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ARTICLE INFO ABSTRACT

Keywords: Deuterium retention was measured in beryllium samples from the JET ITER-like wall limiter tiles that were in the
JET ITER-like wall JET vessel for one and three campaigns (in vessel during 2015-2016 and 2011-2016, respectively), using
DS thermal desorption spectroscopy, ion beam analysis and secondary ion mass spectrometry. It was found that
IS]?ICIS overall retention increases with time non-linearly but somewhat slower than a square root of plasma exposure
Hydrogen retention time. Depth distribution of retained deuterium was observed to change with time, with near-surface content
Beryllium being variable and dependent on recent plasma exposure conditions, and bulk contribution progressively

increasing. Desorption peaks were observed to shift to higher temperatures with time. Experimental evidence
suggests that long-term deuterium accumulation in the Be limiter components in JET is diffusion-dominated,
with observed changes as function of time being consistent with the correspondingly deeper diffusion due to
the propagation of the diffusion front. Cleaning interventions are found to only slow down this propagation and

not stop it.

1. Introduction

Between 2011 and the end of its operations in 2023, JET tokamak
operated with ITER-like wall (ILW), with its plasma-facing components
(PFCs) consisting predominantly of bulk W and W-coated CFC tiles in the
divertor and bulk Be tiles in the main chamber, where these Be tiles form
discrete poloidal limiters [1-3]. JET operations with ILW were orga-
nized in discrete campaigns, with shutdowns in between [4]. During
these shutdowns in-vessel work was performed which included removal
of in-vessel components including PFCs, which then were used for
subsequent plasma-wall interaction (PWI) studies, including ex-situ
measurements of fuel retention [5-16]. Campaigns that were associ-
ated with component removal include ILW1 (2011-2012, component
removal in 2012), ILW2 (2013-2014, component removal in 2014) and
ILW3 (2015-2016, component removal in 2016). The shutdown in 2016
was so far the latest in which components were removed, with the follow
up expected in 2024.

Previous ex-situ studies of hydrogen isotope retention with ILW
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focused on retention in PFCs in each individual campaign [17-21]. A
defining feature of the ex-situ studies is that they are necessarily per-
formed after the completion of a given campaign and therefore reflect
the final result of the entirety of a given campaign. This means that the
information on time dependence of retention in the JET environment is
lost, since there is no direct experimental evidence of how hydrogen
retention was changing as a function of accumulated plasma exposure
time. For the operation of a fusion power plant such information is
critical, as it is important to understand the long-term effects of exposure
of the PFCs to plasma and temporal dynamics of accumulation of
hydrogen isotopes in a tokamak environment, both from the perspec-
tives of tritium production and self-sufficiency, and PFC lifetime esti-
mates [23,24]. Component removal performed in 2016 (following the
ILW3 campaign) provided an opportunity for such studies. One of the
sets of Be limiter tiles removed in 2016 consisted of tiles that were
installed during the initial assembly of the ILW and not exchanged since;
these tiles were exposed to plasma for the entire duration of three ILW
campaigns, 2011-2016 (referred to as ILW1-3). Simultaneously, another
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set of tiles was removed, but these tiles were only installed during the
previous shut-down in 2014, and were only exposed to plasma for the
duration of a single ILW campaign, 2015-2016 (ILW3). Therefore, it
became possible to compare the retention in the tiles exposed for
significantly different amounts of time, ILW1-3 vs ILW3.

Detailed comparison of deuterium (D) content and depth distribution
in both sets of tiles is the main objective of this work. Focus is on D (not
on tritium) since the investigated samples were removed from JET vessel
prior to T and DT campaigns in 2021 and 2023, thus the amount of
retained tritium is very low [25,26]. Three complementary measure-
ment techniques were used for D quantification — thermal desorption
spectroscopy, ion beam analysis and secondary ion mass spectrometry.

