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IFMIF-DONES (International Fusion Materials Irradiation Facility – DEMO-Oriented Neutron Source) is a spe
cialised neutron irradiation facility designed to generate critical materials data needed for the construction of the 
DEMO (DEMOnstration) fusion power plant. This study aims to analyse and characterise the transmutation 
behaviour of materials such as EUROFER97, tungsten, and CuCrZr alloy under the IFMIF-DONES irradiation 
conditions and comparing them with the typical DEMO radiation field. Nominal IFMIF-DONES beam conditions 
and different DEMO concepts have been used allowing a comparison of the DEMO and IFMIF-DONES environ
ments. From the results obtained, it can be concluded that the transmutation damage in EUROFER97, obtained in 
IFMIF-DONES, reproduces to a large extent what will occur in DEMO. However, large discrepancies have been 
observed in the specific location studied for the W and the CuCrZr alloy.

1. Introduction

The neutron irradiation conditions characterised by high-energy 
neutrons in the future nuclear fusion power plant DEMO present sig
nificant uncertainties regarding the evolution of material properties 
evolution throughout the reactor’s operational lifetime. The mission of 
the International Fusion Materials Irradiation Facility – DEMO Oriented 
Neutron Source (IFMIF-DONES) [1,2] is to evaluate and qualify mate
rials performance by subjecting them to realistic nuclear fusion irradi
ation conditions and doses comparable to those expected in the DEMO 
fusion power plant.

Primary displacement damage rate studies have been already carried 
out for IFMIF-DONES and for DEMO [3–5], so this study focuses on the 
case of transmutation at both facilities.

Transmutation is a type of damage that directly affects the material 
properties, making it crucial to compare transmutation in both IFMIF- 
DONES and DEMO. It is a process in which nuclear reactions alter the 
proportion of elements and isotopes in a material. This transformation 

can modify the chemical composition, mechanical properties, micro
structure, and, in general, radiation resistance of structural materials, 
potentially causing embrittlement, swelling, or changes in thermal 
conductivity [6,7]. Among the materials to be considered in the 
EUROfusion roadmap are EUROFER97, tungsten, and CuCrZr alloy [8], 
so they are the materials chosen for this study.

The study of transmutation in IFMIF-DONES and DEMO is key issue 
to assess whether the transmutation rates and underlying physical 
mechanisms are comparable. Ensuring that IFMIF-DONES replicates 
transmutation effects similar to those expected in DEMO is essential for 
qualifying candidate materials under representative conditions, thus 
enabling reliable predictions of their long-term performance in future 
fusion reactors.

The core of the IFMIF-DONES facility is the Test Cell, where the High 
Flux Test Module (HFTM) is located, which will host the material 
specimens. To reproduce the nuclear fusion irradiation conditions, a 
deuteron beam (D+) with a nominal energy of 40 MeV and 125 mA will 
impact with a lithium jet (6,7Li), generating 6.8•1016 neutrons/s [9]. 
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This reaction produces a neutron spectrum with a broad peak at 14 MeV 
and a maximum energy of up to 55 MeV (Fig. 2) [5].

In the frame of the EUROfusion roadmap, three breeders blanket 
concepts are considered for DEMO: the Dual Coolant Lithium Lead 
(DCLL) [10,11], the Water Cooled Lithium Lead (WCLL) [12–14], and 
the Helium Cooled Pebble Bed (HCPB) [15–17]. The neutron spectra in 
the first wall and divertor have been calculated for each one.

The following section presents the methodology, results, discussion, 
and conclusions. The results are organised by the materials studied. For 
each material, the results obtained for IFMIF-DONES — with a nominal 
deuteron beam energy of 40 MeV but adjustable down to 25 MeV [2] — 
are presented for these two extreme values of the operational range, and 
compared with those calculated for the different DEMO concepts.

2. Methodology

2.1. Tools used for neutron transport calculations

The specimen packaging of IFMIF-DONES HFTM used is the CLC. 
v2.0 model, described in [4]. For the calculation of transmutation in 
IFMIF-DONES, it has been considered the neutron spectrum of a 
tensile-type specimen in rig 45, in the first line of the beam (Fig. 1), from 
now specimen A. To model the IFMIF-DONES deuteron–lithium neutron 
source, neutron transport simulations were carried out with the McDe
Licious code — a tool based on MCNP6.2 and developed by the Karls
ruhe Institute of Technology (KIT) [18], using the FENDL.3.1d nuclear 
data library [19] and the Test Cell model mdl9.2.8 [20,21]. The 
IFMIF-EVEDA (International Fusion Materials Irradiation Facility - En
gineering Validation and Engineering Design Activities) beam profile 
has been used in the standard footprint size 20 × 5 cm2 and the deuteron 
energies 25 and 40 MeV (to cover the energy range of the accelerator), as 
commented above. The data have been obtained for the three considered 
materials.

In the case of IFMIF-DONES, two different cases are analysed: 
HFTM_20_25 and HFTM_20_40, for the 25 MeV and 40 MeV beam en
ergies. HFTM indicates that the data come from IFMIF-DONES HFTM; 
the 20 from the beam footprint size used, and the last number corre
sponds to the beam energy.

