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Abstract

Neutron irradiation can significantly alter the elemental composition of a material by generating
transmutation products through nuclear reactions between neutrons and atomic nuclei. These changes in
composition can substantially impact the material's physical and mechanical properties. Therefore,
accurately assessing the buildup of transmutation products in neutron-irradiated materials is essential for
understanding and predicting these effects. Tungsten (W) is particularly critical for the first wall and
divertor components in fusion reactors. As such, an accurate assessment of transmutation products in
neutron-irradiated tungsten is crucial for the safety and lifespan of future fusion power plants. The scope
of the present work is to experimentally validate calculations of transmutation products buildup in
tungsten after neutron irradiation at the Materials Test Reactor (MTR) BR-2 at SCK CEN, Belgium.
Tungsten specimens were irradiated to doses of 0.12 and 0.19 displacements per atom (dpa) within the
temperature range of 600 to 1200°C. Nuclide inventory calculations were performed using the FISPACT-
Il code and the TENDL-2019 cross-section library. y-ray spectroscopy was employed to determine the

specific activity levels of 81w, 185w 188y 188pe and ¥2Tq in order to validate the transmutation

products calculations for rhenium (Re), osmium (Os) and tantalum (Ta). It is shown that the theoretical
calculations for Re and Os concentrations are in good agreement with the experimental data, while the Ta
concentration is underestimated by a factor of approximately 1.5.
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1 Introduction

Tungsten (W) is a promising armor material for the divertor and the first wall in future fusion reactors,
due to its numerous advantageous properties such as high melting point, high thermal conductivity, high
thermal shock resistance, low coefficient of thermal expansion, high sputtering resistance, low hydrogen
retention as well as low neutron activation [1-3]. The use of tungsten as a plasma facing material of the
first wall and/or the divertor (heat exhaust) has been implemented in tokamak reactors, such as ASDEX
Upgrade and JET [4,5]. W has also been selected for the plasma facing components of ITER [6], a fusion
device that constitutes an important milestone in the roadmap towards the realization of fusion energy as a
sustainable and safe energy source.

During fusion reactor operation, plasma facing components will be subject to high fast neutron fluence of
energy up to 14 MeV, as well as slow neutrons due to moderation and scattering of fast neutrons from the
blanket and structural materials. In tungsten, this exposure to neutron irradiation will result in
displacement damage within the crystal lattice, as well as the production of rhenium (Re), osmium (Os)
and tantalum (Ta) isotopes through radiative capture reactions and consequent beta decays of the products
[3,7-10]. Moreover, neutron irradiation of W leads to hydrogen (H) and helium (He) production as a
result of (n, p) and (n, o) reactions, respectively [3]. The accumulation of the transmutation products
alters the elemental composition of W and may lead to detrimental changes in its physical and mechanical
properties [3,11]. It is therefore of great importance to accurately determine the concentration of the
transmutation products in neutron irradiated tungsten as well as to study their evolution with time.

In the literature, there are studies concerning the accumulation of transmutation products in neutron
irradiated tungsten. Nevertheless, the number of studies offering experimental validation of the theoretical
calculations remains limited. Most of these studies compare their experimental data with radionuclide
inventory build-up calculations using evaluated cross-section libraries for the dominant (n, y) reactions on
W [7,8,11-14]. The transmutation products build-up depends on the energy spectrum of the incident
neutrons as well as the irradiation time [7,11,12].

In [8] Atom Probe Tomography (APT) measurements were carried out on highly pure W samples
irradiated at the High Flux Reactor at Petten for 208 days resulting in a total neutron fluence of
1.21x10%® n/m® and a total irradiation dose of 1.67 dpa and the experimental data were in good agreement
with FISPACT-II (version 4.1) [15] calculations for all the detected isotopes of W, Re, Os and Ta. Qian et
al [16] performed FISPACT-II simulations of W neutron irradiation for EU-DEMO first wall conditions.
They showed that the transmutation products concentration in W after 10 years of continuous irradiation
at a total neutron fluence of 6.6-10% n/cm? is (2.50+0.16) at% Re, (0.93+0.07) at% Os and (0.87+0.31)
at% Ta. It has to be stressed that such concentration levels of Re, Os and Ta may have a significant
impact on the mechanical and physical properties of W based components in future fusion systems.

