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Abstract

IFMIF-DONES (International Fusion Materials Irradiation Facility-DEMO Oriented NEutron
Source) is a facility whose purpose is to obtain data on materials by irradiating them under
conditions equivalent to those of the DEMO (DEMOstration) fusion reactor. Tungsten and
CuCrZr alloy are two candidate materials to be used in DEMO, tungsten for the first wall and
divertor (DIV) and CuCrZr alloy for the DIV. So, studying the behavior of these materials in
IFMIF-DONES facility and comparing the results with the DEMO environment is crucial. In
the high flux test module in IFMIF-DONES has been considered a realistic distribution of
specimens. The IFMIF-EVEDA beam have been used with a footprint size of 20 x 5 cm?, the
nominal energy is 40 MeV with a current of 125 mA, for the calculation other energies have
been considered 25, 30 and 35 MeV. The results of IFMIF-DONES have been compared with
different DEMO concepts, Dual Coolant Lithium Lead, Water Cooled Lithium Lead and
Helium Cooled Pebble Bed. In general, the primary displacement damage rate meets between
IFMIF-DONES and DEMO, while the gas production is at the limit for W and fulfilled for the
CuCrZr alloy.
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1. Introduction

The first wall (FW) and the divertor (DIV) of the future
DEMOnstration power plant (DEMO) will receive high heat
and particle fluxes from the plasma. So, the materials chosen
for these areas must be sufficiently resistant to these out-
standing conditions. Tungsten (W) and CuCrZr alloy (Cu—
1.1Cr-0.1Zr) are two of the materials considered for nuclear
fusion reactors due to their physical properties that make them
suitable for withstanding the extreme conditions present in a
fusion environment.

Tungsten has a high melting point, allowing it to withstand
high temperatures. Moreover, exhibits good resistance to radi-
ation, making it suitable for use in nuclear fusion environments
where radiation is a significant concern. It has a low neutron
absorption cross-section, meaning it does not absorb a signi-
ficant amount of neutrons, helping to prevent radioactive activ-
ation issues. And in addition to having good thermal conduct-
ivity, it has an excellent anti-plasma sputtering and low tritium
retention [1, 2].

In the CuCrZr alloy, copper is known for its excellent
thermal and electrical conductivity, aiding in dissipating heat
generated in the reactor. The addition of chromium and zir-
conium enhances the mechanical strength of copper, mak-
ing it suitable for resisting mechanical stresses and thermal
cycles. The CuCrZr alloy has good ductility, and is corrosion-
resistant, crucial for ensuring a long lifespan of the material in
a nuclear fusion environment [3-6].

Both tungsten and CuCrZr alloy present high resistance to
radiation damage and fracture toughness, so they are among
the leading candidate materials for DEMO [7, 8]. Moreover,
the CuCrZr alloy is essential to facilitate the extraction of all
the power received and transmit it to cooling He channel.

These two interesting materials have been analysed in
this paper to compare different material irradiation effects
parameters in the extreme irradiation environments of the
fusion reactor DEMO and IFMIF-DONES (International
Fusion Materials Irradiation Facility-DEMO Oriented
NEutron Source) [9-11]. IFMIF-DONES is a deuteron source
with 40 MeV and 125 mA (7.8 x 107 s71). A flux of
6.8 x 10'® neutrons s~! [12] with an energy up to 14 MeV
are generated through the reaction of deuterons with lithium,
DT +57Li. The footprint of this neutron source is 20 x 5 cm?.

Depending on the design of the breeding blanket, there
are different DEMO concepts. Three different DEMO con-
cepts have been selected for this assessment, the Dual Coolant
Lithium Lead (DCLL) developed by CIEMAT [13, 14], the
Water Cooled Lithium Lead (WCLL) by ENEA [15, 16] and
Helium Cooled Pebble Bed (HCPB) by KIT [17-19]. The
power of all the DEMO concepts is 1998 MW. The DCLL and
WCLL have a liquid breeding blanket and the HCPB has a
solid one.