In the case of DEMO, three different blanket concepts included in the 
EUROfusion roadmap have been considered: DCLL, WCLL and HCPB. 
The positions chosen are the first wall (FW) inboard at the equatorial 
level and the divertor area (DIV). The foreseen materials for the FW are 
EUROFER97 and W, while the DIV are W and CuCrZr alloy [22]. The 

fusion power for all the DEMO concepts is 1998 MW. The spectra for the 
WCLL concept were provided by the ENEA, those for the DCLL concept 
by the CIEMAT, and those for the HCPB concept by the KIT. A com
parison of the different neutron spectra used for the isotopic inventory 
calculations is shown in Fig. 2, considering in all the cases 211 energy 
groups (VITMAIN-J+).

2.2. Studied materials

Among the materials included in the EUROfusion roadmap for the 
construction of DEMO, EUROFER97 [23–26], W [27,28] and the CuCrZr 
[29,30] alloy are of particular relevance [22,31]. Therefore, the 
degradation of their macroscopic properties will be assessed by irradi
ation experiments in the IFMIF-DONES facility, carried out in several 
campaigns under conditions representative of those expected in the 
future DEMO nuclear power plant. These studies aim to generate a 
comprehensive database of material behaviour to support the design and 
construction of DEMO.

EUROFER97 is a Reduced Activation Ferritic Martensitic (RAFM) 
steel developed for use in fusion reactors, particularly in the FW. It 
minimises swelling and helium production under neutron irradiation 
[22]. Its composition replaces highly activating elements (such as Mo, 
Nb and Ni) with Ta, W and V to reduce long-term radioactivity [32]. 
EUROFER97 also retains its magnetic and structural properties at high 
temperatures and in strong magnetic fields, making it well suited for 
fusion reactor operation [33].

W is being considered for use in DEMO FW and DIV to protect 
plasma-facing components [22,31]. This material is important in fusion 
due to its exceptionally high melting point (around 3400 ◦C), which 
allows it to withstand extreme temperatures. In addition, W is highly 
resistant to radiation [34], making it suitable for fusion environments. 
W also has excellent thermal conductivity, high resistance to plasma 
sputtering and low tritium retention, making it a reliable choice for 
demanding fusion applications [35,36].

The CuCrZr alloy will be used as the thermal interface, acting as a 
heat sink material in the DEMO DIV [22]. This alloy combines the 
excellent thermal and electrical conductivity of Cu, which effectively 
dissipates heat in the divertor, with the enhanced mechanical strength of 
the Cr and Zr addition [37,38]. These additions enhance the alloy’s 
resistance to mechanical stress and thermal cycling, making it ideal for 
demanding applications. In addition, the alloy offers good ductility and 
corrosion resistance, ensuring durability and long life in the nuclear 
fusion environment [39–42].

Fig. 1. Test Cell horizontal cross section at z = 0 with the CLC.v2.0 specimen distribution model in the HFTM. The selected rig is the 45, and the highlighted 
specimen is the one selected for the transmutation study, specimen A.
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The initial compositions of EUROFER97, W and CuCrZr alloy 
considered for the calculations are provided in Table 1. The atomic 
density EUROFER97 is 8.52•1022 atoms cm-3, and its mass density is 

7.87 g cm-3. In the case of W, the atomic density is 6.24•1022 atoms cm-3 

and the mass density is 19 g cm-3. For the CuCrZr alloy, the atomic 
density and mass density are 8.46•1022 atoms cm-3 and 7.9 g cm-3, 
respectively.

2.3. Transmutation calculation methodology

The code used for the isotopic inventory calculations is ACAB [45]. 
The output data have been processed by ACABAN (Fortran code) and 
Python. The inputs of this code are the neutron spectra and the 
composition of the irradiated material. The nuclear data library used is 
TENDL2017 [46].

All the calculations have considered a full power year (fpy) of 365.25 
days. The results are present in weight percent [wt%], which represents 
the concentration of an element in a material relative to its mass. It is 
calculated as presented in Eq. (1). 

wt% =
mass of the element

total mass of the material
100. (1) 

Graphs will be presented in transmutation rate [%/fpy] and number 
of atoms in [appm/NRT_dpa]. The transmutation rate (TR) is a value 
that represents the quantity of atoms present in the material after irra
diation with respect to the initial amount per element (Eq. (2)). 

TR
[

%
fpy

]

=
N∘ atoms after irradiation − Initial N∘ atoms

Initial N∘ atoms
100. (2) 

The primary displacement damage rate allows the quantification of 
the accumulated primary displacement damage in the material; the 
measurement unit is displacement per atom (dpa). To obtain this 
magnitude it has been used the Norgett Robinson Torrens (NRT_dpa) 
[47] methodology in the Monte Carlo calculation as explained in [4,5]. 
These values have been calculated using the MCNP6.2 code [48] and the 
JEFF.3.3arc nuclear data library [49]. The primary displacement dam
age rate has been used as reference to obtain the atoms per dpa ratio. 
Therefore, the other parameter used is in atoms, parts per million 
[appm] units per primary displacement damage ratio [NRT_dpa] (Eq. 
(3)). 