In another investigation performed by Abernethy et al. [17], y-ray spectroscopy and energy dispersive X-
ray spectroscopy was performed on single crystals of commercially pure W samples. The resultant
transmutation product data was compared with FISPACT-II calculations, employing the TENDL-2017
nuclear data library [18] and a satisfactory agreement was observed.

The scope of the present work is to experimentally validate calculations of transmutation product buildup
in tungsten after neutron irradiation at the Materials Test Reactor (MTR) BR-2 at SCK CEN, Belgium.
Radionuclide inventory calculations were performed using the FISPACT-II code and the TENDL-2019
cross-section library [19]. The predicted specific activities of radioactive isotopes of tungsten (W),
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rhenium (Re), and tantalum (Ta) were compared against the respective values determined by y-ray
spectroscopy measurements for the irradiation doses of 0.12 and 0.19 dpa.

2 Neutron reactions in tungsten

Natural occurring tungsten consists of five isotopes: 8w, 182w, 183y 184y and 186w with atomic

abundances of 0.12%, 26.5%, 14.31%, 30.64% and 28.43% respectively. The main transmutations taking
place under fission neutron irradiation of tungsten are described by the nuclear reactions (1) to (7).
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The reactions (1) to (7) are chosen to emphasize the radioactive isotopes that remain detectable during y-
ray spectroscopy measurements conducted at approximately 500 days post the end of neutron irradiation.
Consequently, reactions leading to the creation of short-lived isotopes are omitted from this examination.

From the isotopes produced in reactions (1) to (7):

185pe, 187Re, 18605, 18805, 181Tq and 82 are stable isotopes and cannot be detected by y-ray

spectroscopy.
- 18%Re, 87w and '®8Re produced from reaction (4) have half-lives of 3.7, 1 and 0.7 days

respectively and, therefore, they have decayed at the time of the y-ray measurements.
- 185y 181y 188y, 1827, and 188Re (the latter produced from reaction (5) can be detected by y-

ray spectroscopy, since they emit y rays and have sufficiently long half-lives.
It is noted that *®3Re (T, = 17 h) produced by reaction (5) is in transient equilibrium with 88\ (Ty, =

69.78 d) which means that the activity of the daughter isotope (*®8Re) will be almost equal to the activity
of the parent isotope (*2W) at all times.
Notwithstanding the current study refers to neutron irradiations performed in a fission reactor, it is noted

that the fission neutron spectrum is considered as adequately representative to the one encountered in the
DEMO divertor. In the divertor the neutrons have already been moderated [20] and the impact of (n, 2n)



reactions on the production of radioactive isotopes of W is limited. Therefore, the main isotope
production mechanism is via neutron capture reactions justifying the irradiation performed in a fission
spectrum.

3 Experimental

3.1

Three types of W materials were studied: a) high purity (99.999%) single crystal (SC) W, b) ITER grade
W of 36x36 mm? cross section, forged/nammered from the two orthogonal directions (>99.97% purity),
and c¢) “cold” rolled sheet of 1 mm thickness (>99.97% purity). The sample type will be indexed as SC,
bar, or sheet respectively from now on. The SC samples were supplied by MaTeck while the bar [21] and
sheet [22] samples were produced by PLANSEE SE using a powder metallurgical route consisting of
sintering and forging or rolling. The W samples are disc-shaped, having a diameter of 12 mm and a
thickness of 0.5 mm approximately. The chemical composition of the polycrystalline materials, as
provided by PLANSEE SE, is shown in Table 1.

Materials and irradiation

Table 1: Guaranteed and typical chemical composition of the polycrystalline W samples provided by
PLANSEE SE.

