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ARTICLE INFO ABSTRACT

Keywords: IFMIF-DONES (International Fusion Materials Irradiation Facility- DEMO Oriented NEutron Source) is a neutron
IFMIF-DONES irradiation facility designed to collect data on material irradiation for the construction of demonstration fusion
HFTM ) power plants.

g;‘:romcs This study focuses in investigate the effect of a realistic model of specimens being irradiated in HFTM in IFMIF-
Comparative DONES, and its comparison with previous results with the homogeneous model. Neutron fluence rate, damage

dose rates, and gas production have been calculated for the standard 20 x 5 cm? profile and a 10 x 5 cm? beam
size. These calculations were performed for a deuteron beam with an energy of 40 MeV and a current of 125 mA.
More realistic neutronics model gives very consistent DPA volumes with the previous. The main difference is a
neutron slight streaming in the detailed one. The distribution of DPA shows irregular patterns depending on
specimen location. This research highlights the significant role played by specimen distribution in enhancing the
accuracy and reliability of dpa measurements within the IFMIF-DONES facility and the influence of the beam

size.

1. Introduction

The International Fusion Materials Irradiation Facility-DEMO Ori-
ented NEutron Source (IFMIF-DONES) [1-3] is a neutron irradiation
facility based on the stripping p-Li neutron source to produce high en-
ergy neutrons at sufficient intensity to irradiate materials under similar
irradiations conditions to the ones expected in the future nuclear fusion
reactors such as the DEMOnstration fusion power plant (DEMO). Its
purpose is to provide essential irradiation material data to qualify ma-
terials for DEMO. Within IFMIF-DONES, only one of the IFMIF-DONES
accelerators, operating at 40 MeV and 125 mA, is utilised, specifically
in conjunction with the High Flux Test Module (HFTM) for material
specimen irradiation. The HFTM plays a crucial role in fulfilling the
mission of DONES by supplying material irradiation data.

The desired primary displacement damage dose, measured in Dis-
placements Per Atom (DPA), for the design of the DEMO first wall is 20
dpa in the initial phase, based on the Norgett, Robinson and Torrens
(NRT) model of primary displacement damage [4], and 50 dpa in the
second phase. The DONES HFTM has specific top-level requirements,
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aiming to achieve a 0.3 Liter irradiation volume with 20-30 dpa in less
than 2.5 years (R-1), and a 0.1 Liter volume with 50 dpa in less than 3
years (R-2). The previous nuclear response analyses had been calculated
with homogeneous rigs in the HFTM [5], considering 75 % EUROFER-97
and 25 % natural sodium. In this work, the data is obtained with a
detailed specimen distribution in each rig of the HFTM, the CLC.v1.0
model, acronyms of Capsule Loading Configuration, shown in Fig. 1.
Additionally, the possibility of concentrating the deuteron beam from a
standard footprint of 20 x 5 em? to a reduced size of 10 x 5 cm? to
achieve higher damage rates on the center specimen capsules is being
considered. However, the irradiation performance of these two beam
sizes has not been fully analysed thus far. Therefore, this paper presents
the modelling and nuclear response analyses of the updated rigs in the
HFTM.

This paper compares the neutron fluence rate, the primary
displacement damage and the gas production ratio considering two
kinds of models of the packaging of the HFTM specimen stack, the ho-
mogeneous HFTM specimen stack and the CLC.v1.0 model.
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a)

Carrying-box
Specimen bin

Fig. 1. Packaging proposal of SSTT in the HFTM specimen stack a) capsule with
the SSTT installed; b) How the specimen stack is assembled into the Specimen
bin [7].

2. Methodology
2.1. Materials and methods

The specimen distribution CLC.v1.0 used for the calculation contains
five different types of EUROFER-97 specimens. They were designed with
Small Specimen Test Techniques (SSTT) to ensure the maximum number
of specimens in the space available. This packaging proposal assessed
the number of specimens per rig, depending on the mechanical tests, are
52 flat tensile, 9 cylindrical fatigue, 12 KLST impact (ISO 14,556 stan-
dard, Annex D), 17 Fatigue Crack Growth (FCG) and 11 Fracture
Toughness (FT), Table 1. Moreover, the model has blocks to reduce the
minimum free space in the specimen stack, and this model has the
minimum number of specimens for each type of test and capsule to
characterise the damage [6].