Fig. 2. Neutron fluence rate in the first wall and divertor of each DEMO concept, together with the neutron fluence rate obtained in the EUROFER97 tensile specimen 
A in rig 45 of HFTM.

Table 1 
Initial composition of EUROFER97, W and CuCrZr alloy [43,44].

Weight percent [wt%]

EUROFER97 W CuCrZr alloy

H ​ 5.00•10–4 ​
B 2.00•10–3 ​ 6.00•10–3

C 1.10•10–1 3.00•10–3 ​
N 3.00•10–2 5.00•10–4 ​
O 1.00•10–2 2.00•10–3 1.30•10–1

Na ​ 1.00•10–3 ​
Mg ​ 5.00•10–4 1.00•10–1

Al 1.00•10–2 1.50•10–3 7.00•10–3

Si 5.00•10–2 2.00•10–3 9.00•10–2

P 5.00•10–3 2.00•10–3 3.00•10–2

S 5.00•10–3 5.00•10–4 8.00•10–3

K ​ 1.00•10–3 ​
Ca ​ 5.00•10–4 ​
Ti 2.00•10–2 5.00•10–4 ​
V 2.00•10–1 ​ ​
Cr 9.01•100 2.00•10–3 1.10•100

Mn 4.00•10–1 5.00•10–4 2.30•10–3

Fe 8.87•101 3.00•10–3 2.30•10–2

Co 1.00•10–2 1.00•10–3 5.00•10–2

Ni 1.00•10–2 5.00•10–4 7.00•10–2

Cu 1.00•10–2 1.00•10–3 9.82•101

Zn ​ 5.00•10–4 5.00•10–3

As ​ 5.00•10–4 9.00•10–3

Zr 5.00•10–2 5.00•10–4 1.04•10–1

Nb 5.00•10–3 1.00•10–3 6.80•10–2

Mo 5.00•10–3 1.00•10–2 ​
Ag ​ 1.00•10–3 ​
Cd ​ 5.00•10–4 ​
Sn 5.00•10–2 ​ 5.00E-03
Sb 5.00•10–2 ​ 6.00E-03
Ta 1.20•10–1 2.00•10–3 4.00E-03
W 1.10•100 99.95•100 ​
Pb ​ 5.00•10–4 3.00•10–3

Bi ​ ​ 1.00•10–3

Ba ​ 5.00•10–4 ​
Total 1.00•102 1.00•102 1.00•102
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Atoms per dpa
[

appm
NRT dpa

]

=

isotope quantity

[

atoms
cm3 fpy

]

atomic density of the material

[
atoms
cm3

]106

Primary displacement damage rate
[

NRT dpa
fpy

].

(3) 

In the case of EUROFER97, TR is used for the elements initially 
present in its composition and the Atoms per dpa for the new elements 
produced. For W and CuCrZr alloy only the Atoms per dpa parameter is 
used.

3. Results

This section presents the transmutation results calculated. It is 
divided into three sections, one per material studied.

The analysis presented supplies a global perspective on how the 
initial material composition changes after irradiation in IFMIF-DONES 
and DEMO. It focuses on the evolution of the elements originally pre
sent in the material as well as the formation of new elements generated 
by transmutation processes.

3.1. EUROFER97

In the case of the EUROFER97 transmutation, the elements that show 
the highest transmutation rate are Ti, V, Mn, and Ta, which are repre
sented in Fig. 3 with a different scale, for them, the DEMO FW values 
obtained agree in the same range. Meanwhile, in the IFMIF-DONES 
specimen with 25 MeV beam energy, the values are well below the 
DEMO range, but at 40 MeV, the values are well above the DEMO range. 
In the Ta case, in DEMO FW it is consumed, while in the IFMIF-DONES 
specimen, it is generated, but in a minor quantity (Fig. 3).

Fig. 3 also shows the transmutation rate of the rest of the elements 
present initially in the EUROFER97 composition, (omitting the Ti, V, Mn 
and Ta). The calculated transmutation rate for DEMO is below 3 % in all 
cases, and for IFMIF-DONES it is in general below 1.5 %. The DEMO 
transmutation rate is practically the similar for the three DEMO designs, 
except for B, Sb, which is more burned up in the HCPB than in the DCLL 
case, and for Co, for the HCPB breeding blanket presents the highest 

generation. In the IFMIF-DONES case, it either generates or burns up, it 
will be higher the higher the energy beam is.

Table 2 presents the primary displacement damage rate induced for 
specimen A at different IFMIF-DONES beam energies, and the data 
corresponding to the FW of the different DEMO concepts [4]. The ele
ments generated during the irradiation are presented in Fig. 4 as number 
of atoms generated per primary displacement damage rate [appm 
NRT_dpa-1]. The primary displacement damage rate considered in each 
scenario is the presented in Table 2. As mentioned above, the number of 
atoms generated for each element increases with the IFMIF-DONES 
beam energy but normalizing to the NRT_dpa can be observed that the 
ratio is in good agreement when the element is generated. For the three 
DEMO concepts, the FW values remain practically the same for H, He, 
Be, Mg, Y, and Hf. On the other hand, Li, Te, Re, and Os have different 
values in the different DEMO cases, increasing from DCLL to HCPB. A 
special case is Os, which is not produced in IFMIF-DONES but is pro
duced in the DEMO layouts.