Concentration Concentration Concentration

Element (ng/g) Element (ng/g) Element (ng/g)
Guaranteed | Typical Guaranteed | Typical Guaranteed | Typical

Ag 10 <5 K 10 5 Zn 5 <2
Al 15 5 Mg 5 <2 Zr 5 <2
As 5 <2 Mn 5 <2 C 30 10
Ba 5 <2 Mo 100 20 H 5 2
Ca 5 <2 Na 10 <2 N 5 <2
Cd 5 <2 Nb 10 <5 0 20 5
Co 10 <2 Ni 5 <2 p 20 <10
Cr 20 <5 Pb 5 <2 S 5 <2
Cu 10 <5 Ta 20 <10 Si 20 5
Fe 30 10 Ti 5 <2

Neutron irradiations were performed at the Materials Test Reactor (MTR) BR2 at SCK CEN, Mol,
Belgium. In order to maximize the fast-to-thermal neutron ratio and thus achieve transmutation rates of W
into Re and Os closer to those expected under ITER and DEMO conditions, the irradiations were
performed inside a fuel element and in the maximum fast neutron flux positions (> 0.1 MeV,
7x10" n/cm?/s). A top view of the BR2 reactor core configuration for cycle 05/2017 is shown in Figure 1.
The red arrow indicates the irradiation channel that was used for the irradiation of the W samples
investigated in this work.



Figure 1: Top view geometry of the BR2 reactor core specifying the location of different irradiation
channels for cycle 05/2017. The red arrow indicates the irradiation channel that was used for the
irradiation of the W samples investigated in this work [15].

The samples were encapsulated in a stainless-steel tube filled with helium. The thickness (1.65 mm) of
the steel wall of the capsule was selected to optimize the shielding from the thermal neutrons. The gap
between the samples and the tube was adjusted to achieve different irradiation temperatures in the range
from 600 to 1200 °C following nuclear heating and neutronic calculations. The irradiation channel was
selected to comply as much as possible with the target neutron flux, which governs the irradiation
temperature for the given capsule design. The irradiations were carried in the rigs with no active control,
but the temperature fluctuation was monitored by on-line measurements of the coolant and reactor power.
The typical temperature excursion within a reactor operation cycle is less than 5% of the target irradiation
temperature. The uncertainty on the temperature calculation is of about 5% arising from the uncertainties
of the gap dimension and the nuclear heat release in tungsten.

The W samples were irradiated at the doses of 0.12 and 0.19 dpa at different axial positions in the rig to
achieve the irradiation temperatures of 600, 800, 900 and 1200 °C. The irradiation doses were determined
by MCNP 6.1 [23] calculations based on the total fast neutron fluence (5.8x10%® n/cm? and
8.9x10%° n/cm?, >0.1 MeV) achieved after two and three irradiation cycles of a total duration of 49 and 70
days for the dose of 0.12 and 0.19 dpa, respectively [24]. The displacement cross sections for W have
been prepared from the JENDL4 [25] file by calculating the total displacement damage energy (MT444)
for the threshold displacement energy of 55 eV, following the recommendation of IAEA [26].
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3.2 y-ray Spectroscopy

The y-ray spectroscopy measurements were performed using a system based on a High Purity Germanium
(HPGe) detector of 40% relative efficiency and energy resolution of 0.93 keV and 1.90 keV for photon
energy of 122 keV and 1332 keV, respectively. The W samples were positioned at a distance of 100 cm
from the detector. Preliminary measurements of the most active samples showed that the loss of counts
due to the detector dead time was below 5% at that distance. Moreover, true coincidence summing was
assumed to be negligible. Also, at the distance of 100 cm the disc shaped samples can be regarded as a
point-source in order to further simplify the analysis. The samples were measured approximately 500
days post irradiation and the spectrum analysis was performed using the GammaVision™ software.

A typical y-spectrum showing the most distinctive peaks of the detected isotopes is presented in Figure 2.
The criteria for selecting the peaks used for the analysis were to obtain counting statistics relative
uncertainty lower than 5% as well as no interference from other isotopes. The analysis of the y-ray spectra
led to the identification of five radionuclides (

Table 2) that meet those criteria and are used for the specific activity calculations, namely 81w, 185w,

188y 188p, and 18274,
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Figure 2: Representative y- spectrum of a tungsten sample, acquired in 10800 s (3 h).