This model has 48.16 % of Eurofer-97 samples and 39.87 % of so-
dium, in total 82 % of the specimen bin total volume. For the simulation,
the central hole has a diagnostic, leaving everything else void. The
diagnostic placed is a Self Powered Neutron Detector (SPND). The ma-
terials considered for the SPND have been rhodium for the emitter,
alumina for the insulator and inconel600 for the collector.

The specimen stack CAD model has been simplified to adapt it to the
neutronics requirements using the SpaceClaim 2021 R1 Software [8].
The criteria used for the simplification was to keep the original volume
of the specimens. The simplified model was converted into Monte Carlo
N-Particles (MCNP6.2) [9] model using SuperMC V3.2 [10,11]. An in-
dividual model was obtained for each capsule of the HFTM, and next,
they were installed in the whole model of the HFTM in each specific
location. Horizontal cross-section of the MCNP model of the HFTM with
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Table 1
Different kinds of SSTT depending on the mechanical test needed to characterise
the irradiation damage.

Type Figure Volume [cm®] Units/rig Total units
Tensile 0.0298 52 1664
Fatigue 0.1948 9 288
FCG 0.2835 17 544

| G
FT 0.5686 11 352

L
KLST 0.3223 12 384

3232

the detailed model of the specimen stack installed is shown in Fig. 2. The
MCNP Test Cell (TC) model used is the “md19.2.0" version. This model is
an updated version of the described on [5].

2.2. Simulation methodology

The McDelLicious code vision 2017 has been employed for neutron
and photon generation and transport calculations [12]. McDeLicious is

Sodium gel
ll —————— Eurofer

4 cm
3.7cm
Void

I— SPND

] .

t .
‘ 1.48 cm
1.63 cm

Fig. 2. a) Horizontal cross-section of the MCNP model of the HFTM with the
detailed model of the specimen stacks installed; b) Horizontal cross section of
one specimen stack.
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an extension of MCNP 6.2 code [9] with the ability to reproduce the
stripping d + %’Li neutron source [13]. FENDL3.1d [14] nuclear data
libraries are used for neutron transport calculations, while the photon
transport calculations were made using mcplib84 [15].

The primary displacement damage induced by neutrons has been
calculated using two methodologies, the NRT methods [4] and arc-dpa
method [16].

The design of equivalent neutron irradiation experiments had been
based on the determination of radiation level using the NRT model. In
this methodology, only four elements were adjusted, Cu, Fe, Au and W,
and it takes into account neither the recombination nor clustering for-
mation [4]. Recently, a new dpa concept was developed in the frame-
work of the IAE CRP project “Primary Radiation Damage Cross
Sections”, the named arc-dpa method. This method to determine the
displacement damage takes into account the recombination of defects
during the thermal spike because they are fitted with molecular dy-
namics calculations for a wide range of elements involved in nuclear
fusion development [16]. However, it is essential to continue using the
NRT model to compare with previous calculations and add the new
concept arc-dpa to generate the new primary displacement damage dose
database. The nuclear data library used to determine the NRT and
arc-dpa primary displacement damage is JEFF3.3DPAarc [16].

In addition, the He and H production rates have also been calculated
because helium and hydrogen production to damage dose ratios directly
impact on the diffusion of defects and the evolution of damage tracks
[17]. Throughout this paper, the He and H production to damage dose
ratios will be referred to as He and H ratios, respectively, for simplicity.

The deuteron beam dynamic used is the IFMIF/EVEDA profile [1],
with a footprint area of 20 x 5 cm? and 10 x 5 cm? The materials
irradiation doses have been calculated considering 345 days of full
power of operation because 20 days of maintenance were considered
[18].

