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Abstract

This work presents the results following the first irradiation of ITER materials samples in a
tokamak D-T plasma environment operating at significant fusion power. The materials exposed
to this nuclear environment at the Joint European Torus during the DTE2 experimental
campaign that took place in 2021 include representative ITER samples from various components
such as poloidal field coil jacket samples, toroidal field coil radial closure plate steels,
EUROFER 97 steel, W and CuCrZr materials from the divertor, Inconel-718 and 316L stainless
steel for blanket modules, as well as vacuum vessel forging samples. The experimental results
discussed include high-resolution gamma spectrometry measurements and analysis conducted
with the post-irradiated samples, of which there were 68 in total. These samples were exposed

2 See Maggi et al 2024 (https://doi.org/10.1088/1741-4326/ad3e16) for JET Contributors.
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through different experimental campaigns, including deuterium, deuterium—tritium and tritium
phases. Diagnostics that supported the analysis included 25 dosimetry foil-based neutron
diagnostics and two ‘“VERDI’ neutron spectrometry diagnostics. A further 12 samples for
positron annihilation spectroscopy were also irradiated. The irradiation of all these samples took
place in a long-term irradiation assembly located near the JET vacuum vessel. The
post-irradiation analysis of the ITER material samples has yielded valuable insights into their
material activation levels and radiation fields. Comparative assessments between experimental
measurements and comprehensive neutronics simulations have demonstrated a significant level
of agreement in this work, while also revealing some discrepancies in specific material
instances. The data and interpretation from this work not only serve as a robust experimental
foundation for enhancing the precision and predictability of neutronics simulation approaches
for ITER and next-step devices but also present some opportunities for the refinement of
simulation methodologies. In light of these findings, a series of recommendations have been
proposed, aimed at improving confidence in nuclear predictions associated with materials that
have been exposed to fusion nuclear environments and advancing understanding in this

important domain.

Keywords: neutronics, activation, ITER, JET, gamma spectrometry

(Some figures may appear in colour only in the online journal)

1. Introduction

Experiments at the Joint European Torus (JET) during the
2021 D-T (DTE2) experimental campaign produced 59MJ
of fusion energy [1] whilst demonstrating sustained plasma
operations in a tokamak device. The unique nuclear envir-
onment at JET, characterised by the production of neutrons
born in the plasma with energies around 14.1MeV, and the
opportunities to learn from these operations through irradi-
ation and radiation transport-related studies are of signific-
ant relevance to ITER. Some of the materials used within
ITER are expected to be exposed to high neutron fluxes,
reaching up to approximately 2 x 10" ncm=2s~! at first wall
(FW) armour locations, during the foreseen S00MW fusion
power operations. In comparison, the highest instantaneous
neutron flux seen at JET at the long-term irradiation station
(LTIS)—the location relevant to the irradiation analysis that
we describe in this paper—was estimated to be approxim-
ately 2 x 10 ncm~—2s~! during the 59 MJ plasma discharge
(shot 99971). Whilst only one order of magnitude lower in
terms of flux, the total neutron fluence during the whole DTE2
experimental campaign for samples contained within the LTIS
ranged from 4.86—5.10 x 10" ncm~2, significantly lower flu-
ence than the total neutron fluence expected to be achieved
at first wall locations at ITER of ~ 3.4 x 10*' ncm~2 over
the planned 14year of D-T operations. However, the exper-
imental work we discuss in this paper has provided the oppor-
tunity to test the latest nuclear modeling (neutronics) predic-
tions against measurements of the neutron-induced activation
of ITER material samples performed in a highly relevant toka-
mak environment with the highest 14.1MeV neutron yield
and exposure to date. New and unique experimental measure-
ments have been performed with detailed analysis following
the irradiation during the DTE2 and C40 tritium campaigns,
performed using samples of structural materials used in
manufacturing the main ITER tokamak components. Sensitive

radiometric techniques deployed across five European labor-
atories (ENEA, IFJ PAN, IPPLM, NCSRD and UKAEA) have
been used to study 27 different ITER material samples irradi-
ated in this environment. These were analysed post-irradiation
using high-resolution gamma spectrometers to allow accurate
quantification of the levels of neutron-induced activation with
quantified radionuclide contributions. The activities, initiated
under the EUROfusion JET3 project (2015-2020) and build-
ing on previous work [2-5], are continuing with new activities
within the scope of the Preparation of ITER Operation (PrIO)
programme’s Neutronics, Nuclear waste and Safety subtask.
Significant recent results obtained to date have a focus on
relevance to ITER device operations [6-9], including activa-
tion measurements, the 14MeV calibration of neutron yield
monitors [10-12], neutronics benchmark experiments [13—
19], nuclear diagnostics and data processing for tritium breed-
ing blankets [20, 21]. Furthermore, 14 MeV accelerator-
based neutron sources, such as the Frascati Neutron Generator
(FNG) in Italy [22], the Fusion Neutron Source (FNS) in
Japan [23], and the ASP facility in the UK [24], have
advanced the understanding of fusion neutron transport,
shielding, and related neutron-material interaction phenom-
ena. These contributions, along with validation, verification,
and benchmark activities [25, 26], have further underpinned
the neutronics simulation methodologies deployed in this
work.

The experimental results presented in this paper include
gamma spectrometry measurements and analysis obtained fol-
lowing the DTE2 campaigns, where samples (see original
materials, from which subsamples were taken in figure 1)
were irradiated over 715days in a long-term irradiation sta-
tion (LTIS) assembly (see figure 2) in a location very close
to the JET vacuum vessel, outside of the vacuum bound-
ary. The samples were extracted following their irradiation
and then distributed to five European laboratories for gamma
spectrometry analysis to identify the radionuclides present
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Figure 1. Selected ITER material samples: (a) PF coil jacket; (b) radial closure plate for TF coil; (c) TF coil case specimen; (d) in-wall
shielding material; (e) Inconel 718; (f) divertor material; (g) divertor W monoblock; (%) vacuum vessel forging; (i) reacted TF strand; (j)
vacuum vessel plate; (k) CuCrZr pipes for the divertor; (/) EUROFER-97 material. Reproduced from [3]. © EURATOM 2018. All rights

reserved.

and accurately determine their activity. A complete set of
measurement results is presented in this paper and compared
with corresponding calculations using the FISPACT-II invent-
ory code [27, 28] with ITER material compositions linked with
neutron spectra derived from recent MCNP radiation trans-
port calculations [29] performed using a detailed JET model
containing the LTIS, material sample geometry and material
compositions.

2. Specification of ITER materials, sample loading
and irradiation configuration

This section describes inputs to the experimental irradiation
of samples within the JET environment. These include details,

such as the elemental specification of the ITER material
samples and dosimetry foils, sample loading arrangements and
irradiation configuration. Additionally, details of the gamma
spectrometry systems, their calibration and the associated ana-
lysis methodologies adopted are provided.