2. Experimental

Samples used for this study were single castellations (or further size-
reduced sub-castellations) cut out of bulk Be limiter tiles of JET ILW,
removed from JET vessel after the ILW3 campaign in 2016. These cas-
tellations have dimensions of 12x12x2 mm, and sub-castellations are
quarters of these with the dimensions of ~5.5x5.5x2 mm. Multiple
samples from each tile were studied, providing a measurement of dis-
tribution of retention across each tile in the toroidal direction - Fig. 1a
presents a general overview of one of the tiles indicating castellations
used for measurements. Inner wall guard limiter (IWGL) tile 2XR10 and
outer wide poloidal limiter (WPL) tile 4D14 were in the JET vessel only
for the duration of a single ILW3 campaign (i.e., during 2015-2016),
while IWGL tile 2XR11 and WPL tile 4D15 were in the vessel since the
beginning of JET operations with ILW, i.e. during three ILW campaigns —
2011-2016. All of these tiles are located close to the mid-plane of the
main chamber of JET, as shown in Fig. 1b. Samples from 2XR10 and
4D14 tiles (in vessel 2015-2016) are referred to in the following dis-
cussion as ILW3 samples, while those from 2XR11 and 4D15 (in vessel
2011-2016) are referred to as ILW1-3 samples.

Cumulative times of limiter plasmas touching the corresponding
tiles, defined as the time during which limiter plasma was within 2 mm
of the limiter surfaces are shown in Table 1 (from [18]); the criterion of
2 mm represents an average width of scrape-off layer (SOL) in JET
([22]). Note that in the case of 2XR11 and 4D15, as these tiles were in
the JET vessel for the entire duration of three campaigns, the total cu-
mulative time for ILW1-3 is defined as the sum of the durations of these
individual campaigns.

Thermal desorption spectroscopy (TDS) was performed using a
Hiden Analytical Type 640,100 TPD Workstation at UKAEA, Culham,
UK. Details of the facility can be found in [9]. Desorption measurements
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Table 1

Cumulative time of limiter plasma on tiles (within 2 mm from limiter surfaces).
Tile ILW1, hrs ILW2, hrs ILW3, hrs ILW1-3, hrs
2XR10 1.73 1.35 0.80 —
2XR11 2.30 1.92 1.04 5.26
4D14 2.36 1.76 1.77 -
4D15 1.45 0.73 0.67 2.85

were performed at a base pressure of ~2x10°° mbar with a constant
heating rate of 10 K/min, up to a maximum nominal temperature of 775
°Cand 1 hr hold time at maximum temperature. The heating system is a
molybdenum heating plate with a sample placed on it; a protective layer
of AIN is placed between the Be sample and the heater to avoid adhesion
of the sample to the heater at elevated temperature. This requires the use
of a calibration function derived in [27] to determine the true temper-
ature of the sample. Desorbed molecules are detected by a line-of-sight
quadrupole mass spectrometer (QMS). Molecular fluxes of masses 3 (HD
molecules) and 4 (D3 molecules) are recorded; they are quantified using
calibrated H, and D5, calibrated leaks, with the calibration factor for HD
being the average between the factors for Hy and D,. The error in
determination of retention, based on comparison of the measurements
on calibrated lab-produced samples (from [27]), is estimated to be <10
%. 60 K is taken as a general estimate of the maximum uncertainty in
determination of the desorption peaks temperatures ([27]). Desorption
flux of atomic D, Fp, is calculated as a sum Fp = Fyp + 2Fps, where Fyp
and Fp, are molecular release fluxes of masses 3 and 4, respectively.
Ion beam analysis (IBA) was performed using a 2.5 MV Van de Graaff
accelerator at the Laboratory of Accelerators and Radiation Technolo-
gies, Lisbon, Portugal. The accelerator is equipped with a chamber
dedicated to fusion research, where Be- and tritium-containing samples
can be handled. To determine D concentrations in the investigated
samples, Rutherford backscattering (RBS) and nuclear reaction analysis
(NRA) were performed using >He ions at an energy of 2.3 MeV. A par-
ticle detector for RBS is located at a scattering angle of 150°. The de-
tector for NRA is placed at a 135° scattering angle. It has an active layer
with 2 mm thickness to detect the protons from D(3He,p)4He reaction
that have 12.5 MeV energy. A particle filter in front of the NRA detector,
with a 140 pm thick Al foil, absorb the scattered primary ions and the 14
MeV « particles from 9Be(SHe,oco)gBe. Deuterium quantification was
performed using the NDF code [28], cross sections for D(3He,p)4He re-
action are calculated internally by the NDF code, following the expres-
sion of Moller and Besenbacher [29]. At the beam energy used the
maximum interaction depth for the D concentration analysis from >He

Fig. 1. (a) General appearance of a INGL tile, with the marked castellations on which TDS measurements were performed; (b) cross-section of JET vessel, showing

poloidal locations of the studied tiles.
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NRA in Be is 9 pm. The statistical error bars in IBA data are estimated to
be less than 10 % for the concentration of 10'® at/cm? and increase to
the order of 50-80 % for the concentration below 10> at/cm?, due to
the very low signal for NRA.