Table 2: Radionuclides, their half-lives, photon energy and emission probability for the peaks used for
the y-spectra analysis (source: https://www-nds.iaea.org/relnsd/vcharthtml/VChartHTML.html)

Isotope Half-life (d) Energy (keV) Emission Probability (%0)
181y 121.2 136.28 0.03
185y 75.10 125.36 0.02
188y 69.78 290.68 0.416
188pe 0.71 478.00 1.08

672.54 0.12
1132.31 0.09
486.09 0.08
453.34 0.07
Ta 114.74 1221.40 27.23
1231.00 11.62
222.11 7.57
264.07 3.61

For the isotopes in which more than one peak is detected, the averaged specific activity is calculated
based on a weighted average of the activities, where the weights are determined by the uncertainties
associated with the net areas of the selected peaks. This approach follows the methodology described by
Gilmore [27]. Correction factors were applied to account for the attenuation of the emitted photons by the
samples themselves as well as by a Plexiglass sample-holder used in the measurements. The main factors
contributing to the uncertainty of the experimental results are the statistical uncertainty of the counting
and the uncertainty in the detection efficiency. Both factors result in relative uncertainties reaching up to
5%.

4  Calculations

Theoretical calculation of the transmutation product activities was performed using the nuclide inventory
code FISPACT-II and cross-section data from the TENDL-2019 (709 energy groups) library. The neutron
spectrum and fluence required for these calculations were assessed by SCK CEN detailed MCNP 6.1
model of the BR-2 reactor core including the irradiation channels. The MCNP 6.1 calculations were
extended to estimate the effects of neutron self-shieling from the samples and neutron attenuation from
the materials of the capsule.

4.1 Neutron fluence estimation

Monte Carlo simulations were performed using the Monte Carlo code MCNP (version 6.1) [28]. The
simulations were performed in two stages. First, the neutron energy spectrum was calculated at the axial
position of the irradiation capsule for an empty channel. Then, simulations were performed to take into
consideration neutron shielding from the irradiation capsule and the samples. A spherical neutron source
was assumed with energy spectrum as calculated by SCK CEN for the empty channel. The source emits
neutrons isotropically (uniform emission in all directions), while the irradiation capsule and samples



were modeled in detail at its center. A drawing of the irradiation capsule containing the W samples and
the geometry used for the MCNP 6.1 calculations are depicted in Figure 3.
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Figure 3: a) Detailed drawing of the irradiation capsule including the W samples b) MCNP 6.1 geometry
simulating the irradiation capsule.

The simulations were performed using the ENDF/B-VII.1 [29] cross section library. A specialized track
length neutron fluence tally was precisely positioned to record the incident neutron spectrum at the
location of the irradiated material. The calculated spectra were used as input for the subsequent

FISPACT-II calculations. The predicted neutron spectrum at the middle of the irradiation channel is
shown in Figure 4. The neutron flux uncertainty was 10%.
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Figure 4: Predicted neutron spectrum at the middle of the irradiation channel.



4.2 Nuclide inventory calculations

The transmutation products in the neutron irradiated tungsten samples were calculated using the
FISPACT-II nuclide inventory code. Input parameters were the isotopic composition of the sample, the
energy dependent cross-sections, as well as the predicted incident neutron spectrum determined as
described above. The MCNP 6.1 calculated neutron spectra at each irradiation position were applied to
predict the transmutation products in 1 g of pure natural W. The natural isotopes of W were used as the
target nuclides for the FISPACT-II calculations and the exact irradiation cycle times were considered.
The transmutation product concentrations as well as the specific activities of the radioactive isotopes of
W, Re and Ta were calculated for the date that the y-ray spectroscopy measurements were completed (500
d after the end of irradiation). According to the calculations, the transmutation product concentrations
have reached over 99% (96% for Ta) of their saturation values at the time of the measurements.
FISPACT-II calculations using both TENDL-2019 and ENDF/B-VII.1 regarding transmutation product
concentrations gave similar results within the uncertainty interval, at a confidence level of 95%.

5 Results
5.1 Pathway analysis

Pathway analysis was performed in order to determine the most abundant transmutation product isotopes
and the major reaction chains that lead to their production. The product isotopes, the reaction chain and
at% contribution in the production of the isotope, as well as their abundance in the produced element is
shown in Table 3 for both irradiation doses.