A range of ITER materials from various manufacturers and
used for different ITER components were sourced by Fusion
for Energy (F4E). They include samples from the poloidal
field (PF) coil jacket and toroidal field coil radial closure plate
steels, EUROFER 97-2 steel, W and CuCrZr materials from
the divertor, 304 stainless steel, XM-19, Inconel 718 and 316 L
stainless steel for blanket modules and vacuum vessel forging
samples (see figure 1 and table 1). The materials, related iden-
tifiers and sources have previously been detailed in [2]. These
bulk materials were shipped to UKAEA in various forms
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Figure 2. (a) Photograph of the fully-loaded LTIS assembly holder containing the samples prior to irradiation; (b) drawing showing the

sample holder position numbers and key physical dimensions in mm.

and prepared by UKAEA’s Special Techniques Group using
electrical discharge machining (EDM) to cut disc samples
that were also uniquely etched (labelled). The accompanying
elemental composition analysis certificates, alongside those
defined in [30, 31], have been used as input to the series of
inventory simulation output results provided in section 5.

A total of 68 ITER material samples, 25 dosimetry foil-
based neutron diagnostics, together with two VERDI [32]
detectors and 12 samples for positron annihilation spectro-
scopy (PALS) were installed in an assembly holder machined
from 304 stainless steel, which comprises 26 sample cav-
ity positions (see figure 3). Each cavity within the assembly
holder is 2 mm deep and can accommodate multiple samples
up to 18 mm in diameter. The samples were not physically
separated from each other using additional spacing materi-
als. The dosimetry foils provide an absolute neutron fluence
measurement at the irradiation position within JET. The post-
irradiation PALS sample analysis is not included in this paper
but is expected to be reported separately. Figure 3 shows an
image of the assembly and the numbering scheme associ-
ated with the 26 channel positions. The installation of this
assembly, within a long-term irradiation station (LTIS) into
octant 7 of the JET machine, was completed on the 4th October
2020. The first neutron exposure at JET of the assembly fol-
lowing the installation was on the 8th October 2020 (shot
98020, within a JET D-D campaign).

3. Post-irradiation sample retrieval, distribution and
analysis method for samples

The LTIS assembly containing the samples was retrieved on
25th September 2022, with the last neutron exposure prior to
retrieval of the LTIS on 23rd September 2022 (shot 101175).

The contact gamma dose rate on 13th October 2022 from the
bulk LTIS assembly (predominantly due to the steel in the
assembly cassette, which is approximately 0.7kg) was meas-
ured to be 660Svh™" using a Ludlum Model 26-1 instru-
ment. The assembly holder was transferred to the Materials
Research Facility (MRF) active fume cupboard as minor
drilling operations were required to remove the assembly
cover plate, as the thermal cycling of the assembly during irra-
diation distorted the threads and led to difficulties in remov-
ing the stainless steel screws holding the plate in place. Based
on this experience, a recommendation was made for the irra-
diation of samples in the more recent DTE3 experimental
campaign at JET to replace these screws with aluminium
bronze-coated screws. The post-irradiation analysis from the
DTE3 experimental campaign is ongoing and is expected to
be reported as part of a future contribution from this scientific
collaboration.

The samples were extracted from the cassette in an act-
ive area set up at the MRF. Some samples were then shipped
for subsequent high-resolution gamma spectrometry meas-
urements at several European laboratories: ENEA, IFJ PAN,
IPPLM, and NCSRD, whilst the remaining were kept for
analysis at UKAEA. Each laboratory reported results, which
included the measured sample mass, identified radionuclides,
decay-corrected activity, and measurement uncertainty. The
methodology for calibration, analysis and reporting of activ-
ity results, illustrated in the following section, were similar
across each of the laboratories with some differences, such as
the HPGe instrument specifications.

Figure 4 shows an example of the plastic sample mount-
ing jig (left-hand side image) and measurement system used
at UKAEA, which comprises a broad-energy Germanium
(BEGe) detector with a Compton Suppression System (CSS,
see middle image). The BEGe (model BE3825) has a relative
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Table 1. ITER material description, unique LTIS position ID and other relevant details for irradiated samples exposed during the JET
irradiation campaign. The sample LTIS position—depth ID may be used to map to the LTIS configuration shown in figure 2 and 3.

Sample LTIS

position_depth ID Material

Manufacturer and sample details

Industeel Groupe Arcelor, ITER vacuum vessel plate
Saarschmiede Gmbh, Vacuum Induction Melting (VIM) + Vacuum Arc Remelting

(VAR) 1.4914x3 EUROFER 97-2, order no: 8186 097

Copper Alloys Ltd, ITER divertor material
R. Kind GmBh, ITER vacuum vessel plate
Saarschmiede GmbH, Vacuum Induction Melting (VIM) + Vacuum Arc

Remelting (VAR) 1.4914x3, EUROFER 97-2, order no: 8186 097

Copper Alloys Ltd, ITER divertor material
Thyssen Krupp Materials France SAS, forged block ITER grade vacuum vessel

Aubert & Duval, used for the ITER inner vertical target (IVT), Copper Alloys Ltd

Yamato, First wall component, divertor pipe 212 601
Thyssen Krupp Materials France SAS, Radial plates (jacket) for the ITER toroidal

Aubert & Duval, For the ITER inner vertical target IVT), Cast ID: 51519 051
KME, First wall component, divertor pipe 212 606
Thyssen Krupp Materials France SAS, Radial plates for the ITER toroidal field

coils, 316LN Class C2 solution treated and quenched, stress relieved (2500/68)

Carpenter powder products, India DA, ITER In-wall shield sample (IWS), Heat Nr

AT&M for ATMOSTAT, W monoblocks, purity 99.5, ref: PD-13 482-999
Thyssen Krupp Materials France SAS, Radial plates for the ITER toroidal field

coils, 316LN Class C2 solution treated and quenched, stress relieved (2501/33)

Carpenter powder products, India DA, In-wall shield sample (IWS)
AT&M for ATMOSTAT, W monoblocks, purity 99.5, ref: PD-13 482-999
Salzgitter Mannesmann Stainless Tubes GmbH, Poloidal field coil jacket
Aubert & Duval, Forgings for divertor cassette

SIMIC-CNIM Consortium, Special TF cover plate (304 757)

Villares Metals, ITER In wall shield (IWS) A286

Aubert & Duval, Forgings for the ITER divertor cassette

SIMIC-CNIM Consortium, Special TF cover plate (304 761)
Outokumpu, Divertor Nadege 3161

