neutrons
have a higher cross-section of Be(n,2n). Therefore, as
observed in Fig. 8, regarding the first wall materials, the
lead-containing FLiPb coolant had the highest DPA values.
In the first wall material (SS 316 LN-IG), as the first wall
material thickens from 1 to 5 cm, the DPA values
decreased from 7.17 to 5.66, from 7.95 to 6.09, and from
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Fig. 8 The change in the displacement per atom with respect to thickness for first wall materials

7.18 to 5.69 for the FLiBe coolant, FLiPb coolant, and
FLiNaBe coolant, respectively. . When examining the
values for the first wall material (SS 316 LN-IG), the
highest reduction in the DPA was 23% for the FLiPb
coolant. In the same examination, in the first wall material
(PM2000 ODS), as the first wall material thickens from 1
to 5 cm, the DPA values decreased from 7.26 to 5.86, from
8.05 to 6.32, and from 7.27 to 5.89 for the FLiBe coolant,
FLiPb coolant, and FLiNaBe coolant, respectively. When
examining the values for the first wall material (SS 316
LN-IG), the highest reduction in the DPA was 21% for the
FLiPb coolant. For the first wall material (CLAM), as the
first wall material thickens from 1 to 5 cm, the DPA values
decreased from 7.12 to 5.68, from 7.83 to 6.12, and from
7.14 to 5.71 for the FLiBe coolant, FLiPb coolant, and
FLiNaBe coolant, respectively. When examining the val-
ues for the first wall material (SS 316 LN-IG), the highest
reduction in the DPA was 22% for FLiPb coolant.

3.2.2 Gas production
In contrast to production of helium (He), a higher pro-

duction of hydrogen (H) was obtained for the investigated
FW structures because of the higher o(n,p) cross-section
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than o(n,) and lower (n,p) threshold energies than (n,o)
[44].

Figure 9 shows the change in H production with respect
to the thickness of the first wall materials. H production
decreases as the material thickness increases, and has
approximately the same values per full power year for all
first wall materials. As shown in Fig. 9, the lowest H
production values were obtained for the FLiPb coolant, and
the highest H-production values were obtained for the
FLiBe and FLiNaBe coolants, which had almost the same
H production values. As shown in Fig. 9, , the values
obtained for the FLiBe and FLiNaBe coolants were slightly
higher than the ones for FLiPb. The highest H production
values were 219.2, 175.1, and 179.5 appm/FPW and the
lowest were 140.3, 114.6, and 116.2 appm/FPW using
FLiBe and FLiNaBe coolant for SS316, ODS, and CLAM,
respectively. The reductions in the H production value
were 35%. Because all the hydrogen isotopes produced by
the (n, p), (n, d), and (n, t) reactions diffuse out of the
metallic lattice or form metal hybrids, H production values
were not considered in this study. Therefore, no damage
limit was chosen for H production.

Figure 10 shows the change in He production with
respect to the thickness of the first wall and coolant
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Fig. 9 The change in hydrogen production with respect to thickness for first wall materials

materials. The He production decreases as the material
thickness increases, and has approximately the same values
per full power year for all first wall materials. The same
situation can be seen when overall Fig. 10 is examined, the
lowest He production values were obtained for FLiPb
coolant; the highest He-production values were obtained
almost the same for FLiBe and FLiNaBe coolants. The
FLiBe and FLiNaBe coolants were slightly higher than
these values. They decreased slowly from 83.5, 81.7, and
69.3 appm/FPW to 53.1, 53.3, and 44.7 appm/FPW using
the FLiBe and FLiNaBe coolant for SS316, ODS, and
CLAM, respectively.

As clearly observed in Figs. 9 and 10, H production is
considerably higher than He production, which is related to
the lower threshold energy and higher hydrogen cross-
sections.

3.2.3 Structural lifetime

The determining time for replacing the first wall is
known as the DPA breakpoint. Many studies have been
conducted between the DPA values of 100 and 1000
atomic particles per million (appm) as the design limit for
candidate structural materials [42, 43, 45-48]. According
to these references, a more conservative limit of 100 DPA

was applied for radiation damage in this study. Figure 11
shows the DPA values for the investigated FW structural
material thickness and the three different coolants as a
function of the years. When Fig. 11 is examined overall
regarding the DPA limit, the FLiPb coolant achieved DPA
damage with the lowest lifetime. As the first wall material
thickens from 1 to 5 cm, the DPA damages start from 12.6,
12.4, and 12.7 years to 16.3, 15.8, and 16.3 years with
FLiBe, for the SS-316, ODS, and CLAM structure,
respectively.

In addition, the a-particles (n,or) remain in the metal and
produce bubbles of helium gas, that is, He production. In
this study, a conservative design limit of He production
was suggested to be 500 atomic parts per million [appm] as
a criterion for helium production in the FW structure.
Figure 12 shows the change in structural lifetime with
respect to the thickness for the first wall materials with
three different coolants regarding the He-production limit.
As shown in Fig. 12, almost identical lifetime values were
observed. These replacement periods ranged from 6 to
11 years.