Table 3 shows the initial EUROFER97 composition used in the 
calculation, together with the material specifications, as well as its final 
compositions after 1 fpy of irradiation for the five cases considered. In 
EUROFER97 there is a composition specification defined for the mate
rial, allowing for some range of tolerance in the elements present [44]. 
The table present the same data that the figures in a complete way. The 
new elements generated from the initial composition of EUROFER 97 
are H, He, Li, Be, Mg, Y, Te, Hf, Re and Os. However, not in all cases 
these elements are generated, for example, Os is only generated in 
DEMO FW. Elements such as C, N, Al, Si, P, S, V, Cr, Mn, Fe, Mo, and W 
exhibit low variability and remain within acceptable composition limits, 
according to the specifications. Although the initial concentrations of B, 
Co, Nb, Ni, Cu, Zr, Sn, Sb, and Ta exceed the specified limits, their levels 

Fig. 3. Transmutation rates in [% fpy-1] of EUROFER97 under irradiation in specimen A at different beam energies in IFMIF-DONES; together with the transmutation 
rates in the first wall of the fusion power reactors with DCLL, WCLL, and HCPB blankets, Ti, V, Mn and Ta are presented in a different scale.

Table 2 
Primary displacement damage rate in [NRT_dpa fpy-1] in the chosen specimen in 
IFMIF-DONES and in the first wall of DEMO in the case of EUROFER97 [4].

Primary displacement damage rate

IFMIF-DONES beam energy [MeV] DEMO FW

​ 25 40 DCLL WCLL HCPB
NRT_dpa fpy-1 6.65 21.02 11.79 11.32 8.24
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decrease over time rather than increase. Among the newly generated 
elements, H and He are particularly notable due to their significant 
proportions. However, some solid second phases could emerge from the 
transmutation inventory [50]. The transmutation data obtained suit 
with the data presented in [50], considering 21.02 NRT_dpa fpy-1 and 40 
MeV beam energy in the IFMIF-DONES case.

3.2. Tungsten

The element initially present in the W composition with the highest 
production during the irradiation is Ta, showing up to two orders of 
magnitude increase per dpa. Fig. 5 shows these results. However, it 
should be noted that the initial concentration of Ta is very low, from 
2•10–3 wt%, it increases up to 1.35•101 wt% in the HFTM_20_40 case 
(Table 5).

Moreover, Fig. 5 shows the elements generated during the irradiation 

Fig. 4. Numbers of atoms in [appm NRT_dpa-1] of the new elements generated in the EUROFER97 under irradiation in specimen A at different beam energies in 
IFMIF-DONES and in the first wall of the fusion power reactors with DCLL, WCLL and HCPB blankets.

Table 3 
EUROFER97 specification [44], initial (Table 1) and final composition in [wt%]. Two different cases are considered, depending on the IFMIF-DONES beam energy. 
Three different cases are considered, depending on the DEMO design.

Element Specif [33,51] Initial Comp [43] HFTM _20_25 HFTM _20_40 DCLL _FW WCLL _FW HCPB _FW