Aubert & Duval, Inconel alloy 718

1.1,1.4,13_4 SS316L(N)-1G
1.2,13.2,18_1 EUROFER 97-2
1.3,13_3 Alloy 660 (Divertor)
21,2 4,14 4 SS316L(N)-1G
22,142 EUROFER 97-2
23,14 3 Alloy 660 (Divertor)
3.1,3.4,15_4 SS316L(N)-IG
plate, specimen number 5939
3.2,15.2,19_1 Al-Bronze
Cast ID: 51519051
3.3,7_1,15_3 CuCrZr
4.1,4.4,16_4 SS316L(N)
field coils (2500/64)
4. 2,16_2 Al-Bronze
4 3,16_3 CuCrZr
5.1,5.4,17_4 SS316(N)
5.2,17_2,20_1 SS304(IWS)
5600413
5.3,8.1,17_3 Tungsten
6_1,6_4,18_4 SS316L(N)
6_2,18_2 SS304(IWS)
63,183 Tungsten
72,192 SS316L
7.3,9.1,19_3 XM-19
7_4,19_4 SS316L(N)
8.2,20.2,21_1 Alloy 660 (IWS)
8_3,20_3 XM-19
8_4,20_4 SS316L(N)
92,212 SS316L
9.3,17_1,21_3 Inconel 718
94,21 4 SS316L(N)

SIMIC-CNIM Consortium, Special TF cover plate (304 756)

efficiency to a 3 x 3 inch Nal detector of 26 % and an energy
resolution of 1.69keV full-width half maximum at a photon
energy of 1.33MeV. The CSS has an array of Nal-based
guard detectors (manufactured by Scionix) used as an anti-
coincidence shield. The entire system is housed in substantial
shielding comprising Pb with thin Sn and Cu layers to reduce
background x-rays. The BEGe with CSS electronics is con-
figured using three Lynx multi-channel analysers (the gate
delay, input gate delay, and gate width parameters were set at
0us,6.2 us, 1us, respectively). Data is recorded and analysed
using Genie2000 software with post-processing and plotting
enabled using UKAEA’s neutronics toolkit software.

Each participating laboratory utilised high-resolution
gamma spectrometry instruments to capture emission spectra
from the samples; these instruments, with varying specifica-
tions, have been comprehensively described in a prior work
[2]. Detector energy and efficiency calibration was typically

accomplished using mixed radionuclide calibration sources
or LabSOCS software with traceable validation. UKAEA’s
approach for calibrating the broad-energy Germanium
detector (BEGe) and Compton suppression system (CSS)
involved generating sample-specific photopeak efficiency
data as a function of energy via LabSOCS. Preceding meas-
urement, the HPGe detector underwent energy calibration
using a certified mixed radionuclide source (AG5430) issued
by Deutschen Kalibrierdienst (DKD). This source encom-
passes gamma-emitting radionuclides, spanning energies from
59 keV to 1836 keV, including *’Co, ®°Co, '%°Cd, '¥’Cs, and
241 Am. The relative activity uncertainty of these radionuclides
is 3% (except for '"Cd with 5%) at k = 2. An assessment
of this source occurred on 10th October 2022, employing the
BEGe detector and a configuration consisting of the BEGe
detector surrounded by 7 Nal detectors, used to veto Compton
scattering events and other related coincident phenomena.
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Figure 3. LTIS dosimetry foil and ITER material sample arrangement for the experimental campaign by position number (1-26) in
columns and by approximate cavity depth (up to 2mm) in rows. For reference, samples at 0.1-0.5 mm depth are closer to the plasma (e.g.
see figure 4 in [5]), with the distance to the plasma increasing by increased depth. The position ‘channel’ numbers indicated correspond to
those shown in the physically representative drawing in figure 2(b). The ITER materials are shown as light blue boxes with a corresponding
unique position_depth identifier. Other colours shown denote the institute laboratory responsible for post-irradiation analysis of various
dosimetry foils: dark blue—UKAEA; green—NCSRD; red—ENEA; purple and yellow—IFJ-PAN/IPPLM; orange—CAS PALS samples
installed in Channel 10.
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Figure 4. (LHS) Sample positioned in the plastic holder; (Middle) Sample in the measurement position above the BEGe detector. The
BEGe and sample are surrounded by 7 Nal-based detectors (6 are seen in this photo, with a 7th removable detector that would be positioned
in the central cavity above the sample prior to acquisition commencing), which comprises the Compton suppression shield; (RHS) Image
representing the ISOCS geometry of sample, used to generate photopeak efficiency data.

4. Post-irradiation radioactivity analysis using
gamma spectrometry techniques

This section provides details of the JET post-irradiation
radioactivity analysis using gamma spectrometry techniques,
example gamma energy spectra and a comprehensive table of
specific activity results for radionuclides associated with each
irradiated sample.

The decay-corrected specific activity measurements for
16 individual radionuclides across all analysed ITER mater-
ial samples, as measured by participating laboratories, are
presented in tables 2 and 3. Figure 5 highlights illustrative
gamma energy spectra obtained from sample measurements
conducted by UKAEA. These spectra facilitate the identific-
ation and quantification of isotopes and their activity within
each sample. Notably, the black and red lines correspond to
gamma spectra captured with and without the Compton sup-
pression system (CSS) respectively. The analysis of these par-
ticular materials are highlighted within this paper because
they include some notable results that differ from our com-
putational analysis (discussed further in section 6), and also
because their gamma spectra effectively demonstrate some of
the key capabilities of the CSS, as outlined in this section.

Figure 5(a) depicts a spectrum from an irradiated tung-
sten monoblock sample (LTIS position ID 5_3, fabricated by
Atmostat, ALCEN-Group-France). This spectrum, acquired
over a live time of 2.75 days, distinctly displays characteristic
lines attributed to isotopes such as *Mn, 3’Co, **Co, %°Co,
657n, 182Ta, 181Hf, 181W, and '"8W. Live time accounts for
processing time where the detector is not responsive to other
incoming gamma-ray events, generally known as dead time.
Detector live time is the difference between the real-time as
measured by a clock and the dead time. The material analysis
certificate from AT&M specifies that the Fe and Ni content
in the sample is 0.0002 wt% and <0.0005 wt%, respectively.
Further details on activities related to the manufacturing and
procurement of the ITER divertor target can be found in works
such as [33].

Figure 5(b) presents a spectrum from an irradiated CuCrZr
sample (LTIS position ID 3_3, manufactured by Yamato,
Japan) acquired over a live time of 1 day. This spectrum reveals
distinct lines corresponding to 3'Cr, 3Mn, ’Co, *3Co, %°Co,
05Zn, $Zr, Nb, '1'MAg and '82Ta. The materials certific-
ate reported Co, Nb, and Ta content, each below 0.003 wt%,
determined through ICP-OES, with the total impurity level
below 0.15 wt%.