Secondary ion mass spectrometry (SIMS) was performed using a
double focusing magnetic sector instrument VG Ionex IX-70S at VTIT
Technical Research Centre of Finland, Espoo. A 5 keV O3 primary beam
with 500nA current was raster-scanned over an area of 300 x 400 pm?2.
A 10 % electronic gate was used to avoid crater wall effects. This elec-
tronic gate means that secondary ion signal was collected from the
centre of the crater with an area of 95x125 ym? which is 10 % of the
total sputtered area. The intensities of the positive secondary ions at
mass to charge ratios (m/q) of 1 (H), 2 (D), 9 (Be), 12 (C) and 58 (Ni)
were measured as a function of time. After each measurement, the depth
of the crater was measured with a profilometer. The measurement depth
was between 9 pm and 50 pm. An ion implanted sample was used to
determine the relative sensitivity factor (RSF) for D in Be. This RSF was
then used to determine D concentration in the Be samples. The accuracy
of the SIMS measurements is typically ~30 %.

3. Results

Fig. 2 shows the distribution of D retention across the tiles in the
toroidal direction, as measured by TDS and IBA. Results from ILW3
samples are compared with those from ILW1-3 (IBA and some of the TDS
results from ILW3 samples were previously presented in [27], and IBA
results from ILW1-3 samples in [18]). It can be seen that overall toroidal
the distribution of retention after 3 campaigns follows the same
dependence as for an individual campaign - i.e., lower retention in the
central part of the tile (corresponding to the erosion-dominated zone
where retention is mainly implantation-driven) and higher retention in
the periphery of the tiles (i.e., in the deposition-dominated zones where
retention is driven by co-deposition with sputtered material, mostly Be).

TDS measurements show that bulk retention after ILW1-3 is sys-
tematically higher across the entirety of tiles compared to a single
campaign, ILW3. The ratio between retention in ILW1-3 and ILW3
samples for each toroidal position where samples from both sets of tiles
are available, has been calculated as ~1.8 for IWGL and ~1.4 for WPL.
The average ratio of all such pairs is ~1.6. In contrast to this, the near-
surface retention For single campaign, ILW3, and three campaigns,
ILW1-3, as measured by IBA, is comparable throughout the tiles, both in
erosion and deposition zones.

When comparing retention measured by TDS and by IBA, for ILW3
and ILW1-3 samples, it can be seen that both after single campaign and
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after three campaigns in the erosion zone retention measured by TDS is
systematically, and substantially, higher than measured by IBA, while in
the deposition zone TDS results are either comparable or only somewhat
higher than those of IBA.

In Fig. 3 D depth distributions measured by SIMS on a pair of samples
from ILW3 and ILW1-3 IWGL tiles are shown. Samples on which these
measurements were performed were chosen such that their toroidal
position within their corresponding tiles, were identical. Positions of
these specific samples, —12.6 cm, fall within the deposition zone. It can
be seen that the concentrations measured for ILW3 and ILW1-3 samples
are essentially identical at the surface, but differ further in depth, with D
concentrations in the ILW1-3 sample being higher than in ILW3 sample,
with the difference progressively increasing as function of depth.

Fig. 4 presents proton energy spectra from NRA measurements on
selected locations within the erosion and deposition zones. The depth
scale in the figure corresponds to an approximate estimate of the depth
in the sample from where the signal of the corresponding energy channel
originates. This depth scale was obtained by simulating D in Be at
different depths using NDF [28] and assuming a density of 12.05x10%
at/cm? and stopping powers from SRIM [30]. While these spectra do not
directly represent depth distribution of D content in the samples, com-
parison of spectra from different samples provides a qualitative measure
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Fig. 3. SIMS depth distributions for samples from the deposition zones of IWGL
tiles (ILW3 and ILW1-3).
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Fig. 4. NRA proton energy spectra showing the D depth distribution (IWGL tiles).

of the difference in such distributions. Particularly in the deposition
zone, D content in the depth range beyond ~4 um from the surface is
noticeably higher after ILW1-3 as compared to ILW3. On the other hand,
in the erosion zone D depth distributions after ILW1-3 and ILW3 appear
to be similar, however overall D content within IBA range is very low in
both, and signal intensity is insufficient to directly provide an indication
in the difference in D depth distributions.