H ​ ​ 4.88•10–4 2.58•10–3 1.15•10–3 1.24•10–3 1.14•10–3

He ​ ​ 3.66•10–4 1.91•10–3 1.03•10–3 1.12•10–3 1.04•10–3

Li ​ ​ ​ 3.98•10–6 1.85•10–5 3.70•10–5 4.69•10–5

Be ​ ​ 8.40•10–6 2.49•10–5 1.74•10–5 1.86•10–5 1.78•10–5

B 1•10–3 2.0•10–3 2.01•10–3 2.03•10–3 1.98•10–3 1.96•10–3 1.94•10–3

C 0.9–1.2•10–1 1.1•10–1 1.10•10–1 1.10•10–1 1.10•10–1 1.10•10–1 1.10•10–1

N 1.5–4.5•10–2 3.0•10–2 2.99•10–2 2.99•10–2 2.99•10–2 2.99•10–2 2.99•10–2

O 1•10–2 1.0•10–2 9.99•10–3 9.98•10–3 9.99•10–3 9.99•10–3 9.99•10–3

Mg ​ ​ 1.85•10–5 7.91•10–5 5.05•10–5 5.46•10–5 5.06•10–5

Al 1•10–2 1.0•10–2 1.04•10–2 1.00•10–2 9.99•10–3 1.00•10–2 1.00•10–2

Si 5•10–2 5.0•10–2 5.37•10–2 4.99•10–2 4.99•10–2 5.00•10–2 5.00•10–2

P 5•10–3 5.0•10–3 5.21•10–3 4.99•10–3 4.99•10–3 4.99•10–3 5.00•10–3

S 5•10–3 5.0•10–3 5.37•10–3 4.98•10–3 4.99•10–3 4.99•10–3 4.99•10–3

Ti 1•10–2 2.0•10–2 2.04•10–2 2.26•10–2 2.12•10–2 2.13•10–2 2.12•10–2

V 1.5–2.5 10–1 2.0•10–1 2.03•10–1 2.18•10–1 2.08•10–1 2.09•10–1 2.09•10–1

Cr 8.5–9.5•100 9.0•100 9.01•100 9.02•100 9.01•100 9.01•100 9.01•100

Mn 2–6•10–1 4.0•10–1 4.16•10–1 4.96•10–1 4.38•10–1 4.40•10–1 4.37•10–1

Fe 8.7–9.0•101 8.9•101 8.87•101 8.86•101 8.87•101 8.87•101 8.87•101

Co 5•10–3 1.0•10–2 1.00•10–2 1.00•10–2 1.00•10–2 1.00•10–2 1.01•10–2

Ni 5•10–3 1.0•10–2 1.00•10–2 9.98•10–3 1.00•10–2 1.00•10–2 1.00•10–2

Cu 5•10–3 1.0•10–2 9.99•10–3 9.97•10–3 9.96•10–3 9.96•10–3 9.96•10–3

Y ​ ​ ​ 8.17•10–5 4.81•10–5 5.25•10–5 4.76•10–5

Zr a 5.0•10–2 5.00•10–2 4.99•10–2 5.00•10–2 5.00•10–2 5.00•10–2

Nb 1•10–3 5.0•10–3 4.99•10–3 4.97•10–3 4.98•10–3 4.98•10–3 4.98•10–3

Mo 5•10–3 5.0•10–3 5.00•10–3 5.00•10–3 5.00•10–3 5.00•10–3 5.00•10–3

Sn b 5.0•10–2 5.00•10–2 5.02•10–2 5.01•10–2 5.01•10–2 5.01•10–2

Sb c 5.0•10–2 4.99•10–2 4.97•10–2 4.94•10–2 4.91•10–2 4.90•10–2

Te ​ ​ 3.92•10–5 1.41•10–4 4.48•10–4 7.85•10–4 9.48•10–4

Hf ​ ​ 9.50•10–5 5.29•10–4 3.40•10–4 3.61•10–4 3.30•10–4

Ta 5–9•10–2 1.2•10–1 1.20•10–1 1.21•10–1 1.19•10–1 1.17•10–1 1.15•10–1

W 1–2•100 1.1•100 1.10•100 1.10•100 1.10•100 1.10•100 1.10•100

Re ​ ​ 4.97•10–4 1.59•10–3 3.32•10–3 7.07•10–3 8.97•10–3

Os ​ ​ ​ ​ 3.60•10–5 2.37•10–4 3.81•10–4

a + b + c = 5•10–2 ​ ​ ​ ​ ​ ​ ​
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that are not present in the initial composition of W, to obtain the ratio 
referring the primary displacement damage rate has been used the 
values presented in Table 4. Be, B, Ne, Ar and V are elements that are 
only generated in IFMIF-DONES when using an energy of 40 MeV, while 
Se is only generated in the DEMO cases. The values obtained for DEMO 
FW and DIV agree regardless of the DEMO design, except for Re and Os 
cases, moreover, it should be noted that IFMIF-DONES does not reach 
those values. Taking into account a 9.58 NRT_dpa fpy-1 for IFMIF- 
DONES at 40 MeV beam energy, the transmutation data presented 
matches well with values obtained in previous works [50].

Re and Os are the main focus as they have a significant influence on 
the behaviour of W after irradiation. Fig. 7 shows the Re and Os isotopes 
production in [appm NRT_dpa-1]. Fig. 5 and Fig. 7 show that Re and Os 
production is higher in DEMO than in IFMIF-DONES. To understand this, 
we used the ACAB code to assess the formation of 188Os from 186W. The 
ACAB code indicates that all the pathways to generate 188Os start with 
the neutron capture of 186W. Moreover, this code gives us the collapsed 
cross section with the neutron spectrum, obtaining that in DEMO the 
cross section is two orders of magnitude higher than in IFMIF-DONES, 
due to the higher neutron capture cross section of 186W for thermal 
neutrons (Fig. 6). Therefore, these data can explains why more 188Os is 
generated in DEMO than in IFMIF-DONES.

The production of Re and Os ranges between approximately 
4.2–86.1•10–2 wt% for Re and 0.02–33.60•10–3wt% for Os (Table 5). In 
comparison, studies in the literature typically examine W-Re-Os alloys 
with at least 5 wt% Re and 3 wt% Os [52,57], which are significantly 
higher than the values obtained here. Therefore, within the 1 fpy 
considered, the amount of Re and Os produced, up to 8.2 and 0.35•10–1 

wt% (Table 5), may not be sufficient to significantly affect the properties 
of W [52,57].

Considering that when Re and Os reach 5 and 3 wt% respectively, W 

already shows changes in its macroscopic properties, the irradiation 
time required to reach these values has been analyzed, Re and Os pro
duction data were evaluated after 5 and 10 fpy. The analysis focused on 
two cases: HFTM_20_40 and HCPB_FW, as they present the highest Re 
and Os values for IFMIF-DONES and DEMO, respectively, at 1 fpy 
(Table 5). The results, summarised in Table 6, show that the concen
trations of Re and Os capable of affecting material properties are 
reached after 10 years of irradiation in the first wall of HCPB. In 
contrast, for IFMIF-DONES, these thresholds are not reached even after 
10 fpy.

