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Neutronic analysis in the HCLL blanket module has been established, and the calculation was performed by the ITER team,
including the frst wall (FW). In this study, seven materials have been investigated for FWmaterial by considering characteristics
such as high neutron fuence capability, low degradation, under irradiation, and high compatibility for blanket material. A three-
dimensional confguration simulated in MCNP5 program codes was performed to investigate the neutronic performance and
radiation damage efect. Employing seven candidates are vanadium carbide (VC), titanium carbide (TiC), vanadium alloy (V-5Cr-
5Ti), graphite (C), tungsten alloy (W-CuCrZr), ceramic alloy (SiC), and HT-9 to study optimization of FWmaterials confgurated
in the HCLL blanket module. Tis novelty study concludes that vanadium alloy (V-5Cr-5Ti) is becoming a promising material
candidate. Tis alloy has the highest number of neutronic performing for 1.27 TBR and 1.26 in multiplication energy factor in all
investigations. Meanwhile, the amount of atomic displacement, hydrogen, and helium production are around 22.31 appm,
765.55 appm, and 281.57 appm, respectively. Even though vanadium alloy has a reasonably high radiation damage efect, it is still
tolerable compared to several thresholds of DPA. So, it is considered excellent material for FW. Nevertheless, this alloy can replace
after 13.45 years for radiation damage.

1. Introduction

Currently, the most extensive fusion reactor program is a
fusion demonstration power plant (DEMO) that would be
built after the international thermonuclear experiment re-
actor (ITER) project in France [1]. Tis long and massive
project involved many countries, such as the USA, Japan,
China, Korea, India, and the EU [2]. Te ITER is currently
under construction and is predicted to complete in 2050 [3].
A blanket module is a crucial research project that con-
tributed to the fusion reactor. European team developed the
two tritium blanket modules (TBM). One strongly related to
this study is helium-cooled and lithium–lead (HCLL) for a
fusion demonstration reactor (DEMO) [4–6]. Te primary
purpose of TBM is tritium production, which requires a

self-sufciency condition [7]. It indicated to the tritium
breeding ratio (TBR) parameter that tritium produced in a
blanket is higher than tritium burnt needed in the chamber.
In 2017, Jean and the team estimated the TBR value in the
HCLL blanket is 1.08 [8], then the efciency requires a
minimum of 1.05 for DEMO [9, 10].

In this paper, the neutronic calculation is performed to
determine the nuclear parameters for the fusion reactor in
the frst wall (FW). Te primary objective of the neutronic
analysis is to determine the optimum material used in each
zone supported by high TBM performance, including the
frst wall (FW) zone [11, 12]. Using material candidates of
FW variation, this study aims to determine an efective FW
material for performing a high neutron capability and ra-
diation damage efect in this HCLL module design.
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Employing seven material candidates are vanadium carbide
(VC), titanium carbide (TiC), vanadium alloy (V-5Cr-5Ti),
graphite (C), tungsten alloy (W-CuCrZr), ceramic alloy
(SiC), and HT-9. Tungsten is a well-known material leading
in FW material candidates but facing high sputtering or
critical issues. In a tokamak, the frst observed huge sput-
tering efect in plasma originated from tungsten limiter [13],
but it is still favorable material for a long operation [14].

On the other hand, iron, aluminum, and chromium are
also recommended materials due to the positive efect of
increasing of replacing time [15]. So, it is necessary to
compare to other material candidates for investigating an
optimization of the nuclear capability, and low radiation
damage properties such as tritium production, energy
multiplication, displacement per atom (DPA), gas produc-
tion, and a lifetime of material. In this study, we found out if
vanadium alloy has the highest performance in tritium
breeding and long lifetime material from extreme radiation,
such as in a fusion reactor.