The neutron spectrum and the material under irradiation are
fundamental parameters for determining the rate of primary
displacement damage. Thus, the primary displacement dam-
age rate varies depending on the specific material irradi-
ated and the irradiation conditions. This rate is measured in

displacements per atom (dpa), excluding other bulk mater-
ial processes such as recombination, migration, or clustering
effects. In addition, the transmutation-driven production of
helium and hydrogen, relative to the number of point defects,
is also crucial for understanding radiation effects in materials
[20]. The damage dose rate directly influences the extent of
primary displacement damage caused by neutron interactions.
The ratios of helium and hydrogen production to damage dose
also significantly affect defect diffusion and damage evolution
pathways [20]. For simplicity, these ratios will be referred to
as the He and H ratios, respectively, throughout this paper.

Furthermore primary displacement damage ratio, He and H
gas production have been obtained for each material in [FMIF-
DONES and DEMO to compare both environments. It should
be noted that in order to design an irradiation experiment in
IFMIF-DONES equivalent to the irradiation conditions expec-
ted in DEMO, the gas production to damage dose rate would
be on the same line.

2. Methodology

2.1. Materials and geometry models

Neutron spectrum for DCLL, WCLL and HCPB has been cal-
culated in the FW and DIV. EUROFERY97 is considered to be in
the FW and CuCrZr alloy for the DIV. W is considered in both
parts. Neutron fluence rate, primary displacement damage rate
(arc_dpa, NRT_dpa) and gas production have been calculated
for each case so it can be compared with the data obtained in
IFMIF-DONES. The results for EUROFER97 have been pub-
lished in previous works [21-23].

All these parameters have been calculated from the neut-
ron spectrum, to do that, this neutron spectrum is considered
as the neutron source in a simplified MCNP geometry with
two concentric spheres. The key assumptions for conducting
these calculations are as follows: firstly, the neutron source
emanates from a spherical surface with an area of 1 cm?,
as the neutron spectrum is provided in ncm~2s~!. Secondly,
the response functions are tallied within a thin spherical shell
to minimize neutron spectrum attenuation. The radius of the
inner sphere is 0.289 02 cm, while that of the concentric sphere
is 0.4 cm. Despite efforts to minimize attenuation, some loss
is inevitable; thus, the response functions are normalized to
account for these losses. The neutron spectrum for each case
is shown in figure 1. To compare the neutron spectra of DEMO
with DONES, two positions inside the high flux test module
(HFTM) [21, 24] have been selected. The rig 45 and 13 are in
central part, the first one in the first line of the beam, while the
second one is in the last line (figure 2). These two positions
give us the range of spectra in the IFMIF-DONES.

The specimens model considered within the HFTM in
IFMIF-DONES is the CLC.v2.0 presented in figure 3, and
previously analysed in [23]. This model can be divided into
three essential parts, the container box, the specimens and the
customed filler blocks. The container box cannot be made of
either CuCrZr alloy or tungsten, so it is best to make it out
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Figure 1. Neutron spectra of the different DEMO concepts
considered, DCLL, WCLL, and HCPB and compared to the neutron
spectra obtained in the rigs 13 and 45 inside the HFTM.
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Figure 2. Distribution of the numeration for the rigs inside the
HFTM.
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Figure 3. CLC.v2.0 model packaging proposal of SSTT in the
HFTM specimen stack.

of EUROFERY97, which is an already designed case model
and is another of the main materials to be tested in IFMIF-
DONES. The container box takes a 29.33% of volume of the
specimen stack. The specimens and the customed filler blocks
are the parts to be changed to tungsten and CuCrZr alloy.
CLC.v2.0 is the referenced model because it has a good pro-
portion of material to be tested (56.5%) and sodium (12.92%).
The specimens inside this model have been designed with
Small Specimen Test Techniques (SSTTs) [25]. The test cell
model of IFMIF-DONES used is ‘mdl9.2.8’.

Figure 4. Horizontal cross section of the HFTM in the specimens
region mesh for the CLC.v2.0 model.