¢)

Fig. 3. Horizontal cross section of the HFTM; a) Specimens region mesh for the
h.m. and CLC.v1.0 models. b) Specimens stacks mesh for the h.m. and CLC.v1.0
models. ¢) Mesh zoom in the highlight part of b).
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Two meshes were used to tally the results. One that covers all the
HFTM (Fig. 3a), specimen region mesh (i), and the other only covers the
volume in the rigs avoiding the structural parts of HFTM, specimen stack
mesh (Fig. 3b) (ii). A zoom of this mesh is shown in Fig. 3c. The spec-
imen region mesh (i) has a resolution of 2.5 x 2.5 x 2.5 mm?, while the
specimen stack mesh (ii) 1.0 x 1.0 x 1.0 mm®. In this paper, the out-
comes obtained for these two beam sizes are contrasted with the ho-
mogeneous and detailed rigs model (CLC.v1.0). Moreover, cell tallies
have been used for the calculation of different parameters in the speci-
mens cells for the detailed model (iii). In this case only the volume of the
specimens is taken into account.

The statistic relative error of meshtals and tallies are lower than 0.05.
Unless otherwise specified, the cross-sectional views presented in the
subsequent figures depict either the X-Y plane at the beam level or the X-
Z plane intersecting the center of the target.

3. Results

This section compares the neutron fluence rates, the primary
displacement damage rates, and the gas production (He and H) to
displacement damage dose ratios obtained for both models assessed.

3.1. Neutron fluence rate

The horizontal cross sections of the neutron fluence rate maps [n
em~2s7!] at the middle of the deuteron beam for a) 20 x 5 cm? and b) 10
x 5 cm? footprint size is shown in Fig. 4. The central four compartments
typically experience a neutron flux ranging from 1 to 5 x 10'* nem=2s71.
The flux distribution in the HFTM is asymmetric due to the 9° incident
angle of the deuteron beam, which is maintained in DONES. Using the
detailed specimen stack model, CLC.v1.0, neutron streaming can be
appreciated in the central part of the rigs where the diagnostic is located.
Besides, comparing the 20 x 5 cm? and 10 x 5 cm? footprint maps, it is
observed that the neutron fluence rate increases in the two central col-
umns of specimen stacks.

The neutron fluence rate maps for the HFTM homogeneous speci-
mens stack are shown in Fig. 5. Slight differences are found in the
neutron fluence rates between both models, homogeneous and detailed
specimen stacks. The more significant difference is the slight neutron
streaming observed between the specimen stacks.

The statistic relative error is given in Fig. 6. It is shown for a 20 x 5
em? beam footprint and for the two models. As expected, uncertainties
are lower in the region where neutron fluence is higher and vice versa. In
any case, uncertainties are between 0.2 and 1 %, indicating that they are
small enough throughout the entire area of interest [9].

50e+14

Fig. 4. Horizontal cross section of the Neutron fluence rate maps [nem~2s7!] of
the detailed specimen stacks at the middle of the deuteron beam; a) 20 x 5 cm?
and b) 10 x 5 em? footprint size.
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2el3,

Fig. 5. Horizontal cross section of the Neutron fluence rate maps [nem 25717 of
the homogeneous specimen stacks at the middle of the deuteron beam; a) 20 x
5 cm? and b) 10 x 5 cm? footprint size.

Statistic relative error Neutron Fluence Rate
0.005

b) T

Fig. 6. Horizontal cross section of the statistic relative error of the neutron
fluence rate maps of the two models at the middle of the 20 x 5 cm? deuteron
beam footprint size.

The differences in the neutron fluence rate using different packaging
configuration can be appreciate in Fig. 7. The white lines correspond to
the results for the homogeneous model and the coloured lines for the

Neutron Fluence Rate [ncm2s1]
5e+13 le+14
|

Fig. 7. Horizontal cross section of the neutron fluence rate maps [nem 25717 of
the two models at the middle of the deuteron beam: white lines-h.m. and colour
lines -CLC.v1.0; a) 20 x 5 cm? and b) 10 x 5 cm? footprint size.
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CLC.v1.0 one. There are five isobar lines with their neutron fluence rate
value.