Nevertheless, research with vanadium alloy based was
carried out since the 1990s [16]. Due to its properties of
vanadium alloy, it reduced critical issues such as low acti-
vation in high neutron energy, high-temperature strength,
high thermal stress, and low activation leading in structural
material [17]. Moreover, much research emphasizes that
vanadium alloy has a high tritium breeding capability, high
purity, easy fabricability, high heat load capability, and good
resistance in high extreme irradiation [18, 19]. Tis alloy
becomes a promising material for the frst wall and breeding
material. Besides that, the crucial issues faced by a low
percentage of Cr and Ti in vanadium alloys are the non-
metallic element efect on high radiation [20], the hardness,
and the heat conductivity of alloy material [21]. Adding Ti,
Al, and Cr composition increases material hardness [22]
while reducing of nonmetallic efect in vanadium alloy
composition by minimizing C, N, and O percentages. Due to
those issues, this novelty research employs V-5Cr-5Ti alloy
for liquid Pb-15.7Li (eutectic) breeder material in the HCLL
blanket fusion module. Tis vanadium alloy is a more ef-
fcient and highly recommended composition for frst wall
material.

2. Blanket Configuration and First Wall Design

2.1. Blanket Confguration. Based on ITER data [2], sur-
rounding material in the blanket zone will be bombarded by
high neutron energy, 14.1MeV. Te neutron is assumed to
be isotropic. Moreover, the plasma density is around 0.67 gr/
cm3, and the volume concentration is assumed to be fully
neutron. Magnetic coils confne a charged particle that
moves in a limited radius in a torus-shaped. It consists of
toroidal and poloidal coils with a total thickness of 40 cm
containing Nb3Sn and NbTi, respectively. Te minor radius
of the torus is 4m. Meanwhile, the major radius is 8m. Tis
blanket frame is separated into six layers built up from the
frst wall (FW), helium coolant, LiPb breeding zone, re-
fector, and so forth. Detailed confguration of 6 layers of the
blanket module in HCLL is simulated in the program, as
shown in Figures 1 and 2.

According to the name of the blanket, helium-cooled
lithium lead blanket (HCLL) is used as a fxed helium gas as a
coolant and liquid lithium lead (Pb-15.7Li (eutectic)) as
tritium breeder and multiplier. It is considered a suitable
module, especially from the tritium production perfor-
mance. Natural lithium leads to a higher TBR than lithium
alloy [23]. Te author’s research shows that the TBR from
pure lithium reaches around 1.09 [24, 25]. However, pure
lithium cannot survive extreme conditions such as fusion
reactors, while lithium alloy can survive more. Due to this
reason, lithium alloy, such as lithium lead (LiPb), is still
considered a promising tritium breeder [4]. Besides, it used
to be a coolant and neutron multiplier simultaneously.
Moreover, LiPb breeds tritium in a signifcant amount. Te
tritium breeder performances will generally improve when
the neutron multiplier, such as beryllium or lead, is applied.
Another reason, a lead-containing in breeding is contributed
to high tritium production and energy multiplication [26]. A
6Li is vital for tritium breeding due to a signifcant cross-
section of 6Li (n, T) He reaction so that for breeding op-
timization, it would enrich 6Li until 90% [27].

Te cross-section of LiPb is also perfect for neutron
shielding. Te high-energy neutron can be moderated by
LiPb and fnally trigger a reaction with lithium to produce
tritium. Tis detail is shown in Figure 3. As seen in Figure 3,
the highest cross-section in thermal and high energy are
represented by 6Li and Pb, respectively [28]. Terefore, the
Li and Pb combination will be a good material for mod-
erating high neutron energy from the fusion reaction.

As mentioned in the introduction, the main reason the
material candidates chose was their lower average erosion
rate in high neutron energy. Accordingly, the coating layer
is paired with tungsten and beryllium to ft each other.
Beryllium prospers to moderate neutron energy from the
plasma chamber, multiplies neutrons, and improves neu-
tron thermalization before entering the breeding zone.
After beryllium coating, a tungsten barrier was used to
prevent beryllium-steel interactions in a blanket for a few
mm. Te structure layer is used as a barrier in a 0.3 cm
material thick zone, such as the breeder zone (BZ), FW,
coolant zone, and refector. Te frame of the blanket, which
surrounds the TBM, consists of a front frame, which
protects the TBM in intensive neutron heating and bom-
bardment environment. Te front frame surrounding the
TBM consists of the materials SS316 and Eurofer97 with
consecutive percentages are 50% and 50% in 0.3 cm ma-
terial thick.

As named HCLL blanket module, the cooling system
employs helium gas which has a highly efective heat
transport from the blanket. Signifcantly, helium gas pro-
duction in FWwould help carry out the gas from the system,
reducing a gas trap possibility into the material.