Some peaks in both spectra are not directly attributable
to radionuclide peaks; for example, the 511keV annihilation
peak, characteristic x-rays from the Pb shield, naturally occur-
ring radioactive material (NORM) peaks, escape peaks, and
multiple sum peaks, many of which originate from '32Ta, along
with the %°Co sum peak at approximately 2505keV (some of
these have been labelled in the figure).

The spectra comparison demonstrate that employing the
CSS significantly increases the signal-to-background ratio
for some radionuclides, enabling the identification of some
challenging-to-measure isotopes that might otherwise remain
elusive to identification through conventional gamma spectro-
metry methods. Compton suppression is an advanced gamma
spectrometry analysis technique that enhances the accur-
acy and sensitivity of radionuclide identification [34]. The
Compton scattering process, where gamma rays interact with
a detector or external material, scattering and losing energy,
creates a background continuum in the energy spectrum; this
can obscure the peaks of some specific radionuclides. The
CSS addresses this issue by incorporating a primary high-
purity germanium (HPGe) detector surrounded by a secondary
detector array comprising scintillators such as Nal(T1) detect-
ors in the case of the system used in this work. When a gamma
ray undergoes Compton scattering and interacts with the
primary detector and one or more secondary detectors within
a short time window, the system registers this as a scattering
event. By identifying and rejecting (vetoing) these coincident
scattering events, the system effectively reduces the Compton
background in the energy spectrum. This suppression of the
Compton continuum enhances the peak-to-background ratio,
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Figure 5. Gamma spectra measurements from: (a) ITER 14 W divertor monoblock position ID: 5_3; () ITER 12 CuCrZr position ID: 3_3.
Black and red lines show measured data using the BEGe detector with and without the Compton suppression system (CSS).
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allowing for improved identification and quantification of
some radionuclides.

For instance, by comparing the CSS and non-CSS spectra
in figure 5(b) (red and black lines, respectively), the two S7r
peaks at 724.2 keV and 756.7 keV (highlighted in green) are
notably distinct within the CSS measurement. Furthermore,
%Nb, 38Co, and **Mn peaks exhibit significantly enhanced
signal-to-background ratios, particularly in the energy range of
approximately 750-850 keV. However, for '™ Ag emission at
657.5keV, the CSS spectra do not exhibit a pronounced pho-
topeak, unlike the weak representation in the non-CSS spectra.
This phenomenon indicates that, for complex and rapid coin-
cident emission decay schemes such as '™ Ag, some charac-
teristic gamma emissions used for identification can be vetoed
by the CSS. Nevertheless, the availability of both CSS and
non-CSS spectra is valuable as analysis options for complex
samples containing multiple radionuclides.

5. Simulation method to predict sample specific
activities

Comprehensive neutron activation calculations were conduc-
ted for every sample located within the LTIS. These calcu-
lations predict the time-dependent evolution of radionuclide
generation during irradiation within JET’s experimental cam-
paigns, accounting for transmutation and subsequent radioact-
ive decay. This assessment employed a detailed JET radiation
transport model with the FISPACT-II inventory code [28]. The
ITER material elemental compositions used in the simulations
were based on the information in the materials certificates
provided to F4E from manufacturers. The calculations incor-
porated experimental determinations of neutron yield (and
spectral) fluctuations during JET experiments.

A JET radiation transport model was developed for use
with the MCNPv6.2 [35] code and the FENDL-3.1b [36] radi-
ation transport library. This model was used to calculate neut-
ron spectra and relevant nuclear reaction rates averaged over
specific material cell volumes within the LTIS for three dis-
tinct plasma neutron source modes: D-D, T-T, and D-T. The
MCNP model encompassed a detailed representation of the
LTIS and ACT sub-holder, accurately reflecting the sample
loading configuration depicted in figure 2. Separate simula-
tions were conducted for each plasma neutron source mode
using the coupled neutron-gamma mode. The AutomateD
VAriaNce reducTion Generator (ADVANTG) software [37]
was employed to generate an optimised weight window map,
subsequently applied to the production calculation to reduce
variance in neutron flux tally at the LTIS position. All res-
ults from volumetric neutron flux (F4 tally) surpassed the 10
statistical tests, confirming satisfactory convergence of the
simulations.

For FISPACT-II inventory calculations, the outputs from
the MCNP simulations were coupled with relevant meas-
ured neutron yield data corresponding to D-D, T-T, and D—
T plasma components during the experimental periods. To
accurately model neutron capture reactions, particularly those
involving self-shielding effects, MCNP-derived pointwise

spectrum averaged cross sections were incorporated into
FISPACT-II calculations for dosimetry reaction channels in
IRDFF-II [38]. For reaction channels not present in IRDFF-
I, data were taken from the JEFF 3.3 pointwise library,
where available. For all other reaction channels not covered by
these two libraries and for the volume-averaged neutron spec-
trum calculated within the sample using MCNP, the TENDL-
2017 group-wise activation library in 709 energy groups was
applied.

The input data for inventory simulations was derived from
total neutron yield measurements that characterised the irradi-
ation history. The LTIS, containing the samples, was installed
on the 4th October 2020 (with the first JET shot after installa-
tion on the 8th October 2020, designated as shot 98020). The
final neutron exposure before the LTIS retrieval occurred on
the 23rd September 2022 (shot 101175, with the retrieval oper-
ation on the 25th September). During its 715-day installation
in JET, comprising 3155 experimental shots, the total neutron
yield reached 8.67 x 10?° neutrons. This neutron yield was
measured using the KN1 fission chamber diagnostic system,
composed of pairs of 22°U and 233U-based fission chambers.
Additional details on this diagnostic system can be found in [3,
39]. The contributions to the neutron yield from D-T, T-T,
and D-D components were measured as 8.51 x 10%°,7.07 x
10", and 8.96 x 10'8, respectively, during this period (veri-
fied through summation of the neutron yield data per shot over
the installed period of the LTIS using data formally released
on 6th July 2023 [40]).

The temporal profile of neutron fluence was modeled using
FISPACT-II with a 1-day time resolution employing flat-top
pulses. These pulses were calculated by multiplying the KN1
daily neutron yield with the appropriate MCNP flux normal-
ization for the respective sample position within the LTIS
and considering the corresponding D-T, T-T, and D-D neut-
ron spectrum components. Subsequently, this temporal irra-
diation history data served as input for FISPACT-II calcu-
lations, conducted separately for the three neutron spectrum
components and then summed to yield total activities for each
radionuclide.