2.2. Neutron transport calculation methodology

For the neutron transport calculations, the McDelicious code
based on MCNP6.2 [26] has been used to reproduce the IFMIF
deuteron—lithium neutron source [27]. The results shown in
this paper take into account the 20 x 5 cm? IFMIF-EVEDA
beam footprint. Various deuteron energies have been con-
sidered to compare different scenarios. The nominal energy
is 40 MeV, but also 25, 30, 35 MeV are presented, to cover the
full range of operation energies. The nuclear data library used
for neutron transport calculations is FENDL.3.1d [28].

The irradiation parameters presented are primary displace-
ment damage rate and He and H production to displacement
damage dose ratios. Gas production to damage dose ratio is
essential to understand the effects of radiations in the materials
[20] as commented in introduction section. The response func-
tions have been integrated for full power year [fpy] of 365.25d
per year.

Two methodologies have been considered to obtain the
primary displacement damage rate, the Norgett Robinson
Torrens (NRT) [29] and arc_DPA methods [30]. The design
of neutron irradiation experiments has traditionally relied
on the NRT model to estimate radiation levels. This model
adjusts only four elements—Cu, Fe, Au, and W—and does
not account for defect recombination or cluster formation.
Recently, however, a new concept, known as the arc-dpa
method, was introduced within the IAE CRP project ‘Primary
Radiation Damage Cross Sections’. This approach incorpor-
ates defect recombination during the thermal spike phase, util-
izing molecular dynamics simulations across a broad range
of elements relevant to nuclear fusion research. Despite this
advancement, the NRT model remains crucial for consistency
with past calculations, while the arc-dpa concept serves to
build an updated database on primary displacement damage.
The JEFF3.3DPAarc nuclear data library [31] supports both
NRT and arc-dpa calculations for primary displacement dam-
age. The calculation of H and He production have been done
integrating the neutron spectrum with gas production cross
section MT203 for H and MT207 for He from the nuclear
data library FENDL.3.1d. For simplicity, we refer to He and H
ratios instead of He and H production to damage dose ratios.

A mesh that covers all the HFTM capsules area has been
used for the presentation of the different response function.
The resolution of this mesh is 2.5 x 2.5 x 2.5 mm?. In figure 4
can be seen this mesh for the detailed model CLC.v2.0.

The elements composition considered for this study are in
tables 1 and 2. The first one corresponds to W. The principal
element is the W with a 99.96% and Mo with 0.01%, the rest
of the elements do not reach the 0.005%.
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Table 1. W isotopic composition [32].

Table 2. CuCrZr alloy isotopic composition [31].