Fig. 5. Numbers of atoms in [appm NRT_dpa-1] of the new elements generated in W under irradiation in specimen A at different beam energies in IFMIF-DONES and 
in the first wall and in the divertor of the fusion power reactors with DCLL, WCLL and HCPB blankets. The initial composition of Ta is 20.27 appm.

Table 4 
Primary displacement damage rate in [NRT_dpa fpy-1]in the chosen specimen in IFMIF-DONES and in the first wall and divertor of DEMO in the case of W [5].

Primary displacement damage rate

IFMIF-DONES beam energy DEMO

FW DIV

​ 25 40 DCLL WCLL HCPB DCLL WCLL HCPB
NRT_dpa fpy-1 2.77 9.58 5.12 4.96 4.21 2.19 2.35 2.19

Fig. 6. Cross section 186W(n, γ)187W using TENDL2017 nuclear data library. 
Both axes are on a logarithmic scale.
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3.3. CuCrZr alloy

In this section are presented the transmutation calculations for the 
CuCrZr alloy. Fig. 8 shows the elements generated during the irradia
tion, and the elements initially present in the alloy that present the 
highest transmutation rates (Co, Ni, and Zn) in [appm NRT_dpa-1]. The 
primary displacement damage rates obtained for the different IFMIF- 
DONES cases and DEMO designs [5] are shown in Table 7.

Table 8 summarises the initial composition of the Cu in the alloy used 
and the proportions after irradiation in the different cases considered for 
Co, Ni, and Zn.

4. Discussion

In the EUROFER97 case, the transmutation data agree with the 
ranges specified for this material (Table 3). The most relevant changes 
are the gas production, H and He. In the case of He, the amount pro
duced is around 102 appm fpy-1. This is particularly important since 
some experiments indicate that when He concentration reaches 5•102 

appm, hardening increases [53] and with 5•103 appm, brittleness in
creases significantly [54,55]. Fig. 3 shows that Mn presents a higher 
production in IFMIF-DONES than in DEMO. Mn isotopes produced 

during the irradiation are 53Mn and 54Mn; both isotopes are unstable 
with long half-lives. These isotopes are generated principally via (n, p) 
and (n, np) reactions, which require a threshold energy to occur. The 
IFMIF-DONES facility exhibits a higher neutron flux at higher neutron 
energies. This is likely the key factor accounting for the differences be
tween facilities. Moreover, this difference in the neutron spectra could 
explain the Os production. This element comes from neutron capture 
reactions of W, and its cross sections are higher at lower neutron 
energies.

On the other hand, Y is generated in greater quantities in IFMIF- 
DONES than in DEMO, and only at an incident energy of 40 MeV. This 
is because the production of 89Y is mainly due to 90Zr from the threshold 
reaction (n, d), which reaches a cross section value of 1 bar from 10 MeV 
neutrons. From the primary displacement damage comparison (Table 2) 
and transmutation data, it can be concluded that a beam energy of 25 
MeV does not reach the levels in DEMO, but with a 40 MeV energy, more 
than expected is generated in DEMO. So, intermediate beam energies 
seem to be the most attractive.

In the case of W irradiation, Ta, an element initially presents in the 
composition, shows an increase of up to two orders of magnitude 
(Fig. 5). However, given its residual nuclear hazard, the recommended 
maximum content of Ta in the composition is 1•10–2 wt%, as established 
in the ITER project [56], a threshold that is exceeded in all cases 
analysed.

Moreover, during the irradiation, new elements such as Re and Os 
appear in the composition (Fig. 5), resulting in the transformation of 
pure W into a W-Re-Os alloy during irradiation [57]. Both elements tend 
to precipitate, hindering dislocation movement and causing radiation 
hardening and embrittlement [58–60]. The quantity of Re produced by 
transmutation specifically increase the ductile to brittle transition tem
perature (DBTT), making W more susceptible to brittle fracture below 
certain temperatures [52]. Os also increases hardening and brittleness 
[61]. Understanding the formation of Re and Os is key. Natural W 
consists mainly of 182W, 183W, 184W and 186W. In the DEMO case, >50 % 

Fig. 7. Numbers of atoms in [appm NRT_dpa-1] of Re and Os isotopes generated in W under irradiation in specimen A at different beam energies in IFMIF-DONES and 
in the first wall and in the divertor of the fusion power reactors with DCLL, WCLL and HCPB blankets.

Table 5 
Weight percent [wt%] Ta, W, Re and Os before and after 1 fpy of the W irradiation using the codes ACAB and TENDL2017 library.