In addition to the refector after BZ, it is used to refect
neutrons that reduce neutron interaction in a magnetic coil.
Te number of neutrons in BZ is also rising due to direct
back neutrons inside. Automatically, it increases tritium
production and also the energy multiplication factor. Table 1
and Figure 3 show detailed nuclei density and thickness of a
single zone that would be input in the program code.
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2.2. First Wall Design. High neutron energy passes through
FW to increase the breeding capability. Due to the highly
moderated and multiplying neutron with the material in
FW, it makes up a neutron performance capability in a
reactor. In principle, the tritium production from BZ must
be more than that consumed in the fusion chamber due to
the transport reduction by a necessary process such as
heating friction and particle trap in the streaming system. So,
a ratio of tritium production and tritium burnt in the

chamber, named tritium breeding ratio (TBR), should be
over one. On the other hand, the energy multiplication
factor (M) is also an important parameter indicated by heat
energy by multiple inelastic neutrons scattering reactions
[27]. Te FW experiences the highest exposure to neutron
energy hence causing material damage. Te neutron inter-
action in the FWmaterial causes gas production and atomic
displacement.Terefore, maintenance is required, and FW is
replaced to fulfll the sustainable reactor system and long
plant shutdown period.

Regarding that condition, material candidates on the
FW should have easy fabrication, low cost, a low-level
displacement per atom (DPA), and a reasonable limit of gas
production. Meanwhile, it must fulfll the requirement of a
safety system, environmental advantages, availability of
plants, unlimited material supply, and material properties.
Tematerial candidates are chosen by their properties: high
melting point, low sputtering, low conductivity, low in-
duced radioactivity, low induced radioactivity, neutron
fuence capability, mechanical properties at high temper-
atures, low degradation level under neutron irradiation,
and low decay heat. However, the detailed data are given
later.

Tis calculation is modifed of FW materials such as
vanadium carbide (VC), titanium carbide (TiC), vanadium
alloy (V-5Cr-5Ti), graphite (C), tungsten alloy (W-CuCrZr),
ceramic alloy, and HT-9 to investigate the best option for the
material of FW to support the blanket system. In the pre-
vious description, the reason for the material selected is their
properties among materials, as we can see in Table 2. Tese
data are related to high-heat conductivity by their thermal
conductivity and specifc heat information. Moreover, a high
melting point is advantageous for material under 14MeV
neutron energy bombardment.

In another case, the general requirement for FWmaterial
is low neutronic absorption of cross-section, so light ma-
terials tend to lead to a low neutron absorption in high
incident energy by (n, c) reaction cross-section, as seen in
Figure 4.
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Figure 1: Blanket module with specifcation layer in the HCLL TBM reactor.

1 cm

10 cm

40 cm

40 cm

20 cm

1-10 cm

Plasma

structure (0.3 cm
)

First wall

Be and W coating

He coolant

Breeder (LiPb)

Reflector

Toroidal magnetic coil

Figure 2: Blanket confguration from plasma to out-edge-blanket.
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Hydrogen gas produced of (n, p) reaction [33] will be as
high as (n, p) cross-section reaction in nuclides. It is similar
to the α-particle that can produce helium gas bubbles [34].
However, the (n, p) and (n, α) reaction cross-sections also
indicated high neutron reactions in heavy materials such as
tungsten and vanadium, as seen in Figure 5. It helps
maximize an interaction neutron in the material.

Besides enhancing tritium breeding by (n, p) and (n, α)

reaction cross-sections, candidate materials selection for FW
must be considered neutron multiplier capability. Regarding
the coolant and BZ, it is necessary to create a massive
amount of thermal neutron energy supported by the (n, 2n)
reaction. Tis essential calculation is shown in Figure 6.

Te correlation of the criteria issue of the material
chosen is related to the cross-section of multiplying reaction
due to thermalize high neutron energy. It increases the
breeding activity caused by having many thermalizing
neutron enhancements interact with 6Li in BZ. Hence, FW
material is chosen to improve the reactor performance by
using FW material candidates. Tis is the reason behind the
candidate materials selected for the FW blanket, starting
with light elements to heavy elements. Moreover, heavy
materials are highly recommended for optimizing FW oc-
cupation in the module.