3.2. Primary displacement damage ratio

The achievement of the required primary displacement damage rate
performance in the HFTM is crucial to fulfil the objectives of DONES.
The primary displacement damage rate is represented in dpa per full
power year (dpa/fpy). The primary displacement damage obtained is
the equivalent iron displacement damage calculated by integrating the
neutron flux with the natural iron DPA production cross section. As
commented above, the primary displacement damage has been calcu-
lated using both methodologies, NRT model and arc-dpa model.

Primary displacement damage rate horizontal cross section maps
calculated in the middle of the deuteron beam for both footprint sizes
and for both dpa concepts are shown in Figs. 8 and 9. In them can be seen
with the isobar lines that the NRT _dpa rate is from 28 to 5 dpa/fpy for
the 20 x 5 cm? footprint and 46 to 5 dpa/fpy for the 10 x 5 cm?
footprint.

The available integrated irradiation volume (32 rigs) versus primary
damage dose rate [NRT dpa/fpy] for the different specimens stacks
model (homogeneous and CLC.v1.0), considering a footprint of 20 x 5
cm? is shown in Fig. 10a) and b) for the footprint of 10 x 5 cm?. In these
figures, the available irradiation volume is compared according to the
primary displacement damage obtained, taking into account different
volumes. These volumes are referenced to the meshes and tally defined
in Section 2.2. The first two areas are calculated from the whole avail-
able volume to irradiate specimens in the HFTM (mesh i); in the next two
areas, the mesh is adjusted to the areas of the specimen stack (mesh ii),
while the fifth area corresponds only to the volume of the specimens in
the CLC.v1.0 model (tally iii). The solid lines refer to the homogeneous
model, while the dashed and dotted lines refer to the CLC.v1.0 model. It
can be seen how the available volume with a specific number of DPAs
decreases, making the high-DPA volume extremely important to be fully
utilized. Another significant observation from these figures is that the
available volume with a specific dpa value is lower in the detailed model
CLC.v1.0 model. Besides, if it is considered only the volume of the
sample of the CLC.v1.0 model, the total specimen volume decreases
significantly. That does not mean that this sample payload will be the
only option for HFTM, it provides us an indication to optimize the
payload and increase the utilized volume.

In Fig. 11 the available integrated irradiation volume is shown versus
the primary damage dose rate [arc-dpa/fpy] for the same cases have
been used as for NRT _dpa. It can be seen that the behaviour is the same,

s

Fig. 8. Horizontal cross section of the primary displacement damage ratio
[NRT_dpa/fpy] of the homogeneous specimen stacks at the middle of the
deuteron beam; a) 20 x 5 cm? and b) 10 x 5 cm? footprint size.
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DPA Rate [NRT_dpa/fpy]
2 5

5

Fig. 9. Horizontal cross section of the primary displacement damage ratio
[NRT _dpa/fpy] of the CLC.v1.0 specimen stacks at the middle of the deuteron
beam; a) 20 x 5 cm? and b) 10 x 5 cm? footprint size.
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Fig. 10. Available integrated irradiation volume (32 rigs) versus primary
damage dose rate [NRT_dpa/fpy] for the different specimens stacks model
(homogeneous and detailed); a) 20 x 5 cm? and b) 10 x 5 cm? footprint size.

but the range of values for the arc-dpa is smaller than for the NRT dpa,
being a maximum of 8 for the standard beam and 14 for the reduced
beam. As commented above, it is due to the arc-dpa model take into
account recombination processes during the thermal spike.

The primary displacement damage criteria outlined in Section 1 for
DONES can be translated into two high level specific requirements: R-1,
which calls for achieving 8-12 NRT dpa/fpy in a volume of 0.3 Liters,
and R-2, which aims for 16.7 NRT_dpa/fpy in a volume of 0.1 Liters.
Considering the five different scenarios shown in previous Figs. 10 and
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Fig. 11. Available integrated irradiation volume (32 rigs) versus primary
damage dose rate [arc-dpa/fpy] for the different specimens stacks model (ho-
mogeneous and detailed); a) 20 x 5 cm? and b) 10 x 5 cm? footprint size.