Initial and final composition of TA, W, Re and Os in W

Elem. Initial comp. HFTM _20_25 HFTM _20_40 DCLL _FW WCLL _FW HCPB _FW DCLL _DIV WCLL _DIV HCPB _DIV

Ta 2•10–3 3.1•10–2 1.35•10–1 9.5•10–2 9.40•10–2 9.30•10–2 4.00•10–2 4.00•10–2 4.30•10–2

W 9.99•101 9.99•101 9.97•101 9.96•101 9.93•101 9.90•101 9.95•101 9.93•101 9.93•101

Re – 5.00•10–2 1.50•10–1 3.00•10–1 6.00•10–1 8.20•10–1 4.50•10–1 5.60•10–1 5.60•10–1

Os – 3.59•10–5 3.35•10–4 4.69•10–3 1.90•10–2 3.50•10–2 1.50•10–2 2.00•10–2 2.20•10–2

Table 6 
Weight percent [wt%] of Re and Os after different times of irradiation for the 
case of the HFTM_20_40 and HCPB_FW.

Weight percent [wt%] after irradiation

​ ​ fpy
​ ​ 1 5 10
HFTM_20_40 Re 1.47•10–1 8.94•10–1 1.74•100

​ Os 3.00•10–4 1.20•10–2 4.70•10–2

HCPB_FW Re 8.16•10–1 3.57•100 5.53•100

​ Os 3.50•10–2 9.29•10–1 3.13•100
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of 185W production comes mainly via 184W neutron capture, meanwhile 
in the case of IFMIF-DONES, >80 % of 185W comes from the 186W via (n, 
2n) reactions. On the other hand, 185W decays to 185Re. Further neutron 
capture can produce 186Re, 186mRe and 187Re. 186Re can decay to 186Os 
or back to 186W. Although 186mRe and 187Re can also decay to Os iso
topes, their contribution is limited by their long half-lives (105–1010 

years). Similarly, 186W can form 187W, which decays to 187Re and finally 
to Os. 188W can also decay via 188Re to 188Os. Overall, the production of 
Re and Os is mainly via neutron capture reactions. Fig. 9 shows these 

Fig. 8. Numbers of atoms in [appm NRT_dpa-1] of new elements generated in the CuCrZr alloy under irradiation in specimen A at different beam energies in IFMIF- 
DONES and in the divertor of the fusion power reactors with DCLL, WCLL and HCPB blankets. The initial composition of Co, Ni and Zn is 537.33, 647.43 and 96.87 
appm, respectively.

Table 7 
Primary displacement damage rate in [NRT_dpa fpy-1]in the chosen specimen in 
IFMIF-DONES and in the divertor of DEMO in the case of CuCrZr alloy [5].

Primary displacement damage rate

IFMIF-DONES beam energy [MeV] DEMO DIV

​ 25 40 DCLL WCLL HCPB
NRT_dpa fpy-1 8.79 28.98 7.30 7.55 7.08

Table 8 
Weight percent [wt%] Co, Ni, Cu, and Zn before and after 1 fpy of the CuCrZr alloy irradiation using the codes ACAB and TENDL2017 library.

wt% after 1fpy of irradiation

Elements Initial composition HFTM _20_25 HFTM _20_40 DCLL _DIV WCLL _DIV HCPB _DIV
Co 5.00•10–2 5.40•10–2 7.20•10–2 5.40•10–2 5.40•10–2 5.40•10–2

Ni 6.00•10–2 1.32•10–1 4.08•10–1 2.21•10–1 2.27•10–1 2.36•10–1

Cu 9.87•101 9.84•101 9.81•101 9.83•101 9.83•101 9.83•101

Zn 1.00E-02 1.90•10–2 5.00•10–2 8.20•10–2 8.70•10–2 8.90•10–2

Fig. 9. Os and Re pathway analysis. Stable isotopes are shown in solid-line boxes with their percent abundances indicated in bold. Unstable isotopes appear in 
dashed-line boxes along with their half-lives, while those that are both unstable and have relatively high abundances and long half-lives are highlighted with dotted- 
line boxes [62,63].
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processes schematically.
In addition, Table 5 shows that the production of Re and Os depends 

on the DEMO design. In the FW, the DCLL configuration results in lower 
production compared to the WCLL and HCPB designs. This corresponds 
to the neutron spectra (Fig. 2) where DCLL has the lowest thermal 
neutron fluence rate. However, in the case of the divertor, the neutron 
flux is more uniform, resulting in more consistent Re and Os production 
across the designs.

The largest contribution to Re and Os production comes from the 
186W isotope. Therefore, a potential strategy to mitigate their formation 
could be to reduce the 186W content in the initial W composition [7]. The 
results presented here are based on a 186W abundance of 28.34 %. The 
transmutation data obtained are in good agreement with the results of 
[7], especially considering the currently lower operating power of 
DEMO.

From the primary displacement damage rate data presented in 
Table 4, it can be concluded that an energy of at least 40 MeV is required 
in IFMIF-DONES to reproduce the displacement damage rates observed 
in the DEMO FW. For the DIV region, 25 MeV appears to be sufficient. In 
the case of transmutation, both facilities present a number of atoms per 
primary displacement damage rate is good agreement.