Table 3: Target and product nuclides, reaction chain and its contribution as well as the isotopic
abundance of the most important isotopes of Re, Os and Ta calculated by FISPACT-II using the TENDL-
2019 cross section library for the doses of 0.12 and 0.19 dpa.

Product Target Reaction Reaction Product Product Nuclide
Element Nuclide Chain contribution Nuclide Abundance
(at %) (at %)
0.12 dpa | 0.19 dpa 0.12dpa | 0.19dpa
Rhenium 184y (1) 100 185Re 8
186y (3) 100 187Re 92
184y (2) 100 18605 4 8
. (4) 86.5 90
Osmium 186y 18805 96 92
(5) 13.5 10
Tantalum 180y (6) 100 181T7q 100
As shown in




Table 3, 88Re, 18805 and '®'Ta constitute approximately 92%, 92-96% and 100% of the produced

Rhenium, Osmium and Tantalum respectively, while reactions (3), (4) and (6) are dominant in the
production of those isotopes. It is noted that as the irradiation dose increases, the contribution of reaction
(4) to the total 8305 production increases. For example, for the dose of 0.19 dpa the contribution to the

total *880s production increases from 86.5% to 90% while the '®80s contribution to the total Os

concentration decreases from 96% to 92% since more 805 is produced.

5.2 Transmutation products

The FISPACT-II calculated transmutation product concentrations for 1 g tungsten samples irradiated at
0.12 and 0.19 are shown in Table 4 and Table 5 respectively, for the different axial positions in the
irradiation rig. It is noted that different axial positions in the rig correspond to different sample irradiation
temperatures. It is also stressed that MCNP simulations for the determination of the neutron spectrum in
the center of the empty irradiation channel were performed using temperature corrected cross-section
data. However, calculations for the second stage to determine the neutron spectra in the presence of the
samples and the holder showed no statistically meaningful discrepancies for different irradiation
temperatures.

Table 4: Transmutation product concentrations of the 0.12 dpa samples (fast neutron fluence 5.8x10%°
n/cm? >0.1 MeV) calculated with FISPACT-II inventory code using the TENDL-2019 cross section
library.

Axial Irradiation temperature Re Os Ta
position (°C) (at%) (107 at %) (107 at%)
(mm)
-30 1200 0.42+0.05 0.8+0.2 1.7+0.2
10 900 0.41+0.04 0.7+0.2 1.6+0.2
50 800 0.39+0.04 0.7+0.1 1.6+0.2
90 600 0.38+0.04 0.6+0.1 1.5+0.2
Average 0.40+0.04 0.7+0.2 1.6+0.2

Table 5: Transmutation product concentration of the 0.19 dpa samples (fast neutron fluence
8.9x10%° n/cm?, >0.1 MeV) calculated with FISPACT-II inventory code using the TENDL-2019 cross

section library.

Axial Irradiation temperature Re Os Ta
position (°C) (at%) (107 at%) (107 at%)
(mm)

-70 1200 0.59+0.07 1.5+0.3 2.4+0.3
-110 900 0.57+0.06 1.5+0.3 2.4+0.3
-150 800 0.56+0.06 1.4+0.3 2.3+0.3
-190 600 0.54+0.06 1.3+0.3 2.3+0.3

Average 0.57+0.06 1.4+0.3 2.4+0.3

10




The uncertainties reported in Table 4 and Table 5 include the uncertainty in the incident neutron flux,
which is the main component, as well as the cross-section and lifetime uncertainties. The concentrations
of all the transmutation products are higher towards the center of the irradiation rig, since the neutron flux
presents its maximum value at the center of the irradiation channel.