Fig. 5 presents a comparison of the desorption spectra measured at
similar toroidal positions after ILW3 and ILW1-3. Spectra shown here
are characteristic examples for the deposition (Fig. 5a) and erosion
(Fig. 5b) zones. It is seen that in the deposition zone spectra are similar
in shape, with a single clearly defined maximum. At the same time in the
erosion zone there is a variation in the shape of the spectra, though even
here typically there is a well-defined primary peak — though secondary
peaks might be present, with varying intensity relative to the primary
peak (secondary peaks in the examples shown in Fig. 5a are denoted by
arrows).

A remarkable feature of the difference between single campaign and
three campaigns is the fact that in the ILW1-3 samples the primary
release maxima are at a systematically higher temperature than in the
ILW3 samples. This is evident in the examples in Fig. 5, but this
behaviour is characteristic for all the studied pairs of samples, corre-
sponding to the entire toroidal spans of the investigated tiles. Fig. 6

shows the dependence of the temperature of primary release peak as
function of toroidal position within a tile. Particularly for IWGL tiles this
dependence is very similar in shape for both ILW3 and ILW1-3 tiles, but
with an offset, such that values ILW1-3 are systematically higher.
Indeed, even specific features of this toroidal dependence, such as e.g.
dip at the coordinate around —7.5 cm or maximum around 10 cm, are
present in both tiles. For WPL the maxima of release are also system-
atically higher for ILW1-3 samples compared to ILW3 ones, but subtle
features of coordinate dependence are less well reproduced. The average
difference between the maxima in ILW3 and ILW1-3 spectra is ~60 °C
for IWGL and ~100 °C for WPL.

4. Discussion

The samples investigated in this study were all removed from the JET
vessel at the same time and were all exposed to plasma in JET during
ILW3. ILW1-3 samples have pre-ILW3 history of exposure which ILW3
samples, by definition, lack. Therefore, the essence of the question that
comparison of ILW3 and ILW1-3 samples is addressing is — what is the
effect of pre-ILW3 plasma exposure on retention observed at the end of
ILW3 campaign? In other words, is retention behaviour in long exposed
ILW1-3 samples dominated by the most recent period of exposure (i.e.,
ILW3) and is therefore equivalent to that in ILW3 samples, or does prior
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Fig. 5. Characteristic desorption spectra from the WPL samples: a) deposition zone; (b) erosion zone.
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history — exposure during ILW1 and ILW2 — have a lasting effect, which
is not eliminated by the intervening plasma operations?

To compare the cumulative plasma conditions experienced by the
investigated samples that were in the vessel during a single campaign
and those after three campaigns, it is informative to consider the overall
time their original tiles were exposed to plasma during each campaign.
As limiter tiles are in contact with the plasma during the limiter phase of
an individual JET pulse, and this is when majority of ion flux is accu-
mulated on them, the comparison of the limiter phase times, presented
in Table 1, would be the most informative one, albeit with certain lim-
itations discussed below.

Comparison of plasma exposure times only during the last campaign,
ILW3 shows that the IWGL tile that was in the vessel for ILW1-3 cam-
paigns, 2XR11, was in contact with limiter plasma for ~0.8 h, and the
tile that was in the vessel for only ILW3 campaign, 2XR10, was in con-
tact with limiter plasma for ~1 h, corresponding to a factor of difference
of ~1.25. Compare this to the factor of difference in retention of ~1.8. In
the case of WPL the factor of difference in limiter plasma contact time
during ILW3 is ~0.38 (with ILW1-3 tile 4D15 in contact with limiter
plasma for 0.67 hrs and ILW3 tile 4D14 for 1.77 hrs) while the factor of
difference in retention is ~1.4. It is evident that the increase in retention
in ILW1-3 tiles compared to their ILW3 counterparts is not correlated
with the difference in plasma contact time during ILW3, but instead
systematically exceeds it. This suggests that values of retention observed
in ILW1-3 samples are not determined exclusively by the exposure
during latest (ILW3) campaign, and the influence of a prior history of
plasma exposures is observed.