3. Calculation Methods

Tis study simulates a neutron transport calculation by using
the MCNP5 program [35]. Tis code was performed in a
three-dimensional geometry with a unique and complex
design. Using ENDF/B-VII.1 [33] is built up the continuous
energy nuclear and atomic data libraries available in regimes
10−11MeV to 20MeV. Te calculation aims to measure
neutronic performance and radiation damage, such as tri-
tium breeding, energy multiplication factor, gas production,
and displacement per atom for FW materials of the HCLL
blanket module. It is employed two steps for calculating
results. First, MCNP5 calculated an energy-dependent
neutron fux and reaction rate using a tally card and then

multiplied by the neutron DPA cross-section for each
material. Second, a DPA cross-section data from ENDF/B-
VII.1 by the IAEA Nuclear database [36] was processed in
NJOY nuclear data processing system for neutrons with
energy up to 20MeV, as seen in Figure 7 [37]. It includes
both NRT and MD-BCA cross-sections for gas production
cross sections.

Tis study aims to make the result obtained as a ref-
erence for ITER or DEMO in further. As mentioned before,
simulation in neutronic performance investigates neutron
transport around the blanket region and determines the
value of TBR.Te simulations use several parameters such as
blanket geometry (seen in Figure 2), material components
(seen in Table 1), and thickness (seen in Figure 3). Hence,
Table 3 shows the atomic densities of material candidates
used in the FW structure that is written in input code.

4. Result and Discussion

Neutron fuxes have been measured in the whole reactor
(from FWS tomagnetic coils) in another paper, as we can see
in Figure 8. Neutron source corresponds to a fusion power of
Pfus � 500MW or equals to nfus � 1.77 x 1020n/s. Neutron
fuxes have the highest peaks of absorption reaction in BZ,
and they become shallow in the refector area. In Figure 2, a
three-dimensional simulation includes neutron movement
from plasma to the shielding. Neutron never comes to the
magnetic coil, so there is no need to investigate neutronic
analysis in a coil. Te frst fundamental in a fusion power
plant is the possibility of neutron leakage outside the system.
It is shown in Figure 8, where neutron fux distribution
indicates how many neutrons trap in blanket material. A
blanket module employs the HT-9 as FW material. Mean-
while, any other materials used are similar, as seen in Table 1.

Neutron fuxes in Figure 8 range of distance at
277.5 cm–400 cm from the center of the plasma chamber for
the whole reactor (from FW to magnetic coils). It peaks at
BZ in a blanket module. Neutron is moderated after the BZ
area due to the eutectic LiPb that captured 6Li. Te neutrons
become negligible in the magnetic coil, and neutrons mostly
(∼99%) are absorbed in a blanket, especially in BZ and
refectors.

Te diverse material of FW aims to fnd an efective
material for the high performance of the blanket, especially
for tritium breeding capability and radiation damage. In that
respect, the selection of the FW material must be conducted
carefully.

4.1. Tritium Breeding Capability. As mentioned above, the
frst point of neutronic analysis of variation of FW material
is to support the efectiveness of tritium breeding in BZ. A
neutronic calculation measures the neutron interaction with
a material compound in any zone that afected the breeding
capability of tritium and the energy multiplier in the blanket
module, including the FW zone.

In the 40 cm thickness of the blanket zone (BZ), as shown
in Figures 2 and 3, it simultaneously has lithium lead (LiPb)
as a breeder material and coolant. LiPb is eutectic material
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Figure 3: Cross-section for reactions 6Li (n, α)3H, 7Li (n, nα)3H,
9Be (n, 2n), and Pb (n, 2n) [29].
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used in many blanket designs with low lithium inventory
and sufcient tritium breeding capability [16]. Either it
becomes a breeder or moderator, lithium lead is supposed to

be a coolant to be heat removed as helium or water dele-
gation in BZ. A 7Li and Pb could be a neutron multiplier that
thermalizes the high energy of neutron with a reaction of

Table 1: Atomic densities of blanket material in each zone.