5.3  y-ray spectroscopy

The specific activity derived from the y-ray spectroscopy experimental data is compared against
FISPACT-II calculations using the TENDL-2019 nuclear data library in Figure 5 to Figure 8. The
uncertainty that arises in the specific activities calculated with FISPACT-II is a combination of the cross
section and half-life uncertainties, with the cross-section uncertainty being the dominant contributor at all
cases. Both experimental data and FISPACT-II calculation results refer to the same date, which is
approximately 500 days after the irradiation end. The data pertaining to the '®2Re isotope have been

excluded since this isotope is in a transient equilibrium with 88w | rendering the resulting graphs
identical.
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Figure 6: Specific activity of 8w for 0.12 and 0.19 dpa samples approximately 500 d post irradiation
compared to FISPACT-II calculations using TENDL-2019.
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The 85w specific activity values (Figure 5) calculated using the FISPACT-II inventory code is in good
agreement with the experimental results. As shown in
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Table 3, this agreement provides confidence for the 8% of the total rhenium production, since is 1®°Re is

produced from 85w through reaction (1).

Regarding *®W, the calculated specific activity values (

Figure 6) are lower than the corresponding experimental data by a factor of 1.5. Since *8*W disintegrates
into'®'Tq, it may be concluded that the calculations underestimate the total Ta concentration produced by

181y by a factor of approximately 1.5, as well.

In the case of 88, which impacts the production of 188Re, the average calculated specific activity is
about 4.5 times higher than the corresponding experimental value (Figure 9).

As far as 182Tq is concerned, the calculated specific activity (Figure 8) values are in good agreement with

the experimental data. Nevertheless, since *8%Ta disintegrates to *82W (reaction (7)) which is a stable
isotope of tungsten, this reaction does not affect the transmutation production.

Discrepancies are observed for the various axial positions, which are attributed to the neutron flux
variation along the irradiation channel (Figure 5 - Figure 8). Nevertheless, the total neutron fluence was
found not to significantly change between samples of the same irradiation dose. The calculated variation
in fluence was of 4-5% per capsule for the 0.12 dpa samples and 2-3% per capsule for the 0.19 dpa
samples.

Focusing on the transmutation production of the W samples after the neutron irradiation, FISPACT-I1I
calculations using the TENDL-2019 cross section library resulted in (0.40+0.04) at% Re, (0.7+0.2)x107
at% Os and (1.6+0.2)x107 at% Ta on average (for the four axial positions) for the irradiation dose of 0.12
dpa. The concentrations increase to (0.57+0.06) at% Re, (1.4+0.3)x10? at% Os and (2.4£0.3)x10° at%
Ta on average for the irradiation dose of 0.19 dpa.
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6 Discussion

In the following section, the results of the experimental and calculated specific activities comparison are
being discussed with respect to the observed discrepancies.

A satisfactory agreement was observed between the theoretical and experimental specific activity of
18517 which is responsible for the production of 8% of total rhenium the 18°Re isotope. However, in the

case of 81, lower calculated specific activity values, by a factor of ~1.5, were obtained as compared to

the experimental data. Since the concentration of 81/ is related to the total tantalum concentration in the

sample, it is concluded that Ta concentration is underestimated. The observed discrepancy is attributed to
inaccuracies of the cross-section data from the TENDL-2019 library. It is noted that calculations
performed using the EAF-2010 [30] cross section library resulted in agreement with the experimental data
for 81w Given the W low abundance of 0.12% in natural W, a precise measurement of the thermal
neutron-capture cross section is challenging and consequently there is considerable variation of almost a
factor of two amongst the published experimental data. The reported values in the literature are (20.514.2)
b [31], (22.6+1.7) b [32], 30+120 b [33] and (37.3+2.4) b [34]. The corresponding thermal cross section
for EAF-2010 is 37.4 b [30] and for TENDL-2019 is 22.3 b [19].

Regarding the substantial discrepancy, approximately by a factor of ~4.5, found for *%8Ww (and

consequently *®8Re) one has to take into account the following. The available experimental cross section

data present high discrepancies, since it is difficult to experimentally measure the radiative capture
neutron cross section in *87W due to its short half-life of 23.72 h [35]. Gillette in 1965 [36] determined

the thermal neutron (o,) and resonance integral (I) cross sections as 64 b and 2760 b, respectively. Ersoz
et al. [35] reported considerably lower thermal neutron and resonance integral cross sections of (6.5+0.8)

b and (280+35) b, respectively. Moreover, large-scale production yields of 88/ at the ORNL High Flux

Isotope Reactor were found to be lower than theoretical yields by almost one order of magnitude [37,38].
This substantial deviation in the measured neutron cross section of 7w, being of one order of
magnitude lower than the values in the TENDL-2019 library (6,=65.998 b and 1,=1573.77 b), may offer
an explanation for the observed discrepancy between calculated and experimental *®®W specific activity
values. Nevertheless, the uncertainty in the 3w (n, g) *8W reaction cross section is anticipated to have
small impact on the transmutation product results since reaction chain (5) contributes approximately 10%
to the total Osmium production (Table 3).