Element Weight % Density (atoms cm™>) Density (gcm™>)  Element Weight %  Density (atoms cm™>) Density (g cm™>)
w 99.95 6.237 - 107 1.8992 Cu 98.19 8.31 - 10? 8.74
Mo 0.01 6.24 - 10" 0.0019 Cr 1.10 9.28 - 10% 0.098
C 0.003 1.87 - 10" 0.000 57 Zr 0.10 8.81-10" 0.009
Fe 0.003 1.87 - 10'8 0.000 57 0 0.13 1.07 - 10% 0.011
0 0.002 1.25-10" 0.000 38 Nb 0.07 5.77 - 10" 0.006
Si 0.002 1.25-10' 0.000 38 Ni 0.06 5.48 - 10" 0.006
P 0.002 1.25- 10" 0.000 38 Co 0.05 455107 0.005
Cr 0.002 1.25-10'® 0.000 38 Mg 0.10 8.82- 10" 0.009
Ta 0.002 1.25-10" 0.000 38 Si 0.09 7.63 - 10" 0.008
Al 0.0015 9.36 - 10" 0.000 285 Fe 0.02 1.92 - 10" 0.002
Na 0.001 6.24 - 10" 0.000 19 P 0.03 2.42 - 10" 0.003
K 0.001 6.24 - 10" 0.000 19 As 8.45-107% 7.15-10" 7.52-107*
Co 0.001 6.24 - 10" 0.000 19 S 7.90-107° 6.69-10' 7.03-107*
Cu 0.001 6.24 - 10" 0.000 19 Al 7.04-1073 596-10" 6.27-107*
Nb 0.001 6.24 - 10" 0.000 19 B 5.86-107° 4.96-10'8 5.21-107*
Ag 0.001 6.24 - 10" 0.000 19 Sb 5721073 4.84.10" 5.09-107*
H 0.0005 3.12 - 10" 95-1077° Sn 5.34-107% 452-10'® 475-107*
N 0.0005 3.12- 10" 9.5.107° Zn 4921073 4.17-10" 438-107*
Mg 0.0005 3.12- 10" 95.107° Ta 3501073 2.96-10'8 3.12-107*
S 0.0005 3.12 - 10" 9.5-107° Pb 3.06-107% 2.59.10" 272-107*
Ca 0.0005 3.12 - 10" 95-107° Mn 231-107% 1.95-10'® 2.05-107*
Ti 0.0005 3.12 - 10" 9.5-107° Bi 9.09-107* 7.69-10" 8.09-107°
As 0.0005 3.12 - 10V 9.5.107° Total 100 8.46 - 10% 8.9
Mn 0.0005 3.12 - 10" 9.5-107°
Ni 0.0005 3.12 - 10" 9.5-107°
7n 0.0005 3.12- 10" 95.10°° Table 3. Calculated parameters for tungsten in the first wall of the
7y 0.0005 312.10"7 95.10-5 different DEMO concepts.
Cd 0.0005 3.12- 101; 9.5. 10*;” Tungsten-first wall
Ba 0.0005 3.12- 10 9.5-10"
Pb 0.0005 3.12 - 10" 9.5-107° DCLL WCLL HCPB
Total 100 6.24 - 107 19 Neutron fluence rate 6.75 - 10" 6.22-10" 4.20- 10"
[ncmf2 sfl]
H production [H appm/fpy] ~ 8.59 8.64 8.48
In the case of the CuCrZr alloy, the 98.52% is Cu, 0.9% He production [He appm/fpy] 3.65 3.67 3.62
is Cr and 0.15% is Zr. The rest of the elements have 0.1% or Primary displacement 1.05 0.98 0.78
lower. The element composition used for this alloy is presented ~ damage rate [arc_dpa/fpy]
in table 2. Primary displacement 5.12 4.96 4.21
damage rate [NRT_dpa/fpy]
H ratio [H appm/NRT _dpa] 1.68 1.74 2.01
3. Results He ratio [He appm/NRT _dpa] 0.71 0.74 0.86
H ratio [H appm/arc_dpa] 8.21 8.76 10.6
In the first part of this section, we show the data obtained for He ratio [He appm/arc_dpa] ~ 3.49 3.72 4.55

DEMO and in the second part they are compared with the cor-
responding ones obtained for IFMIF-DONES.

3.1. DEMO

In this section, the data obtained for different DEMO config-
urations (DCLL, WCLL, HCPB) are shown in tables 3-5.

In table 3 results obtained using tungsten in the FW are
shown, while the equivalent ones in the DIV are shown in
table 4. The data for primary displacement damage ratio is
in general a bit lower in the case of the DIV, around 2
[NRT_dpa/fpy], than in the FW, around 4 [NRT_dpa/fpy],
probably because the neutron fluence rate is lower too. The
data for the He ratio is very low, in fact less than 1 [He
appm/NRT_dpa] in any of the cases. In the case of H ratio, the

values are between 1-2 [H appm/NRT_dpa]. The arc_dpa/fpy
is also a little bit lower in the DIV, around 0.5 [arc_dpa/fpy]
than in the FW, around 1 [arc_dpa/fpy]. So, the gas ratios cal-
culated using arc_dpa, are higher than the NRT_dpa data, but
always follow the same trend. The H ratio is around 6.6—10 [H
appm/arc_dpa] and 2.8—4.5 [He appm/arc_dpa] for the case of
He.