Zona Materials Atomic weight (gr/cm3) Nuclide Percentage of components (%) Nuclei density
(atom/barn.cm)

Coating layer Be +W 10.565 Be 50 6.178984E− 02
W 50 3.157400E− 02

Structure

Eurofer97 7.909

B 0.001 1.681813E− 06
C 0.105 1.589460E− 04
N 0.018 2.335812E− 05
O 0.01 1.136275E− 05
Al 0.008 5.390778E− 06
Si 0.006 3.883318E− 06
P 0.004 2.348130E− 06
S 0.003 1.700692E− 06
Ti 0.008 3.038295E− 06
V 0.2 7.137966E− 05
Cr 9 3.075477E− 03
Mn 0.42 1.389838E− 04
Fe 88.98 2.896494E− 02
Co 0.005 1.542542E− 06
Ni 0.005 1.548865E− 06
Cu 0.005 1.430401E− 06
Nb 0.001 1.956775E− 07
Mo 0.001 1.894787E− 07
Ta 0.07 7.062309E− 06
W 1.1 1.088054E− 04

SS316 8.00

C 0.03 1.202998E− 04
N 0.1 3.437545E− 04
Si 1 1.714489E− 03
P 0.045 6.997740E− 05
S 0.015 2.252572E− 05
Cr 17.5 1.620769E− 02
Mn 2 1.753185E− 03
Fe 64.81 5.588630E− 02
Ni 12 9.847091E− 03
Mo 2.5 1.254826E− 03

FW Seen in Table 2
Coolant Helium 0.125 He 100 1.879840E− 02

Breeder LiPb 10.52
Li-6 1.177322E− 02
Li-7 17 1.433417E− 01
Pb 83 2.536968E− 02

Shielding/refector BeO 50%+ graphite 50% 2.5215
Be-9 257 3.634600E− 02
O-16 25 3.634300E− 02
C 50 5.070100E− 02

Magnetic coil
Nb3Sn (toroidal) 8.69 Nb 15 8.445883E− 03

Sn 85 3.746144E− 02

NbTi (poloidal) 5.7 Nb 53 2.984212E− 02
Ti 47 5.136304E− 02

Table 2: Material candidate properties of the frst wall (FW) [30–33].

Material properties VC TiC V-5Cr-5Ti HT-9 C SiC W
Melting point (°C) 2810 3160 1890 1420 3600 2730 3400
Density (g cm−3) 5.77 4.93 6.1 7.8 2.266 3.21 19.25
Termal expansion (10−6 K−1) 10.96 9.5 10.5 12.6 6.5 4.0 4.4
Termal conductivity (Wm−1 K−1) 50 17.14 35.3 27.7 25 60 175
Specifc heat (J kg−1 K−1) 690 840 575 800 707 510 130
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7Li(n, 2n), Pb(n, 2n), and Pb(n, 3n) [29]. One of the crucial
problems is delivering tritium production into plasma.
Lithium lead might lead to easy transportation caused of its
low lithium inventory, so losing tritium might be unno-
ticeable. Low melting temperature and easy fabrication are
considered to optimize blanket performance, so lithium lead
represents a compromise material to be a tritium breeder.

Te tritium breeding in the blanket depends not only on
FW material but also on its thickness. Terefore, the calcu-
lation of FW thickness efciency can be decided bymeasuring
tritium breeding capability in each thickness. Figure 9 shows

the variation of thickness of FW using seven candidate
materials for fnding the trend of FW thickness ideal.

Te efect of FW thickness on the TBR value in each FW
material is shown in Figure 9. For the thickness from
1–10 cm, the TBR values tend to be linear. It concludes that
1 cm is optimal for FW thickness, and a higher thickness
does not signifcantly afect the TBR value. Nevertheless, the
efciency of FW thickness requires measuring further data
that will be described later. Furthermore, the breeding ca-
pability used LiPb in BZ also depends on FW materials,
which is proven by Figure 10.
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FW material properties infuence neutron fux distri-
bution in FW to the BZ. Te highest TBR comes from
vanadium alloy and tungsten, while the lowest TBR value is
given to graphite. Te capability to scatter and moderate
high neutron energy plays an essential role in this case
caused by the cross-section of the neutron capture, which is
worse than vanadium and others.