The He/DPA ratio (He/DPA) determines whether the
damage to the first wall is primarily owing to the DPA or
He production. This value is 5, as the limit value for helium
is 500 appm, and for the DPA, the limit value is 100 appm.
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If the He/DPA value is less than 5, the DPA is first, and if it
is greater than five, He production starts to damage first.
Table 4 shows that the He/DPA ratio is above 5 for all FW
materials and molten salt coolants. In addition, the DPA
and He structural lifetimes and He/DPA ratio with respect
to different first wall materials and coolants can be deter-
mined. Moreover, the overall results in Table 4 differ from
the DPA damage meaning, which leads to the highest
helium production and gas bubbles built into the metallic
crystal for all FW materials. In light of these explanations,
He production should be considered as the factor deter-
mining the replacement of FW material in this study.

4 Conclusion

In a fusion reactor, the FW suffers the highest degree of
material damage in the top part of the blanket facing
directly into the fusion chamber. In addition, maintenance
and replacement of FW are very difficult and costly and
require long plant shutdown times. Additionally, in FW,
low levels of DPAs and gas production (He and H) are
essential for continuous and prolonged plant uptimes.
Therefore, in this study, we modeled a magnetic fusion
reactor was based on the blanket parameters of the ITER.
SS 316 LN-IG, PM2000 ODS, and CLAM were used as

FW materials. Fluoride family molten salt materials
(FLiBe, FLiNaBe, FLiPb) and lithium oxide (LiO,) were
considered as the coolant and tritium production material in
the blanket, respectively. The effects of changing the first
wall materials and their thicknesses on the reactor were
investigated for DPAs and gas production in the first wall
and the TBR in the coolant zone and tritium breeding zone.

Neutronic calculations were performed via the Monte
Carlo method using the widely applied 3D particle trans-
port code MCNP with built-in continuous energy nuclear
and activity cross-section data libraries, the Evaluated
Nuclear Data File (ENDF) system (ENDF/B-V and ENDF/
B-VI), and CLAW-IV. The most recent version, MCNP,
was successfully applied to evaluate neutronic parameters.
This means that it is generally considered to be a good
predictor of processes and systems.

The main results are summarized as follows:

e The lead-containing coolant increases tritium breeding
efficiency, and the contribution of the lead-containing
(Pb) coolant (FLiPb) to the total TBR clearly shows a
sharp increase in tritium production in the tritium
cultivation zone.

e Both the M factor and TBR were the highest in the
FLiPb coolant; additionally, the M and 7BR values
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Table 4 DPA and He Structural Lifetime and He/DPA ratio with respect to Different First Wall Materials and Coolants

First wall \ Coolants DPA-lifetime (Year) He-lifetime (Year) He/DPA
FLiBe FLiPb FLiNaBe FLiBe FLiPb FLiNaBe FLiBe FLiPb FLiNaBe

SS 316 LN-IG (1 cm) 13.944 12.608 13.914 5.984 6.175 5.993 11.651 10.209 11.609
SS 316 LN-IG (2 cm) 15.012 13.669 14.961 6.863 7.008 6.864 10.938 9.752 10.899
SS 316 LN-IG (3 cm) 15.953 14.631 15.885 7.712 7.821 7.708 10.343 9.354 10.304
SS 316 LN-IG (4 cm) 16.830 15.539 16.740 8.560 8.643 8.551 9.831 8.990 9.788
SS 316 LN-IG (5 cm) 17.647 16.397 17.545 9.412 9.475 9.399 9.374 8.652 9.334
PM2000 ODS (1 cm) 13.766 12.422 13.745 6.110 6.282 6.120 11.266 9.886 11.229
PM2000 ODS (2 cm) 14.715 13.366 14.666 6.947 7.078 6.951 10.591 9.443 10.549
PM2000 ODS (3 cm) 15.559 14.224 15.491 7.755 7.859 7.756 10.031 9.050 9.987
PM2000 ODS (4 cm) 16.332 15.038 16.249 8.562 8.643 8.559 9.538 8.699 9.493
PM2000 ODS (5 cm) 17.051 15.809 16.972 9.375 9.439 9.370 9.095 8.374 9.057
CLAM (1 cm) 14.026 12.757 14.002 7.195 7.398 7.210 9.748 8.622 9.710
CLAM (2 cm) 15.038 13.749 14.992 8.213 8.371 8.222 9.156 8.212 9.117
CLAM (3 cm) 15.946 14.660 15.877 9.198 9.324 9.205 8.668 7.861 8.624
CLAM (4 cm) 16.789 15.521 16.705 10.187 10.289 10.191 8.240 7.542 8.196
CLAM (5 cm) 17.578 16.337 17.492 11.181 11.268 11.184 7.861 7.249 7.820

decreased as the thickness of the first wall material
increased.

e The first wall was 2 cm for all materials, the TBR value
produced in the coolant zone was sufficient, and the
best performance was obtained for the 1 cm first wall
material PM2000 ODS.

e The lead-containing FLiPb coolant had the highest
DPA value for the first wall material.

e Because Fe and Cr have the highest content of all the
first wall materials, one can say that the DPA damages
of the first wall materials are approximately similar.

e Higher H production than He production was obtained
for the investigated FW structures.

e Because all the hydrogen isotopes diffuse out of the
metallic lattice or form metal hybrids, H production
values were not taken into consideration in this study.

e The lowest He production values were obtained for the
FLiPb coolant, and the highest He production values
were obtained for the FLiBe and FLiNaBe coolants.

e He production was considered the factor determining
the replacement of FW material due to the He/DPA
ratio.

e Replacement periods were obtained between 6 and
11 years for the He production limit.
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