In case of the CuCrZr alloy, the data in the DIV are in
table 5. Primary displacement damage is very similar in all
cases, around 7 [NRT_dpa/fpy]. The H rate gas production
is around 3.4 [H appm/NRT_dpa] and He rate is 6.6 [He
appm/NRT_dpa]. Taking into account the arc_dpa calcula-
tion, the data of primary displacement rate is around 1.2
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Table 4. Calculated parameters for tungsten in the divertor of the
different DEMO concepts.

Tungsten-divertor

DCLL WCLL HCPB
Neutron fluence rate 3.75-10" 4.08-10" 3.43.10"
[nem 257
H production [H appm/fpy] ~ 3.38 3.33 3.54
He production [He appm/fpy] 1.45 1.43 1.53
Primary displacement 0.47 0.50 0.45
damage rate [arc_dpa/fpy]
Primary displacement 2.19 2.35 2.19
damage rate [NRT_dpa/fpy]
H ratio [H appm/NRT _dpa] 1.54 1.42 1.62
He ratio [He appm/NRT _dpa] 0.66 0.61 0.70
H ratio [H appm/arc_dpa] 7.22 6.61 7.98
He ratio [He appm/arc_dpa]  3.11 2.84 3.44

Table 5. Calculated parameters for CuCrZr alloy in the first wall of
the different DEMO concepts.

CuCrZr alloy-divertor
WCLL HCPB

DCLL

Neutron fluence rate 3.75-10" 4.08-10'" 3.43-10"

H production [H appm/fpy] ~ 261.50 260.52 277.89
He production [He appm/fpy] 48.55 47.65 5.06
Primary displacement 1.19 1.30 1.12
damage rate [arc_dpa/fpy]

Primary displacement 7.30 7.55 7.01
damage rate [NRT_dpa/fpy]

H ratio [H appm/NRT_dpa] 35.85 34.49 39.62
He ratio [He appm/NRT _dpa] 6.65 6.31 7.07

H ratio [H appm/arc_dpa] 219.15 200.22 246.22
He ratio [He appm/arc_dpa]  40.68 36.62 44.49

[arc_dpa/fpy], the H ratio 2.0-2.5 [H appm/arc_dpa] and the
He ratio 3.6—4.4 [He appm/arc_dpa].

All results presented in tables 3—5 have an uncertainty lower
than 2%, so based on [25], is considered a quality result.

3.2. Comparation with IFMIF-DONES

In this section we show the comparison between the results
obtained for DEMO in the previous section and the equival-
ent ones in IFMIF-DONES. For this comparation, primary dis-
placement damage and gas production (He and H) to displace-
ment damage dose ratios for the CLC.v2.0 have been obtained
for each material under study.

3.2.1 Tungsten.  The neutron fluence rate at the midpoint
of the beam footprint has been calculated and it is shown
in figure 5. The neutron fluence rate in the first four central
rigs reach a value around 5 - 10'* ncm=2s~!, decreasing to
2 - 108 necm~2s~! in the furthest rigs. The neutron fluence
rate does not change a lot with respect of using EUROFER97
specimens [22, 23] because the volume considered for the

Neutron Fluence Rate [n cm
56413 lo+14

Figure 5. Horizontal cross section of the neutron fluence rate maps
[ncm 2 s~ '] of CLC.v2.0 at the middle of the deuteron beam with
tungsten as specimen material.

crelative error Neutron Fluence Rate
0.005

0.002

Figure 6. Horizontal cross section of the statistic relative error of
the neutron fluence rate maps of the CLC.v2.0 model at the middle
of the 20 x 5 cm? deuteron beam footprint size using W as
specimens material.

Figure 7. Horizontal cross section of the primary displacement
damage rate [NRT_dpa/fpy] of the CLC.v2.0 specimen stacks at the
middle of the deuteron beam with tungsten as specimen material.

study is small, although the absorption of the neutron is dif-
ferent depending on the material.