Next, Figure 11 shows the energy multiplication factor
(M) in the blanket and FW material through the neutron
interaction. It is an important parameter for the fusion
reactor performance. Te kinetic energy, 14.1MeV, is
converted to heat energy by an elastic, and inelastic collision
between neutron and particle. Furthermore, tritium
breeding is caused by exothermic energy from a neutron-
absorbed reaction of 6Li in a breeding zone (BZ). Next, there
is an additional emission of gamma energy from neutron
gamma production in structure and coolant that contributes
to total heat energy. Energy multiplication factor (M) is the
ratio of total energy deposited in the blanket divided by
perfusion neutron or neutron initial energy per fusion, as
follows:

M �
Etotalinblanket

Eneutroninitialenergyinafusion
. (1)

Te value of M exceeds one, indicating that the neutron
energy is blanket beyond that of the neutron initial energy
created in a fusion reaction. Te two most promising FW
materials are tungsten and vanadium alloy. Tese materials
have undergone a short life of beta decay and relatively high
thermal neutron capture cross-section [38].

Tritium breeding rate (TBR) and energy multiplication
(M) have the same rate on steel, tungsten, titanium, and
vanadium [3]. For heavy atoms, threshold energy in inelastic
neutron collision (n, n′c) decreases to low energy. It
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corresponds to the cross-section of the reaction, increasing
in heavier atoms generally [38].

Indeed, fusion neutron passes through inelastic collision
and energy loss in FW due to interaction between the neutron
and the heavy atom. Consequently, a signifcant efect on the
tritium production capability for the energy multiplication
factor (M), and TBR is related to the atomic number of
materials used in the FW.However, its capability to withstand
high temperatures and fast neutrons is vital to be considered,
as shown in Figure 11. Te highest multiplication energy
factor (M) is tungsten and, thus, vanadium alloy.

From the above discussion, vanadium (Zv � 27) in va-
nadium alloy and W (ZW � 73) with LiPb breeder material
and coolant gives a good reactor performance inM and TBR
values. Using graphite, silicon carbide, and HT-9 for FW
gives a lower performance in M and TBR.

On the other hand, for sputtering consideration, vana-
dium alloy is not more suitable than tungsten alloy, so

tungsten alloy might be better than vanadium alloy for
minimizing difusion of plasma. Te sputtering phenome-
non should be avoided because it can decrease plasma
temperatures and become a problem for the sustainability of
the fusion reaction. For HT-9, there is a nickel in low
concentration, which helps overcome the sputtering efect.
Terefore, HT-9 as martensitic material might be matched
with tungsten combination as structure and material of FW.

4.2. Radiation Damage. In addition to M and TBR values
resulting from the selection of FWmaterials, another crucial
measurement that must be calculated for neutronic analysis
is radiation damage. Te high irradiation of the material
causes high neutron energy from fusion production. In this
study, the radiation damage efect on the material is

Table 3: Atomic densities of candidate materials used in the frst wall to increase the neutronic performances in blanket HCLL module.

Nucleus
Nuclei density (atom/barn.cm)

VC TiC V-5Cr-5Ti HT-9 C SiC W-CuCrZr
V 5.518E− 02 6.573E− 02 2.309E− 04
C 5.518E− 02 4.956E− 02 3.581E− 03 7.835E− 04 1.128E – 01 1.609E− 01
Ti 4.956E− 02 3.890E− 03
Cr 5.272E− 05 1.086E− 02 6.182E− 04
N 1.382E− 04
O 5.354E− 05
Ni 4.914E− 04
Mn 5.138E− 04
Fe 7.122E− 02
Mo 4.903E− 04
W 6.700E− 04 3.154E− 02
Si 6.700E− 04 6.879E− 02
Cu 4.156E− 02
Zr 5.888E− 05
Total 1.104E− 01 9.913E− 02 7.345-02 8.593E− 02 1.128E – 01 2.297E− 01 6.315E− 02
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Figure 8: Neutron distribution in depth of HCLL blanket.
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represented by atomic displacement and gas production. By
using NJOY nuclear data processing, displacement cross
section (σdisp(E)) given by ENDF/B-VII.1 fle extracts to
calculate radiation damage by multiplying neutron fux
(∅(E)), as we can see in equation (2).

Hence, Figure 12 shows the results of radiation damage
in DPA on the FW material calculations in this study.