5.1. Simulation results

Figure 6 (bottom plot) displays the variation in JET’s daily
neutron fluence ¢y for D-D, D-T, and T-T neutron spectrum
components, averaged over the LTIS sample location. The red
dashed vertical line denotes the time of tritium introduction
during the experimental campaign. The black dashed vertical
line indicates when the LTIS was removed from JET. The top
plots show the predicted specific activity results over time for
various dominant radionuclides obtained from these activa-
tion calculations for a tungsten divertor monoblock sample
and a CuCrZr sample, respectively (the corresponding gamma
spectra for these samples are shown earlier in this paper in
figure 5). The D-T, T-T and D-D neutron fluence per unit
lethargy, ¢, energy spectrum per plasma source neutron aver-
aged over the sample volume are shown as inset plots. With
the LTIS sample positions being close to the vacuum vessel,
there is only a small amount of shielding between the plasma
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Figure 6. Temporal specific activity predictions of dominant radionuclides during and following JET irradiation of a W monoblock sample
(top plot, position reference 5_3) and a CuCrZr sample (middle plot, position reference 3_3). The black dashed vertical line denotes when
the LTIS containing the samples was removed from the JET LTIS. The LTIS was installed into JET on the 4th October 2020. The inset plots
show the neutron fluence per unit lethargy, ¢, energy spectrum averaged over the sample volume within the LTIS, calculated using MCNP.
Bottom plot: daily neutron fluence averaged over the sample volume within the LTIS, ¢7 for D-D, D-T and T-T spectrum components. The
red dashed vertical line denotes the introduction of tritium within the experimental campaign.

and the samples, allowing for a relatively high fraction of
unscattered 14 MeV neutrons incident on the samples, as evid-
enced by the 14MeV peak that is evident in the D-T spec-
tra in the plot insets. For reference, the average D-T neutron
fluence for example material samples: CuCrZr, Tungsten, and
Eurofer 97-2 were 4.97 x 10 nem™2,4.93 x 101 nem =2 and
4.89 x 10 necm™2, respectively.

5.2. Validation of simulations using dosimetry foil-based
diagnostics

A range of high-purity dosimetry foil-based diagnostics,
including Co, Fe, Ni, Ti and Y foils, were also loaded into the
LTIS for use as diagnostics. Similar to the analysis approach
described in earlier sections for measurement of the ITER
samples, the dosimetry foils were measured post-irradiation
using gamma spectrometry techniques to identify key reaction
products associated with the nuclear reactions in table 4 and to
quantify their activity. Calculated predictions (C) were com-
pared against experimentally measured data (E) to produce

C/E results. The C/E values per reaction are shown in figure 7
as a weighted average per reaction (each measurement was
weighted by its inverse variance).

For the dosimetry foil measurements, some general com-
ments can be made relating to the threshold reactions, which
are sensitive to the fast neutron spectrum above a few
MeV (see the threshold energies in table 4), and the cap-
ture reactions, which are significantly more sensitive to low
energy neutrons through their characteristic cross section
which is proportional to 1/v at low energy. The reactions in
figure 7 include two capture reactions, >°Co(n,y)*°Co and
3Fe(n,y)*Fe, and nine threshold reactions. The weighted
average C/E across all dosimetry measurements is 0.986 £
0.007. The nine threshold reaction calculations yielded an
overall weighted average C/E of 0.941 £ 0.008. The weighted
average for the two capture reaction measurements is 1.38 £
0.02, indicating that the JET MCNP model result may be
overestimating the thermal neutron flux in the LTIS location.
Alternative possibilities are that self-shielding from adjacent
materials to the LTIS, unaccounted for in the model, are
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Table 4. Dosimetry foil types, associated reactions and their principle gamma emission lines. 50 % energy threshold (Ey,s0) were derived

from IRDFF data [38].

Principle gamma line(s)

Foil material Reaction; (dominant pathway) (keV) [41] Enso
Co ¥ Co(n,2n)*!Co 810.759 12.7MeV
¥ Co(n,7)*°Co 1173.228, 1332.492 —
Fe 8Fe(n,y)*Fe 1099.245, 1291.590 —
"atRe(n,x)>*Mn; (**Fe(n,p)**Mn) 834.838 3.7MeV
"Ni(n,x)*¢Co; (®Ni(n,p)*Co) 810.759 3.7MeV
Ni "Ni(n,x)*Co; (**Ni(n,p)®’Co) 1173.228, 1332.492 8.3MeV
"aNji(n,x)3’ Co; (*®Ni(n,n’p)>’ Co) 14.413, 122.061, 136.474 12.8MeV
Ti 3T (n,x)*Se; (**Ti(n,p)*®Sc) 889.271, 1120.537 6.3MeV
Y 8Y(n,2n)%Y 898.036, 1836.052 13.3MeV
1.61 i Cobalt i Iron E Nickel i Titanium i Yttrium E
I a o
w,| | | I
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Figure 7. C/E values for sets of dosimetry foil reactions. Standard experimental uncertainties are reported at k = 1.

not fully captured, or a combination of both thermal flux
overestimation and self-shielding factors are responsible for
this deviation. The slightly low C/E for threshold reactions
may indicate that the model slightly underestimated the high-
energy neutron fluence. However, it should be recognised that
the current result is within the uncertainty bounds associated
with the KN1 neutron yield instrument, which feeds into the
calculation part of this assessment, quoted as 10 %.

6. Discussion: comparison of experimental against
calculation results

C/E values were calculated for the set of the ITER materials,
as shown in figure 8. These present in (a) the C/E values per
measured isotope with measurement laboratories identified,
(b) the same C/E data set but grouped by the material type,
and (c) the weighted average C/E values grouped by material
type. The weighted average C/E values of isotope measure-
ments for “°Sc, 3! Cr, >*Mn, *Fe, >’Co, ®>Nb, and '3'Hf are in
general closest to 1 when excluding materials with outliers, as
shown in table 3. >3Co, ®°Co, and '3'W were not included in
this list despite their overall weighted averages being within
0.75-1.25 since the individual material weighted averages
(shown in table 6) are not, in general, close to 1.

It is important to emphasise that due to the composition of
these materials, consisting of many elements (unlike the high

elemental purity dosimetry foil materials), in some cases the
reaction product isotope could be generated through multiple
distinct reaction pathways leading to the formation of the same
isotope. For instance, the data for 60Co can involve reaction
pathways arising from both **Co(n,)%°Co and ®Ni(n,p)*’Co
reactions in cases where both Ni and Co are present in the
material.