The statistic relative error for the 20 x 5 cm? beam footprint
using tungsten as material for the specimens in the CLC.v2.0
model is shown in figure 6. Therefore, based on [23], it is con-
sidered a quality, as it is less than 1%.

In figure 7 the results for the displacement damage rate
are shown. The NRT_dpa values are in the range from 0.2
to 11 NRT_dpa/fpy. Previous calculation [33] for tungsten
in the HFTM of IFMIF-DONES provided a maximum value
of NRT _dpa/fpy of 5. The discrepancy between the ranges
is due to the effective threshold displacement energies used.
The minimum kinetic energy required for an atom in a solid
to be permanently displaced from its lattice site to a defect
position is known as the threshold displacement energy. To
eliminate discrepancies in the calculation of NRT_dpa that
arose among different authors, due to the arbitrariness in
selecting the minimum displacement energy, currently is used
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a) Primary displacement damage rate [NRT_dpa/fpy]
IFMIF-EVEDA 20x5 cm? BEAM CLC.v2.0 model W
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[
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b) Primary displacement damage rate [arc_dpa/fpy]

Figure 8. Available integrated irradiation volume (32 rigs) versus
primary damage dose rate [dpa/fpy] for the CLC.v2.0 model for 20,
30, 35, 45 MeV energy beam and the values expected for each
DEMO concept. (a) [NRT_dpa/fpy]; (b) [arc_dpa/fpy].

the library JEFF3.3DPAarc to determine both the arc_DPA
and NRT_dpa, as commented above. In this nuclear data
library, for the NRT_dpa model, a specific threshold dis-
placement energy was selected for each element based on
molecular dynamic calculations found in the bibliography
[34], and 70 eV was chosen for tungsten. However, in the pre-
vious works [32] the threshold displacement energy used was
128 eV, which was almost double the one used in nuclear data
library JEFF3.3DPAarc. Therefore, this is the reason why the
NRT_dpa values shown in this work are almost double the res-
ults presented in the previous works.

Considering tungsten as the test material in IFMIF-
DONES, available integrated irradiation volume versus dis-
placement damage dose rate have been calculated for differ-
ent beam energies. In figure 8(a) the NRT_dpa calculations
and the corresponding values, presented in table 4, for differ-
ent positions and configuration of DEMO are shown as vertical
lines. In this case, the specimen region volume in the HFTM
has been considered. We can see that, depending on the energy
of the IFMIF-DONES accelerator, one year or more of DEMO
operation can be reproduced in one fpy of DONES. In the case
of reproducing the data in the DIV, using a 25 MeV beam
energy can be reproduced one fpy in this area in DEMO, and
using a 40 MeV energy beam, almost 6 years of operation can
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Figure 9. Central irradiation volumes as function of He-DPA (panel
(a)) and H-DPA (panel (b)) ratio for the CLC.v2.0 model for 20, 30,
35, 45 MeV energy beam and the values expected for each DEMO
concept considering the four central rigs.

be reproduced. However, the data in the FW are higher, and
the 25 MeV beam energy cannot reproduce 1 fpy in this part
of DEMO, being necessary at least 30 MeV beam energy. In
figure 8(b), the primary displacement damage rate using the
arc_dpa method is shown. As it can be seen, the behaviour in
both panels is the same, but the range of values is lower for
the arc_dpa method than for the NRT_dpa one as explained
before.

The gas production to displacement damage ratio is a relev-
ant quantity that presents the diffusion of displacement effects
[20]. The unit used for the ratios are [H appm/dpa] and He/dpa
[He appm/dpal].