Because the FW faces intense neutron irradiation, it must
evaluate FW displacement per atom (DPA). In 1 cm thickness
of FW, Figure 12 presents the DPA in each FWmaterial every
year. Figure 12 also shows that vanadium alloy has a low atomic
displacement material than any other carbide alloy materials,
but not so low, considering high neutron interaction activity.
Tis study also shows that the DPA/FPY value for tungsten is
the smallest among others. Tis can be tough due to the hard
material of tungsten which is among hard metals.

DPA �  σdisp(E)
d∅(E)

dE
dE. (2)

It is caused by two categories: the high activity of neutron
interaction and material hardness. It can be interpreted that
vanadium alloy is an accessible material to fabricate. It is
evidenced by the DPA value of tungsten, which is the
smallest due to its rigid material.

Rather than that, even though vanadium alloy has a high
enough DPA, it could be ruled out with a coolant beyond the
FW zone. Te material in FW is used to be a tritium breeder
catalyzer, so the high-risk density of neutron interaction in
the material is represented in a high DPA value. Terefore,
this analysis determines the coolant that accompanies the
vanadium alloy, either neutral moderation or neutron
multiplying. For example, lithiummight be a coolant for not
having a signifcant efect on DPA. Furthermore, it needed
research to obtain the precise result in joining vanadium
alloy with lithium coolant concept, either in the form of alloy
or in self-zone customized.

Apart from lithium, there are candidates for neutron
multiplication and coolant, such as molten salt (FLiBe). In
FLiBe through Be(n, 2n), it pushes away the higher DPA
value that caused the reaction of beryllium is stronger than
Lead in LiPb with Pb(n, 2n), and Pb(n, 3n) reaction. On
steel (HT-9), it represents the atomic displacement is less
than vanadium carbide (VC) and higher than tungsten (W).
However, the number of DPA is shown in Figure 12 is still
below the upper limit of the permission DPA number.
Duderstadt mentions the considered threshold number DPA
is around 300–1000 appm [39].

Regarding the threshold number DPA for DEMO, these
seven materials are enduring for 7–16 years, with 13.45 years
for V-5Cr-5Ti, as seen in Table 4. Tis calculation could
reference FW material age, which will last more than 13.45
years. However, further investigation is necessary to de-
termine the fusion blanket’s material resistance against
neutron radiation.

4.3. Gas Production. Te gas created in material interaction
in a fusion reactor is mostly hydrogen and helium gas.
Helium gas is produced from a fusion and transported into
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Figure 10: Te frst wall (FW) materially afected tritium breeding
capability in the blanket zone.
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Science and Technology of Nuclear Installations 9



the material surrounding the fusion chamber. Both gases are
also produced through reactions, including neutrons. In
general, hydrogen production is higher in fusion structures
than helium production. Due to the cross-section of (n, p),
being low, the threshold energy (n, p) is lower than the
threshold energy of alpha (n, α).

Helium production in FW, from Figure 13, indicates
material damage due to the incoming neutron fux.Temost
signifcant gas production in this investigation occurs in
graphite which will cause gas bubbles to occur in its

structure. It will have an impact on reducing material re-
sistance. According to the reference, the acceptable helium
gas production in the material is around 6000–20000 appm
(Duderstadt, 1982) [39]. So that even the highest helium
production in vanadium alloy is still acceptable.

Another gas production that should be considered is hy-
drogen, and the calculation results for hydrogen gas produc-
tion in FWare shown in Figure 14. It is clear that the amount of
H production is much more signifcant than that of helium.
Tis is due to the higher cross section for the H-production
reaction than for helium.Most of theH-production in all of the
investigations is almost similar. Due to the difuse out of
H-production transportation through metal, it can be avoided
in material lifetime calculation.