On the other hand, comparison of the entire cumulative plasma
exposure times accumulated by the samples in the vessel, can be done. In
the case of IWGL, ILW1-3 tile 2XR11 was exposed to a total of ~5.3 h of
limiter phase time throughout three campaigns, as compared to 0.8 h for
the ILW3 tile 2XR10. IL.e., cumulative duration of the limiter phase over
three campaigns is a factor of ~6.6 larger than during the single ILW3
campaign, compared to the factor of difference in retention of 1.8. In the
case of WPL, ILW1-3 tile 4D15 was exposed to 2.8 h of limiter plasma
time, while ILW3 tile 4D14 to 1.8 h, with a factor of difference ~1.6
difference, compared to the factor of difference in retention of ~1.4.
Therefore, it can be seen that total retention as function of total cumu-
lative plasma exposure time scales slower than linearly.

It should be noted that the difference in retention between ILW3 and
ILW1-3 tiles might not be fully captured by the comparison of corre-
sponding limiter plasma times, and influenced by other factors, that are
difficult to quantify. In particular, the retention dynamics can be
impacted by the tile temperature during a JET plasma pulse. ILW3 and

ILW1-3 tiles were in neighbouring but not identical poloidal positions
within the same limiter beams (see Fig. 1b), and therefore their tem-
perature during the campaigns would not be identical either. Unlike
exposure time, which can be presented as a single cumulative number
characterizing each ILW campaign, temperature is both spatially and
temporarily non-uniform, changing within an individual pulse and from
pulse to pulse. Full integration of IR cameras heat flux data was not
possible within the scope of this study. On the other hand, this non-
uniformity in heat flux reflects the non-uniformity of ion flux arriving
at the limiters. The information on ion fluxes on individual tiles was not
available for the entire campaigns, and therefore a direct calculation of
accumulated ion fluences was not possible. In addition, the information
on charge-exchange fluxes for the entire campaigns and their corre-
sponding campaign-integrated fluences was not available either. How-
ever, despite these limitations, a qualitative assessment can be given.
The main plasma-limiter interaction occurs at the midplane tiles,
namely tile 2XR11 on the inner wall (which was an ILW1-3 tile) and
4D14 on the outer wall (ILW3 tile), and this is where the maximum heat
and ion fluxes and maximum overall temperature can be expected
[31,18]. Other tiles used for comparison, namely 2XR10 (ILW3) and
4D14 (ILW1-3) were somewhat removed from these areas of maximum
heat flux, and thus would generally have lower temperatures and ion
fluxes. Therefore, in the case of INGL, the temperature and ion flux are
expected to be higher in ILW1-3 tile compared to ILW3 one, but in the
case of WPL it is the opposite, and temperature and ion flux are expected
to be lower in ILW1-3 tile, compared to ILW3 one. Despite these opposite
relative dynamics, the increase of retention is observed for both IWGL
and WPL pairs of tiles. Thus, it can be concluded that the differences in
temperature and ion flux have a minor effect on the qualitative retention
behaviour (although quantitatively it can influence measured retention
ratios).

Results from the two main techniques used in this study — NRA and
TDS - demonstrate somewhat different changes in measured values of D
content between ILW3 and ILW1-3 samples. As seen in Fig. 2, values of
retention measured by NRA are similar between ILW1-3 and ILW3
samples; at the same time, values of retention as measured by TDS are
systematically higher in ILW1-3 samples compared to ILW3 ones. IBA
provides measurements of retention in the near-surface region within its
range, while TDS is sensitive to the bulk retention. These results suggest
that D accumulation as a function of time progresses differently in the
near-surface region and in the bulk. The near-surface D content appears
not to be influenced by a prior history of plasma exposure to a significant
degree and instead reflects only recent exposure conditions. Additional
evidence for this interpretation of the similarity if the near-surface
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content, as opposed to near-surface content reaching certain steady state
as a result of cumulative plasma exposure, can be found in the IBA data
on retention in Be limiter tiles after individual ILW campaigns published
in [18] (Fig. 3 therein). They show that the values of retention are
noticeably different from campaign to campaign, which is particularly
noticeable in the case of ILW2 data. ILW2 finished with a number of
protium plasma pulses which removed a considerable amount of near-
surface D via isotope exchange. Thus, it can be inferred that near-
surface D content can change considerably as function of recent his-
tory, and therefore the fact that it is similar for ILW3 and ILW1-3 sam-
ples means that D content observed in this case is a reflection of
accumulation during ILW3, with prior history of exposure having no
discernible effect. On the other hand, increase in the retention values
measured by TDS indicates that bulk D content increases as a result of
such history, and consequently, the overall increase in retention with
time, described above, occurs due to the increase of this bulk content.