In the case of He and H gas production for tungsten,
the values obtained for each DEMO concept is very low,
around 0.61-0.85 [He appm/NRT_dpa] and 1.42-2.0 [H
appm/NRT_dpa] (tables 3 and 4). In the calculation of irra-
diation volumes as function of He-DPA and H-DPA for
EUROFER97, usually only the four central rigs are taken
into account since in the external ones the ratio is lower. In
figure 9 the values obtained for DEMO are out of the range
of IFMIF-DONES, being the production of He and H higher
for DONES. So, in this case it seems interesting to obtain the
ratios considering the whole HFTM volume. In figure 10 the
gas production ratios are presented considering all the rigs.
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Figure 10. Irradiation volumes as function of He-DPA (panel (a))
and H-DPA (panel (b)) ratio for the CLC.v2.0 model for 20, 30, 35,
45 MeV energy beam and the values expected for each DEMO
concept considering all the rigs.

For all the energies, the amount of volume with a lower ratio
increases, maintaining the maximum peak volume. Now, the
data of DEMO are just in the lower limit of these results. This
indicates that at the level of gas production, tungsten does not
meet the DEMO ratios in the central part of the HFTM. So, it
appears interesting to consider placing the tungsten specimen
in the farthest rigs from the beam.

The results of He and H production to primary displacement
damage ratio using the arc_dpa method is shown in figure 11.
The behaviour of the curves is completely similar to the pre-
vious one (figure 10), using the NRT_dpa model. The values
of DEMO are just in the lower limit of the ratios calculated for
all the rigs in the HFTM.

Taking as criteria the reproduction of the DEMO condi-
tions in IFMIF-DONES concerning tungsten, the displace-
ment damage rate values are fully satisfied and can be repro-
duced more than one year. Related to the gas production, there
are parts of the HFTM that can satisfied the requirement of
DEMO, but with a very low amount of volume.

3.2.2. CuCrzr alloy. Now, we have developed a similar
study but considering that the specimens placed in the HFTM
of IFMIF-DONES are made of CuCrZr alloy. First of all, in
figure 12 the distribution of neutron fluence rate in a horizontal
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Figure 11. Irradiation volumes as function of He-DPA (panel (a))
and H-DPA (panel (b)) ratio for the CLC.v2.0 model for 20, 30, 35,
45 MeV energy beam and the values expected for each DEMO
concept considering all the rigs.

Neutron Fluence Rate [n em2s1]
3 le+14

Figure 12. Horizontal cross section of the neutron fluence rate
maps [ncm ™2 s™'] of CLC.v2.0 at the middle of the deuteron beam
with CuCrZr alloy as specimen material.

map in the middle of the deuteron beam in the HFTM for a
20 x 5 cm? beam footprint size. As commented before, the
neutron fluence rate is similar to the obtained with tungsten
and for EUROFER [23, 32] because the volume considered is
small and the influence of the change of material is not very
noticeable.

In figure 13 is shown the statistic relative error for the
20 x 5 cm? beam footprint using CuCrZr alloy as material for
the specimens in the CLC.v2.0 model. The range of the uncer-
tainties are between 0.2% and 1%, is therefore considered a
quality result based on [25].
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Figure 13. Horizontal cross section of the statistic relative error of
the neutron fluence rate maps of the CLC.v2.0 model at the middle
of the 20 x 5 cm? deuteron beam footprint size using CuCrZr alloy
as specimens material.
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Figure 14. Horizontal cross section of the primary displacement
damage rate [NRT_dpa/fpy] of the CLC.v2.0 specimen stacks at the
middle of the deuteron beam with CuCrZr alloy as specimen
material.

The primary displacement damage is determined by integ-
rating the neutron flux with the CuCrZr dpa production cross-
section. In figure 14 it can be seen the distribution of neut-
ron fluence rate in a horizontal map in the middle of primary
displacement damage rate for a 20 x 5 cm? beam footprint
size. As the neutron fluence rate is higher in the central rigs
(figure 12), the NRT_dpa values reached in this part are the
highest. The range obtained is 0.2-37 [NRT_dpa/fpy]. This
range is very similar to the obtained before in [32], with a max-
imum around 38 [NRT_dpa/fpy].