5. Conclusion

In this research, neutronic analysis on FW of the blanket
fusion reactor employs a neutron source with 14.1MeV
energy to investigate tritium breeding capability in the
blanket reactor. In this simulation, the blanket utilizes he-
lium as a coolant in the breeding zone and Eurofer97 as a
structural material. Some materials have been investigated
for application as FW by considering characteristics such as
high neutron fuence capability, low degradation under ir-
radiation, and high compatibility for blanket material. A
three-dimensional simulation by MCNP5 has been con-
ducted to investigate the neutronic performance and radi-
ation damage efect. Te novelty of this study invented the
vanadium alloy (V-5Cr-5Ti), a promising material candidate
in the FW material of the HCLL blanket. V-5Cr-5Ti has the
highest number of 1.27 in TBR and 1.26 in multiplication
energy factor in all investigations. Meanwhile, the amount of
atomic displacement, hydrogen production, and helium
production are around 22.31 appm, 765.55 appm, and
281.57 appm, respectively. It is still below any threshold
number for material damage. So, it is considered suitable
material for FW. Nevertheless, this alloy can replace after
13.45 years for radiation damage.

Data Availability

Te data that support the fndings of this study are available
from the corresponding author, Prof. Zaki Su’ud, upon
request Te data are not publicly available due to their
containing information that could compromise the privacy
of research participants.

Table 4: Neutronic performance and radiation damage efect in seven material candidates of the frst wall.

Material candidates for frst wall TBR M DPA H prod. (appm) He prod. (appm)
Lifetime (years)∗

DPA He prod
VC 1.24 1.22 39.86 768.93 296.53 7.53 1.69
TiC 1.22 1.2 30.56 752.64 272.54 9.82 1.83
V-5Cr-5Ti 1.27 1.26 22.31 765.55 281.57 13.45 1.78
Graphite (C) 1.2 1.21 41.62 740.25 246.18 7.21 2.03
HT-9 1.23 1.23 18.84 735.13 236.24 15.92 2.12
SiC 1.21 1.19 25.35 741.56 251.24 11.83 1.99
W-CuCrZr 1.19 1.2 19.27 740.54 246.35 15.57 2.03

240

260

280

300

H
e P

ro
du

ct
io

n 
(a

pp
m

)

TiC V-5Cr-5Ti C HT-9 SiC W-CuCrZrVC
First wall materials

Figure 13: Helium production in each candidate FW materials.

650

700

750

800

H
 P

ro
du

ct
io

n 
(a

pp
m

)

TiC V-5Cr-5Ti C HT-9 SiC W-CuCrZrVC
First wall materials

Figure 14: Hydrogen production in each candidate FW materials.

10 Science and Technology of Nuclear Installations



Conflicts of Interest

Te authors declare that they have no conficts of interest.

Acknowledgments

Te authors would like to express their thanks to ITB and
DIKTI for their funding support.

References

[1] ITER Technical Basis, ITER EDA Documentation Series no.24,
International Atomic Energy Agency, Vienna, 2002.

[2] Y. Chen, U. Fischer, and P. Pereslavtsev, “Neutronic design
issues of the WCLL and HCPB power plant models,” Fusion
Engineering and Design, vol. 69, no. 1-4, pp. 655–661, 2003.

[3] G. F. Matthews, P. Edwards, T. Hirai et al., “JET ITER-like
wall: an overview of experimental program,” Physica Scripta,
vol. T128, Article ID 014001, pp. 137–143, 2007.

[4] I. Kodeli, “Use of nuclear data sensitivity and uncertainty
analysis for the design preparation of the hcll breeder blanket
mockup experiment for iter,”Hindawi Science and Technology
of Nuclear Installations, vol. 2008, Article ID 659861, 5 pages,
2008.

[5] G. Aiello, G. de Dinechin, L. Forest et al., “HCLL TBM design
status and development,” Fusion Engineering and Design,
vol. 86, no. 9-11, pp. 2129–2134, 2011.

[6] P. Batistoni, M. Angelone, P. Carconi et al., “Neutronics
experiments on HCPB and HCLL TBM mock-ups in prep-
aration of nuclear measurements in ITER,” Fusion Engi-
neering and Design, vol. 85, no. 7-9, pp. 1675–1680, 2010.

[7] L. A. El-Guebaly and S. Malang, Towards the Ultimate Goal of
Tritium Self-Sufciency, Fusion Technology Institute, Uni-
versity of Wisconsin, Madison, US, 2008.

[8] J. C. Jaboulay, G. Aiello, J. Aubert, A. Morin, and M. Troisne,
“Nuclear analysis of the HCLL blanket for the European
DEMO,” Fusion Engineering and Design, vol. 124, pp. 896–
900, 2017.
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