The generation of new elements during irradiation of CuCrZr alloy 
(Fig. 8) shows that for the DEMO DIV are similar regardless of the DEMO 
concept. In the case of the IFMIF-DONES specimen, the numbers of 
atoms per primary displacement damage ratio is in good agreement 
regardless the beam energy, but the dpa reached when using the 25 MeV 
beam energy is three times lower. Se and W are not generated, and Li 
and Te do not reach DEMO values (only generated at 40 MeV beam 
energy). On the other hand, N, Na, and Ge are only generated in IFMIF- 
DONES. H and He are the elements most generated in both facilities. In 
the case of C all the cases present data in good agreement and in the 
cases of Ti and V, the number of atoms per primary displacement 
damage rate is higher when using the nominal beam energy.

The elements initially present in the CuCrZr alloy that show the 
highest increase are Co, Ni and Zn (Fig. 8). In the cases of Ni and Zn, the 
values are unattainable for IFMIF-DONES. In the case of Co, the results 
obtained using a beam energy of 25 MeV align better with expectations 
than those obtained at the nominal energy of 40 MeV. It is due to the 
units used, although more cobalt nuclei are generated in the case of 40 
MeV, it does not reach the ratio of 3.3 times greater as occurs with 
primary displacement damage rate. These three elements are just the 
elements that can drastically change the material thermal conductivity 
[39,64–67]. The high thermal conductivity of this material is what 
makes it interesting for use in DEMO, but an increase of Zn, Ni and Co 
content in the alloy is directly related to the degradation of the thermal 
conductivity.

Comparing the initial and final composition of the CuCrZr alloy 
(Table 8), it can be concluded that the three elements present an in
crease in the weight percent of the material. For the case of Ni, the 
different DEMO configurations present between 2.1–2.3•10–1 wt%, 
while for the case of IFMIF-DONES, one goes from 1.3•10–1 wt% with 25 
MeV and 4.1•10–1 wt% with 40 MeV. This indicates that, using the 
lowest energy in IFMIF-DONES, the Ni production is not as high as for 
DEMO, but using the maximum energy, the value is doubled. In the case 
of Co, the percentages obtained for DEMO and for IFMIF-DONES with 
the lowest energy are practically the same, 5.8•10–2 wt%, while for the 
highest energy, it goes up to 7.6•10–2 wt%. However, in the case of Zn, 
the highest values correspond to the DEMO cases, with a value of 
8.7•10–2 wt%, and the maximum that is reached in IFMIF-DONES is 
5.3•10–2 wt%.

Focusing only on the primary displacement damage data (Table 7), it 
can be observed that, from the minimum energy for IFMIF-DONES, 25 
MeV, more dpa than expected is achieved for DEMO in all cases. 
Therefore, using the maximum energy, 40 MeV, in 1 fpy of IFMIF- 
DONES up to 4 fpy of DEMO can be reproduced. When relating this 
data to the transmutation results, it can be observed that the trend varies 

according to the element taken into account. Co, Cu and Zn are the el
ements that are most generated, and which influence the thermal con
ductivity of the material. The data for Co in IFMIF-DONES reach those of 
DEMO, but and in the cases of Ni and Zn they are unattainable.

5. Conclusions

In this study, the transmutation analysis of EUROFER97, W, and 
CuCrZr alloy in both IFMIF-DONES and DEMO facilities is presented. 
Two IFMIF-DONES beam energies have been considered to analyse the 
range of operation of the facility. In general, the number of atoms pro
duced per primary displacement damage ratio are in good agreement 
independently of the beam energy. However, it is essential to consider 
that using the lowest beam energy, 25 MeV, the irradiation time must be 
at least doubled to achieve the same primary displacement damage rate 
as with the nominal beam energy of 40 MeV.

The results show that in the case of EUROFER97, the transmutation 
rates are very low and generally within the limits established for this 
material. The elements to be taken into account are H and He, because 
they are generated in non-negligible quantities and have a great impact 
on the mechanical and physical properties of EUROFER97, increasing 
hardening and brittleness.

In the case of W, the variation in most of its components is very low. 
Of the materials initially present, Ta is the one that shows the greatest 
increase, and which has a restricted range due to the activation issue. 
Among the new elements that will have the greatest influence on the 
material’s properties are Re and Os, increasing hardening or reducing 
the ductile to brittle transition temperature. Both elements are gener
ated after being irradiated in DEMO and IFMIF-DONES. However, the 
data achieved in the case of DEMO are much higher. It is also worth 
noting that the concentrations of Re and Os capable of affecting the 
material properties are reached after 10 years of irradiation in the first 
wall of the HCPB concept.

In the case of CuCrZr alloy, the results show that the presence of Co, 
Ni, and Zn, three of the elements that have the greatest influence on the 
thermal properties of this alloy, is increased. The magnitudes obtained 
in both facilities are equivalent.

Based on the present work, this study could be extended by exploring 
different IFMIF-DONES beam energies and different positions within the 
HFTM. This extension would help to identify the most effective config
uration for each irradiated material, improving the applicability of the 
current results.

Therefore, after studying three different materials in DEMO and 
IFMIF-DONES facilities, it can be concluded that the IFMIF-DONES fa
cility can give representative data of what will be obtained later in 
DEMO.
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