Exceptions were identified in measurements for *Mn in
CuCrZr (reference 3_3 and 7_1) and W monoblock samples
(reference 5_3, 6_3 and 17_3), which exhibited low C/E val-
ues. Dominant reaction pathways for >*Mn production were
from Fe seed nuclides such as *Fe(n,t)>*Mn or >*Fe(n,p)>*Mn.
The CuCrZr material certificates do not list Fe as an impurity.
Although 3*Mn is generated in very small quantities through
multiple reactions from Co or Cu, the observed activity was
much higher than would be predicted from these pathways (the
>*Mn activity was predicted through FISPACT-II to be of the
order 1 x 1071°Bqg~!, which would be significantly below
the gamma spectrometry measurement detection limit). The
measured *Mn activities in the CuCrZr samples of (1.24 +
0.13) Bqg~'and (1.64 +0.54)Bqg~' were small compared
to some other materials, though were much higher than expec-
ted (hence why the C/E values are very low). It is probable that
the CuCrZr samples contained a Fe impurity not accounted for
in the material certificate. Future work in material composition
analysis will aim to investigate this. The W monoblock mater-
ial certificate listed Fe as a 2 ppm impurity, so the C/E values
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Figure 8. C/E values for measured and calculated ITER materials: (a) all results grouped by measured isotope. The legend indicates the

position—depth ID; (b) all results grouped by material type. (c) Weighted average results by material type.
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Table 5. Weighted average C/E values per radionuclide, associated uncertainty and range for all ITER samples. Where stated, for some
radionuclides, some materials have been excluded from the weighted average calculations and presented in a separate row using a material
weight average; this prevents outliers from dominating the weighted average of all materials.

Radionuclide C/E and uncertainty Minimum C/E value Maximum C/E value
*Sc 1.214£0.02 1.00 1.38

S1Cr (excl. Tungsten) 0.93 £0.02 0.46 (Eurofer 97-2) 1.30

3ICr (Tungsten) (1.1740.27) x 1077 1.17 x 1077 1.17 x 1077

5*Mn (excl. CuCrZr, Tungsten) 1.150 £ 0.007 0.82 2.18

>*Mn (CuCrZr) (4.4940.46) x 10710 338 x 10710 471 x 1071

5*Mn (Tungsten) 0.030 £ 0.002 0.028 0.051

PFe 1.17£0.01 0.89 1.73

%Co (excl. Eurofer 97-2)
%Co (Eurofer 97-2)

o (excl. CuCrZr, Eurofer 97-2)

37Co (CuCrZr)
37Co (Eurofer 97-2)

(1.2440.06) x 10~°
(8.84+£1.21) x 1077
1.051 +0.007

(4.3340.29) x 107°
(6.41 £0.69) x 10~*

3BCo (excl. Eurofer 97-2) 1.107 +0.005

38Co (Eurofer 97-2) (2.01+0.24) x 1073
0Co (excl. Tungsten) 1.006 + 0.004

Co (Tungsten) (2.34£0.06) x 1072
57n (only Al-Bronze, Eurofer 97-2) 0.192 £ 0.004

857n (other materials) (4.324£0.09) x 1017
957r (CuCrZr) 1.954+0.20

Szr <MDA

%Nb 0.95+0.02

IIOmAg 0

1827y (only CuCrZr, Inconel-718, XM-19) 14.5240.14

182Ta (only Eurofer 97-2 and Tungsten) 1.210£0.009

1Blyf 0.94 +0.04

181y 0.79+0.03

185w 1.58 +0.09

9.60 x 10~* (SS316L)
8.8x 1077

0.599 (SS304 (IWS))
3.35x 107°

6.37 x 10~*

0.64 (SS304 (IWS))
2.00 x 1073

0.18 (Eurofer 97-2)
8.31x 1073

0.15 (Eurofer 97-2)
1.02 x 10719 (SS304 (IWS))
1.95

0.51 (CuCrZr)
12.13 (Inconel-718)
0.92 (Tungsten)
0.92 (Tungsten)
0.77 (Tungsten)
1.58 (Tungsten)

2.01 x 1072 (SS316L(N))
8.8 x 1077

4.296 (Tungsten)

3.07 x 1078

0.68

8.58 (CuCrZr)

2.00

13.54 (Eurofer 97-2)
6.10 x 1072

0.27 (Al-Bronze)

8.26 x 10~7 (CuCrZr)
1.95

2.00 (CuCrZr)
68.38 (CuCrZr)
17.13 (Eurofer 97-2)
0.95 (Tungsten)
3.37 (Eurofer 97-2)
1.60 (Tungsten)

are not as low as CuCrZr, but small deviations in composition
will have a large effect on the C/E value.

For 3!Cr, low C/E were seen with values of (1.240.3) x
10~7 in one W monoblock sample (reference 6_3) and 0.11 +
0.02 in a CuCrZr sample (reference 7_1), which were omit-
ted from the overall weighted average in table 5. In the case
of the W monoblock, Cr was not listed as an impurity in the
material certificate. If Cr were present this may explain the
observed C/E value, with 3'Cr being generated through the
32Cr(n,2n)°' Cr and, to a lesser extent, the >*Fe(n,a)’! Cr reac-
tion. In the case of the low C/E value observed for >'Cr in
the CuCrZr samples, it is noted that the CuCrZr material cer-
tificate gives a Cr component of 0.6% to 0.9%. Even though
FISPACT-II calculations presented in this report used the con-
servative approach of using the maximum concentration in the
material definition, the low C/E seen may indicate that the true
Cr content is higher than is stated in the certificate.

The nuclide results with high C/E were #Co, %°Co, *°Zr,
182Ta, and '3>W. A relatively greater spread was evident for
0Co. Most of the 68 data points (**Co was measured in all
of the ITER samples) presented tended to have values above
1, apart from 13 data points. The variation is thought to arise
from the several possible competing reaction pathways for
0Co, including 3*Co(n,v)**Co, ®*Ni(n,p)*°Co, *'Ni(n,d)*°Co,
and °*Cu(n,a)®°Co. Differences in the abundance of these

seed nuclides in a sample from the material certificate will
lead to differences in the predicted activity compared to
measurements and deviations in the C/E value from 1. Of
the 12 material types that ®°Co was measured, only two are
within 25 % of 1, with six materials exhibiting a C/E weighted
average > 1.25 and four materials producing a C/E weighted
average < 0.75. The largest variation observed was in Eurofer
97-2, which had both the minimum and maximum C/E val-
ues across the range of materials (excluding the anomalously
low C/E in W monoblock). This is attributed to the small and
comparable Ni, Co and Cu components in the material certi-
ficate, each with a maximum of 0.01 %, as localised composi-
tion fluctuation in the Eurofer 97-2 samples would give signi-
ficantly different results. The anomalously low W monoblock
C/E shows further evidence that the impurities have not been
fully captured in the material certificate as the C/E of other
typical steel activation products indicate.