11, the volumes that meet the two requirements for both the standard
and reduced beam sizes have been calculated. The first scenario involves
the homogeneous model using the (i) mesh. The second scenario utilises
CLC.v1.0 model with the (i) mesh. The third scenario employs the ho-
mogeneous model with the (ii) mesh, which covers only the area of the
32 rigs. The fourth scenario utilises the (ii) mesh, covering the rigs,
along with the CLC.v1.0 model. Lastly, the fifth scenario considers only
the volume occupied by the specimens in CLC.v1.0 model (tally iii). The
volume results are shown in Table 2. For the homogeneous and detailed
models and the 20 x 5 cm? footprint, the R-1 and R-2 are fulfilled
considering the specimens region. The reduced beam footprint 10 x 5
cm? fulfil only the R-2 for both models. It is worth to note that consid-
ering different references when calculation the DPA volume re-
quirements can lead to a reduction in the calculated values, since the
available volume is lower and then, direct comparison with the high
level requirements does not proceed.

A volume histogram based on the achieved primary displacement
damage has been obtained as a function of the different kinds of samples
of the CLC.v1.0 model and the two beam sizes.

Fig. 12 shows the histogram of the amount of available volume per
type of sample as a function of the amount of dpa received, according to
the NRT_dpa damage model. The decrease in volume is not uniform and
therefore there are no samples available at high dpa. On the other hand,
Fig. 13 shows the histogram of the number of samples by type as a
function of the dpa. These figures show that the specimens types are not
uniformly distributed along with the dpa level that they are going to
receive. For the case of arc-dpa, the histograms are equivalent in
behaviour, but with the maximum values of dpa being lower. Then, from
these figures, it is concluded that it would be interesting to study how to
reconfigure the sample location in order to distribute the dpa values
more homogeneously for the different types of specimens.
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Table 2
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Volume [litre] available in the NRT_dpa ranges of R-1 and R-2 depending on the model and volume under consideration. Uncertainties are lower than 0.3 % in all the

cases.

Volume DPA requirements [L]

Target value  Specimens region h.

Specimens region CLC.

Specimens stack h. Specimens stack CLC. CLC.v1.0 specimens

m. v1.0 m. v1.0 volume
Beam 20 x5 10 x5 20 x5 10 x5 20 x5 10 x5 20 x5 10 x5 20 x5 10 x5
R-1 8-12 NRT_dpa/fpy 0.3 0.27 0.20 0.29 0.22 0.14 0.10 0.15 0.10 0.056 0.036
R-2 >16.7 NRT _dpa/fpy 0.1 0.089 0.17 0.085 0.17 0.03 0.08 0.03 0.08 0.008 0.032
CLC.v1.0 model CLC.v1.0 model
BEAM: 20x5 cm? 103+ BEAM: 20x5 cm?

2
10 Tensile specimen

FCG specimen
Fatigue specimen
FT specimen
KLST specimen

Volume [cm?]
=)

[0-4] [4-8] [8-12] [12-16]  [16-20]
Primary displacement damage rate [NRT_dpa/fpy]

CLC.v1.0 model

BEAM: 10x5 cm?®
1024 B Tensile specimen
B FCG specimen
BN Fatigue specimen
— BN FT specimen
g W KLST specimen
E 10t
=
°
>
1004

[0-7]
Primary displacement damage rate [NRT_dpa/fpy]

[7-14] [14-21] [21-28] [28-35]

b)

Fig. 12. Histogram of available irradiation volume by type demonstrates versus
primary damage dose rate [NRT_dpa/fpy] for the CLC.v1.0 model; a) 20 x 5
em? and b) 10 x 5 cm? footprint size.