To understand the dynamics of D accumulation as a function of time,
it is useful to compare retention as measured by TDS and IBA for a given
set of samples, and to analyse how this difference changes between ILW3
and ILW1-3. Such comparison between the TDS and IBA results reflects
the changes in the depth distribution of D and allows observing the
difference between the near-surface and bulk dynamics of D accumu-
lation. Near-surface is defined as the depth within IBA sampling range,
and bulk as depth beyond this range. As a quantitative measure of the
relative depth distribution between the near-surface and bulk regions
the ratio between retention measured by TDS and that measured by IBA
can be used. Fig. 7 presents the toroidal distributions of TDS/IBA ratio
across both IWGL and WPL tiles. This toroidal dependence of the TDS/
IBA ratio features a characteristic bell-curve shape with a significant
increase from the periphery to the centre, i.e., from deposition zone to
erosion zone. It should be noted that ILW1-3 results from the WPL are an
exception and do not clearly follow this bell-curve behaviour; this can be
attributed to the fact that of the TDS/IBA ratios in this tile are generally
low (much lower than those for the IWGL) and therefore more suscep-
tible to experimental scatter, which makes discerning a real coordinate
dependence difficult in this case. A low TDS/IBA ratio describes a situ-
ation where a large fraction is retained in the near-surface region
(indeed, if it is equal to one the entirety of retention occurs within the
near-surface), while in the case of high TDS/IBA ratio a considerable, or
even predominant, fraction is retained in the bulk.

It should be noted here that a non-negligible fraction of D retention
occurs in the gaps of the castellated Be tile structure. According to [32],
retention in the gaps can be comparable to that on plasma-facing side of
the tiles. It could be argued that the results of TDS might overestimate
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the retention in the plasma-facing side by detecting content originating
on the side surfaces of castellations used as experimental samples (i.e.,
surfaces in the gaps between castellations, not directly exposed to
plasma). However, even assuming the worst case where the entirety of
this D content is detected by the TDS, results from [32] suggest that this
content can constitute at most ~50 % of the overall detected D. As TDS/
IBA ratio considerably exceeds unity, particularly in the case of IWGL,
even if retention measured by TDS was halved qualitatively the picture
wouldn’t change.

Comparing a single and three campaigns, as seen in Fig. 7a, there is a
systematic increase of the TDS/IBA ratio in the erosion zone, while in the
deposition zone values of TDS/IBA ratio are more comparable. This
behaviour is particularly clear in the case of IWGL tiles. The increasing
TDS/IBA ratio means that the relative fraction of D retained in the bulk
compared to the near-surface region increases as a result of prior history
of plasma exposure.

This conclusion is supported by comparing the D depth profiles
measured by SIMS (Fig. 3) and inferred from NRA energy spectra (Fig. 4)
in the deposition zone. Both techniques show a similar qualitative dif-
ference in the depth distribution of D content between ILW3 and ILW1-
3. These results also indicate that near-surface D content is comparable
between ILW3 and ILW1-3, while bulk content increases as a result of
prior history of plasma exposure. It is notable that NRA energy spectra
from the erosion zone present somewhat different picture, where there is
a certain (though very low) D content very near the surface and then no
content, detectable by NRA, beyond ~4 um. This is in contradiction to
the TDS results, which show considerable overall D content within
erosion zone. To address this discrepancy, we must consider the origin of
a bell-shaped curve in a toroidal distribution of the TDS/IBA ratio. It
reflects the difference in the processes that primarily drive retention in
different regions. In the deposition zone retention is primarily due to co-
deposition, thus retained D tends to be accumulated near the surface,
within the co-deposited layer. At the same time, in the erosion zone
retention is primarily due to implantation and thus retained D can be
driven by diffusion into the depth of material. Indeed, the driving force
for diffusion is strongest in the erosion zone, as within a given tile both
the ion flux and temperature are highest here. The fact that the NRA
signal is very low indicates that volumetric concentration of D is low
(below detection limit, estimated to be ~0.005 at. %), but at the same
time TDS results indicate that overall amount of retained D is significant.
This can be rationalized by assuming that this D was driven by diffusion
to considerably larger depth than ~9 um range of NRA. The diffusion
depth, based on total D amount measured by TDS and bulk concentra-
tion below 0.005 % (NRA detection limit), can be estimated to be > 50
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Fig. 7. Toroidal distribution of TDS/IBA retention ratio: (a) INGL; (b) WPL. Note the difference in vertical scales between (a) and (b).
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um.In addition, the fact that both total retention measured by TDS, and
TDS/IBA ratio increase in the erosion zone, indicates that as cumulative
exposure time increases, diffusion front propagates ever deeper.