High C/E values for '®2Ta measurements were observed in
several ITER material samples, namely CuCrZr, Inconel-718
and XM-19. CuCrZr had particularly high C/E values with
a material weighted average of 60.3 £0.017 and a highest
value of 68.4, the highest C/E value found in the entire data-
set. Comparatively, Eurofer 97-2 has a '3>Ta weighted aver-
age C/E much closer to 1 despite one sample having a C/E
of 17.1, whereas the W monoblock samples all have a '3Ta
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C/E close to 1, with them all within 13%. The trend in these
182Ta C/E values follows which production reaction pathway is
available and to what extent. Under neutron irradiation, '2Ta
is produced from Ta in the reaction %' Ta(n,)'®?Ta and from
W in the reaction '8?W(n,p)'#2Ta and '#*W(n,t)'82Ta. The best
C/E values were in the materials containing W in their cer-
tificates, W monoblock and Eurofer 97-2. Poorer C/E val-
ues occurred in materials containing Ta, and the C/E values
became worse in materials with Ta content but without W. W
monoblock with the best '82Ta C/E has a material certificate
with no Ta and 99.97 % W. The material certificate with both
Ta (0.10% to 0.14%) and W (1.0% to 1.2%) was Eurofer
97-2, whilst the three other materials with the poorest '%2Ta
C/E contain Ta but not W and the lower the Ta content, the
further the C/E was from 1. The material certificates stated
that Inconel 718 has a Ta content of 0.05% max., XM-19
has 0.01%, and CuCrZr has 0.003% to 0.01 %. The reason
W content produced better '32Ta C/E results is explainable
through higher quality nuclear data for the threshold reac-
tions compared to the Ta capture reaction and the abundance
of seed nuclide in the material that could produce '3?Ta. For
example, all five W monoblock sample measurements identi-
fied '82Ta in their spectra, while only two of the five CuCrZr
identified '8”Ta, indicating a low activity where results are
more susceptible to fluctuations. Any fluctuations in '#2Ta con-
tent that might highlight discrepancies in the material certific-
ates will be investigated through additional independent ele-
ment analysis later in this project. Eurofer 97-2 also exhib-
ited a high C/E for '8'W, which since it was produced via the
182W(n,2n)'8'W reaction indicates the certificate W value is
too high and would also explain the '%2Ta overprediction.

Only 7 out of 59 ITER samples where ®Co was measured
exhibited C/E values less than 1. Primary routes for the pro-
duction of 8Co are expected to be through **Co(n,2n)*#Co or
38Ni(n,p)’¥Co reactions and so variation in the elemental com-
position of Ni or Co, or both in the samples could be respons-
ible. High ¥Co C/E values were seen in CuCrZr from two
samples and W monoblock from one sample. These results
indicate that the FISPACT-II calculations have overpredicted
the 8Co activity and suggest the certificates may have over-
predicted the Co and Ni content, respectively. A reduced Co
content with an increased Fe, Cr, and Ni in CuCrZr would
explain the elevated 3¥Co C/E and low C/E values for 3*Mn,
3ICr, and °’Co; while a reduced Ni content with increased Fe
and Cr would explain the elevated **Co and >’Co C/E values
and low >*Mn and >' Cr C/E values in W monoblock.

957r was predicted in some materials, as shown in figure 9,
but only observed in one gamma spectrometry measurement of
a CuCrZr sample. This was because the FISPACT-II predicted
activities were less than the measurement minimum detect-
able activities (MDA). Of the materials that expected *>Zr, the
predicted activity was between 14 % and 70% of the MDA.
95Zr might be present in the spectra but just not observable
so there are no C/E values for these materials, which have
been omitted from tables 5 and 6 and given as <MDA. There
were low C/E values in measurements of *°Co and %Zn. In
addition, """ Ag was unexpectedly identified with activities in
the range 1.9Bqg~! to 4.8Bqg~! in CuCrZr samples (sample

20

references 3_3,4_3 and 7_1). Without a calculation (C) value
to accompany with these experimental (E) values, the C/E
value in the table is listed as 0.

The anomalous presence of %Zn observed in numerous
samples, typically detected at low activity levels of around a
few tens of Bq g™, is likely to be explained by the employed
sample preparation method. This preparation method involved
the widely used Electrical Discharge Machining (EDM) tech-
nique, frequently employed in manufacturing processes. In
EDM, a brass wire is continually fed through the mater-
ial while maintaining a small gap between the wire and the
sample. Controlled material removal occurs due to electrical
discharges between the wire and the workpiece.

The verification of brass (comprising Cu and Zn) on the
sample surfaces was conducted using a scanning electron
microscope (SEM) in conjunction with a wavelength dispers-
ive spectrometer (WDS) to determine the material composi-
tion. Further studies are ongoing, which are expected to be
reported in detail in the future. The probable origin of the
957n can be attributed to the %*Zn(n,y)%Zn reaction, which
would be most sensitive to the thermal neutron flux within
the LTIS. Consequently, even where %°Zn was expected (Al-
Bronze and Eurofer 97-2), the C/E values are significantly
smaller than 1. The only other activation product of brass
expected to be measurable in gamma spectrometry that might
have affected the results in this report was °°Co through
the reaction ®*Cu(n,a)%°Co; this might partially explain the
low C/E values observed in some materials and the anomal-
ously low %°Co C/E seen in tungsten. However, since several
materials had ®°Co C/E values above 1, there are likely other
causes, as explained earlier. The brass deposition highlights
the significance of considering both component and mater-
ial sample preparation when evaluating the complete radiolo-
gical inventory during and after irradiation in fusion condi-
tions. Notably, recently treated, unirradiated ITER samples
have undergone surface polishing to attempt to eliminate trace
brass. These polished samples were installed in the JET for
irradiation as part of the recent DTE3 campaign, with addi-
tional post-irradiation analysis anticipated to complete in late
2024.

It may seem obvious that machining processes can intro-
duce impurities; however, the findings in this study emphasises
the need for more precise material composition data, poten-
tially beyond what is provided in manufacturer certificates. It
also extends to specific cutting and tooling methods as this
study also highlights the potential for surface contamination
due to machining techniques.

A key contribution of this work is the provision of quantit-
ative activity measurements of samples, demonstrating that the
accuracy of simulations is highly dependent on precise input
data. While testing every material piece in the ITER machine
may be impractical, further research is necessary to improve
material verification and quality assurance. Although a com-
prehensive reactor-wide analysis is ideal, it is likely to be lim-
ited by cost constraints.