The specific activity values of *3*Ta calculated using the TENDL-2019 cross section library are in good

agreement with the experimental data. The concentration of 3%T'a does not affect the transmutation

products, it is used however as an indication of the initial tantalum impurity levels amongst the tungsten
materials (highest in sheet, lowest in SC material).

It is noted that the TENDL-2019 cross section library was produced using evaluated data based on the
nuclear model code TALYS [18]. The TALYS data are generated based on the nuclei properties and by
either default or adjusted parameters of nuclear models across a wide collection of isotopic evaluations.
This means that the data in the entire collection have been tested in detail for many isotopes against
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individual experimental data, while for other isotopes such as W and *®7W is as good as the global
quality of TALYS.

Therefore, the results of this study demonstrate the need for a re-evaluation of the *8°w (n,y)*®'W and

187 (n,y) *88W reaction cross section on the basis on new experimental data. This will not only give a

new perspective for the scientific community as to these reactions but also improve the nuclear data for
technological and research uses.

7 Summary and Conclusions

In this study, SC, bar and sheet tungsten samples were irradiated at the BR2 research reactor at doses of
0.12 and 0.19 displacements per atom (dpa) at the temperature of 600, 800, 900 and 1200° C. The specific

activity of five radioactive isotopes (181w, 8w, 188y 188pRe and ¥2Tq) was measured using y-ray

spectroscopy and the data was compared to theoretical calculations using the FISPACT-II inventory code
and the TENDL-2019 cross section library. Neutronic transport simulations were also carried out using
the MCNP 6.1 code, in order to calculate the incident neutron spectrum at each irradiation position while
taking into consideration phenomena such as neutron attenuation by the irradiation capsule and neutron
shielding by the sample itself. The MCNP calculated neutron spectra were used as an input for the
FISPACT-II calculations.

The theoretical calculations using the TENDL-2019 cross section library result in (0.40+0.04) at% Re,
(0.74£0.2)x10 at% Os and (1.6+0.2)x10° at% Ta on average for the irradiation dose of 0.12 dpa, which
increases to (0.57+0.06) at% Re, (1.4+0.3)x107 at% Os and (2.4+0.3)x10® at% Ta on average for the
irradiation dose of 0.19 dpa.

The results on the transmutation product concentrations were validated by the comparison of the
calculated specific activity values with the corresponding experimental data for each detected

radioisotope. This comparison showed a good agreement in the cases of W and ¥2Tq, while notable

discrepancies were observed in the cases of 8w and *®8W (and consequently *3%Re).

In the case of 3w, the calculated specific activities were 1.5 times lower than the corresponding
experimental data. According to the calculations, *8'Ta, the decay product of *8*w, accounts for 100%

of the total produced Ta. A larger discrepancy was observed for 188/, where the theoretical values were
approximately 4.5 times higher than the experimental data. This discrepancy is attributed to the cross-

section values of the 87w ™03 188y reaction due to the difficulties in measuring this radiative capture
neutron cross section, owing to the short half-life of the 87 isotope. However, this reaction has a small
effect on the total Osmium production of about 10%.

Lastly, the calculated specific activity values of *®2Ta are consistent with the experimental results.

However, the *®2Ta concentration does not affect the transmutation products, but it is an indication of the
initial tantalum impurities within the tungsten materials.
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Based on the analysis performed in this study, it was concluded that the theoretical calculations performed
with FISPACT-Il and the TENDL-2019 cross section library describe adequately the Re and Os
concentrations while they result in reduced Ta concentration values by a factor of approximately 1.5.
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