In figure 15 we show the primary displacement damage
rate in NRT_dpa/fpy (panel (a)) and arc_dpa/fpy (panel (b)).
Again, the tendency in both panels is the same, although the
values reached are different, due to the calculation method.
The DEMO values are around 7 [NRT_dpa/fpy] (table 5) and
if using the 40 MeV beam energy in IFMIF-DONES, the
highest value reached is around 37 [NRT_dpa/fpy], so, in this
case, at least 5 fpy of DEMO can be reproduced in 1 fpy of
IFMIF-DONES. Using the arc_dpa method, the DEMO val-
ues are around 1.2 [arc_dpa/fpy] (table 5) and if focusing in
the 40 MeV beam energy in IFMIF-DONES, the highest value
reached is around 6 [arc_dpa/fpy], so 5 fpy of DEMO can be
reproduced in 1 fpy of IFMIF-DONES. So, the results with
both calculation models are practically the same.

In figure 16 results of these ratios for He (panel (a)) and H
(panel (b)) are shown. For these calculations only the volume
of central part of the HFTM have been considered. We show
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Figure 15. Available integrated irradiation volume (32 rigs) versus
primary damage dose rate [dpa/fpy] for the CLC.v2.0 model for 20,
30, 35, 45 MeV energy beam and the values expected for each
DEMO concept. (a) [NRT_dpa/fpy]; (b) [arc_dpa/fpy].

the results for the four beam energies considered for IFMIF-
DONES beam and the data expected in the DIV of the dif-
ferent DEMO configurations. The He ratios for DEMO are
around 6.3-7 [He appm/NRT_dpa] (table 5) and these values
are totally fulfilled for all the IFMIF-DONES beam energies
except the lowest, 25 MeV. In the case of H ratio, the values
for DEMO are around 35 [H appm/NRT_dpa] (table 5) and all
the IFMIF-DONES beam energies fulfil this requirement.

Considering the arc_dpa method for calculating the gas pro-
duction, the histogram presented in figure 17 is obtained. The
He ratio for DEMO calculations are 26—45 [He appm/arc_dpa]
(table 5) and this value is reached in all the energy range of
the IFMIF-DONES beam, changing the amount of volume
available. In the case of the H ratio, the DEMO values are
200-250 [H appm/arc_dpa] (table 5) and in this case also all
IFMIF-DONES beam energies reach this value, but the nom-
inal energy of 40 MeV is the one that produces the smallest
volume at these values.

After showing the results for the CuCrZr alloy, all IFMIF-
DONES beam energies fit well in terms of primary displace-
ment damage rate, but for gas production the best performing
energies are the lowest.
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Figure 16. Central irradiation volumes as function of He-DPA ratio
for the CLC.v2.0 model for 25, 30, 35, 45 MeV energy beam and
the values expected for each DEMO.

4. Conclusions

In this paper calculations for different materials considered in
the fusion roadmap for DEMO configuration are presented.
These same data have been obtained for IFMIF-DONES, a
facility that is going to reproduce the fusion reactor environ-
ment. Primary displacement damage ratio, and gas production
have been compared for two cases. In the case of DEMO, dif-
ferent configurations such as DCLL, WCLL and HCPB, while
for IFMIF-DONES, different beam energies have been con-
sidered. The materials of interest in this case have been tung-
sten and CrCuZr alloy.

For both materials, the primary displacement damage rate
reached in IFMIF-DONES suits very well with the values
expected in DEMO. In fact, the values reached in IFMIF-
DONES are much higher. However, if the focus is on gas pro-
duction, for CuCrZr alloy the data fit well both He and H rates;
however, the gas production for tungsten in [IFMIF-DONES is
higher than in DEMO.

These results impact directly in how specimens can be
placed in the HFTM depending on the material which they are
made, in order to reproduce as best as possible, the environ-
ment in DEMO.
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Figure 17. Central irradiation volumes as function of He-DPA
(panel (a)) and H-DPA (panel (b)) ratio for the CLC.v2.0 model for
20, 30, 35, 45 MeV energy beam and the values expected for each
DEMO concept considering the four central rigs.
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