The collaboration is currently implementing independent
chemical analyses, such as ICP-MS, starting with CuCrZr
and W samples, with plans for broader application as budget
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§ Material $$§$333‘3$3$§§§§§
z 2| G| 5| e|8|8|8|8|5|5|2|%|a|E|2|E2
ITER#1 | SS316L(N) -wv plate
ITER#2 | SS316L(N) - v plate
ITER#3 | SS316L(N) - w plate
ITER#4 |SS316L(N) - TF plate
ITER#5 | SS316L(N) - TF plate
ITER#6 | SS316L(N) - TF plate
ITER#7 | SS316L(N) - TF plate
ITER#8 |SS316L (N) - TF plate
ITER#9 | SS316L(N) - TF plate
ITER#10 | Alloy 660 — divertor
ITER#11 | Alloy 660 — divertor
ITER#12 | CuCrZr divertor pipe
ITER#13 | CuCrZr divertor pipe
ITER#14 Tungsten
ITER#15 Tungsten
ITER#16 Divertor XM-19
ITER#17 Divertor XM-19
ITER#18 Inconel 718
ITER#19 Eurofer 97-2
ITER#20 Eurofer 97-2
ITER#21 | Divertor Al-Bronze
ITER#22 | Divertor Al-Bronze
ITER#23 |SS304— In-wall shield r——
ITER#24 |5S304— In-wall shield M"‘“S":’"t
ITER#25 | S$S316- PF Jacket predictad
ITER#26 |Alloy 660 —IWS A286 Prﬁiﬁ?kﬂ“
ITER#27 | SS316- Divertor b, ot

*Note that this subset of nuclides only corresponds to those measured in at least one ITER sample and that other nuclides may be predicted,
but not measured in these samples. A nuclide is considered predicted if it was in the top 10 most active nuclides or its activity was >0.5 Bq/g
on 28/10/2022 in FISPACT-II calculations.

Figure 9. Overview matrix of prediction and measurement results for ITER materials indicating isotopes that were: predicted and
measured; measured but not predicted; predicted and not measured; and not predicted or measured. Note that the subset of radionuclides
here corresponds to those measured in at least one ITER sample within the set and that other radionuclides may be predicted to be present in
these samples but were not measured in this study.
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permits. Future research will focus on modeling the impact
of these findings on predictions of radioactive waste gener-
ation and maintenance-related shutdown dose rates, utilizing
the latest ITER neutronics models.

7. Conclusions

Unique experience has been gained in characterisation and
neutron activation studies for ITER materials in a tokamak
environment operating with significant nuclear conditions.
These experimental findings constitute the first evaluation of
a diverse array of ITER materials subjected to irradiation
within a tokamak-based D-T neutron environment. 68 ITER
material samples were exposed to neutrons from the JET
plasma, yielding 8.67 x 10?° neutrons over 715days, span-
ning 3155 experimental shots. Following irradiation, these
samples were retrieved and allocated to laboratories for post-
irradiation examination via gamma spectrometry techniques.
The analysis discerned and quantified 16 radionuclides across
the comprehensive set of ITER material samples. These exper-
imental observations were then compared against high-fidelity
neutronics modeling predictions.

Dosimetry foil-based diagnostic measurements within the
long-term irradiation station confirm a robust agreement
between calculated neutron fluence for the fast neutron spec-
trum and experimental observations. The weighted average
C/E across all dosimetry measurements was 0.986 +0.07,
weighted by the inverse variance. The subset of nine threshold
reactions C/E gave an overall weighted average value of
0.941 £0.08, and capture reactions returned C/E results of
1.38 £ 0.02. The uncertainty in the KN1 neutron yield dia-
gnostic is reported as 10%, and so the fast neutron fluence
is consistent (within uncertainties) with measurement. This
result may indicate a possible overestimate of the simulated
thermal neutron flux within the long-term irradiation stations.
This discrepancy could also originate from factors such as self-
shielding effects from adjacent materials or unaccounted-for
details in the model.

Regarding the ITER material results, this work presents
an overview of the entire C/E dataset for each measured iso-
tope. Generally, C/E values closest to 1 (within 25 %) were
observed for isotopes such as 468c, 3! Cr, *Mn, ?Fe, %Nb,
and '8'Hf. However, high 38Co C/E values of 7.34 and 8.56
were seen in CuCrZr and tungsten, respectively. Slightly elev-
ated C/E values, ranging from 1.40 to 3.36 were noted for
80Co, %57r, '8'W, and W in some materials. For instance,
0Co exhibited six materials with weighted average C/E values
> 1.25, but also four materials with weighted averages < 1.25
with only two materials within 25 % of a C/E of 1. These dis-
crepancies compared to measurement data might stem from
uncertainties in materials certificates and an overestimation
of the thermal neutron flux in the MCNP model, particularly
influencing radionuclides generated through neutron capture
reactions. Notably, crucial radionuclides for shutdown dose
rate calculations in ITER, such as %°Co and 8Co, show a
tendency toward slight overestimation, indicating a conservat-
ive approach in this comparison.

22

The analysis also identified large deviations in C/E val-
ues for certain isotopes. The introduction of brass depos-
itions through the surface EDM cutting technique explained
the discrepancies for %°Zn measurements, while particularly
high C/E values (ranging up to 68.4 in a CuCrZr sample) were
evident in several foils containing '82Ta. These divergences
could arise from inaccuracies in the elemental composition in
the associated material certificates and overestimation of the
JET MCNP model’s thermal flux.

This study highlights how component manufacturing and
cutting techniques, such as EDM, can introduce impurities
to material surfaces, impacting the generated activities. To
study this, some ITER samples underwent surface polishing to
remove or eliminate the potential for surface contamination for
these subsequent irradiation experiments. These further ITER
samples were irradiated within the recently concluded DTE3
experimental campaign, with post-irradiation analysis ongo-
ing and anticipated to complete in late 2024.

In response to the findings to date several actions
are proposed, which include conducting independent ele-
mental analysis of ITER samples using techniques such as
Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP-OES) or Accelerator-based Mass Spectroscopy (AMS).
Additionally, leveraging advanced radiometric techniques for
both existing and newly irradiated samples from DTE3,
reviewing the impacts of diverse sample preparation tech-
niques on impurity introduction, and involving additional
ITER material samples in future 14MeV irradiation experi-
ments are suggested.

This novel and valuable experimental dataset, which is
expected to be built upon in the future through further analysis
of results from the JET DTE3 experimental campaign, makes a
substantial contribution to our comprehension of fusion envir-
onments and offers invaluable validation for neutronics meth-
odologies, for example, dose rate assessments during mainten-
ance and radioactive waste arisings on post-operation decom-
missioning timescales. This work demonstrates that advanced
tools such as MCNP and FISPACT-II used with modern nuc-
lear data libraries for neutronics analyses can be reliably
applied to predict radionuclide activation in materials exposed
to D-T fusion nuclear environments provided that accurate
and detailed neutronics models are used and detailed materials
certificate information, including impurities, are specified.
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