3.3. Gas production to displacement damage ratio

As commented above, the gas production demonstrates a synergistic
effect with DPA, directly influencing the diffusion of damage defects
[17]. In this case, the He/dpa ratio in units of [He appm/dpa_NRT],
considering the volume of the HFTM with specimens and the model with
homogeneous rigs, as well as solely considering the volume of the
specimens have been calculated and shown in Fig. 14. Furthermore, this
calculation only takes into account data from centrally located rigs, 16
in total. As observed, for a 20 x 5 cm? beam, the peak data points fall
within the range of 14 He-appm/dpa, which is quite close to the ex-
pected range of 11-12 He appm/dpa for DEMO [19,20]. In Fig. 15 the
ratio H-appm/dpa is shown, in this case the high part of the volume is
around 55 and 60 H-appm/dpa, while in DEMO the values expected are
between 45 and 55 H-appm/dpa [19,20]. Considering the ratios for the

Tensile specimen
FCG specimen
Fatigue specimen
FT specimen
KLST specimen

Number of specimens
=
o
)

10! 4

[0-4] [4-8] [8-12] [12-16]  [16-20]
Primary displacement damage rate [NRT_dpa/fpy]

CLC.v1.0 model

10° BEAM: 10x5 cm?
B Tensile specimen

” Bl FCG specimen
5 W Fatigue specimen
E B FT specimen
é - KLST specimen
Red 102 4
(=]
e
3]
)
g
=]
Z

1014

[0-7]
Primary displacement damage rate [NRT _dpa/fpy]

[7-14] [14-21] [21-28] [28-35]

b)

Fig. 13. Histogram of the number of available samples by type versus primary
damage dose rate [NRT_dpa/fpy] for the CLC.v1.0 model; a) 20 x 5 cm? and b)
10 x 5 cm? footprint size.

CLC.v1.0 specimens cell tallies, the volume around the expected values
for DEMO are very much lower than the specimen region CLC.v1.0 for
the production of He and H. Maybe considering other specimens dis-
tribution, these ratios can be adapted in order to reach the values ex-
pected in DEMO.

4. Conclusions

Neutron transport calculations have been performed to study how
the irradiation parameters change in the HFTM specimen area as a
function of model heterogeneity and mesh approach. A detailed model
of the HFTM specimen stacks (CLC.v1.0) has been modelled with this
goal. Therefore, the irradiation parameters obtained using the homo-
geneous HFTM model (previously used in IFMIF-DONES project) and the
CLC.v1.0 have been compared. The irradiation parameters compared
are neutron fluence rate, the primary displacement damage, according
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Fig. 14. Irradiation volumes as function of He-DPA ratio. Using a) 20 x 5 cm?
and b) 10 x 5 cm? footprint size.

to the NRT_dpa and arc-dpa models, and gas production, He and H, ratio.
Also, two beam footprint sizes have been considered, the standard 20 x
5 cm? and the reduced 10 x 5 cm?.

The principal difference in neutron fluence rates between the ho-
mogeneous and detailed models is a neutron slight streaming in the
detailed one, due to the differences in the packaging. This study has
provided valuable insights into the target volumetric values for the
primary displacement damage rates and their alignment with specific
requirements. It has been established that a beam size of 20 x 5 cm? is
optimal for satisfying R-1 and R-2. With a beam size of 10 x 5 cm? R-2is
amply satisfied, while R-1 is not fulfilled. Moreover, the distribution of
specimens according to the primary displacement damage level is not
homogeneous. Finally, with respect to the gas production ratio, values
are obtained in the DEMO line. The amount of cubic centimetres in these
ratios is low if only the CLC.v1.0 specimens volume is taken into
account.

Furthermore, the inclusion of specimen samples distributed within
the rigs of the model has introduced a higher degree of heterogeneity
into the dataset. This finding underscores the importance of specimen
distribution as a significant factor influencing data variability within the
study. And it is not just about moving from a homogeneous design to a
more detailed one, but about how the payload of the samples can be
optimised, e.g., on which primary displacement damage dose will
receive, and how many of each type are needed per dpa and with desired
doses.

These conclusions contribute to a better understanding of the factors
impacting upon primary displacement damage distribution along the
specimens and provide guidance for the design and distribution of the
specimens inside the rigs of the HFTM in the IFMIF-DONES facility.
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Fig. 15. Irradiation volumes as function of H-DPA ratio. Using a) 20 x 5 cm?
and b) 10 x 5 cm? footprint size.
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