The observed changes in the shapes of desorption spectra — with the
release peaks systematically shifting towards higher temperatures with
the increase of exposure time — are also consistent with longer plasma
exposure leading to the progressive increase in the contribution from the
bulk region. Deuterium desorbed from larger depth would lead to the
corresponding desorption peaks located at higher temperatures [33],
which is exactly the experimentally observed behaviour.

To summarize, experimental evidence indicates that an increase in
plasma exposure time leads to a non-linear increase of total retention
where the near-surface D content is variable and dependent on recent
conditions of plasma exposure, while bulk content progressively in-
creases with time. Considering all the available data from different
techniques, it can be suggested that the overall time dependence of
retention in JET Be limiter components as observed by comparison of
single and three campaigns, can be qualitatively described as being
governed by diffusion. However, quantitatively the time dependence of
retention does not appear to scale accordingly. According to the 2nd
Fick’s law, diffusion depth is proportional to \/t, where t is diffusion
time [34]. Assuming a diffusion-dominated regime, retention would
scale proportionally to the diffusion depth, thus it would be proportional
to v/t as well. As shown in Table 1, cumulative duration of the limiter
phase on the IWGL for ILW1-3 is a factor ~6.6 longer than ILW3 alone,
correspondingly \/ 6.6 ~ 2.6, compared to the difference in retention of
1.8. In the case of the WPL this difference is 1.6, correspondingly \/ 1.6~
1.3, compared to the difference in retention of 1.4. This is an indication
that depending on location with JET vessel, D accumulation as function
of time scales with time at a somewhat slower rate than Fickian diffusion
prediction. This could be partially attributed to the difference in tem-
perature of the tiles that were in the vessel for one and three campaigns,
as mentioned above. Another possible mechanism for this suppression of
diffusion rate is the intervening series of protium plasma pulses at the
end of ILW2. As mentioned earlier, it led to a fraction of D being lost
from the near-surface region of limiter tiles, as measured by IBA.
However, the fact that D content in the bulk of material is higher after
three campaigns than after single campaign means that D has not been
fully removed from the bulk regions and that despite this intervening
cleaning operation (which ILW1-3 samples experienced and ILW3 ones
didn’t) cumulative retention was still increasing.

As a general remark it should be noted that during three ILW cam-
paigns neutron production in JET plasmas was low, and therefore no
significant formation of neutron-induced defects occurred. Observed
retention behaviour is therefore governed by the intrinsic trapping and
diffusion properties of Be. It can be expected that in the presence of
significant amounts of neutron-induced damage retention behaviour
will be different, however, present data obtained from available JET PFC
samples do not allow to draw conclusions about such effects.

5. Conclusion

Deuterium retention was compared in the samples of JET ILW Be
tiles that were in the JET vessel for the duration of a single (ILW3,
2015-2016) and three (ILW1-3, 2011-2016) campaigns, by means of
TDS, IBA and SIMS. Comparison of samples from these tiles enabled the
observation of D retention as function of plasma exposure time. It is
demonstrated that total retention in ILW1-3 samples is higher than in
equivalent ILW3 samples, which indicates that retention is not deter-
mined by the recent plasma exposure but is influenced by the prior
exposure history, which in turn means that overall retention increases
with cumulative time of exposure to plasma in the JET vessel. It is found
that the retention scales non-linearly with the plasma exposure time.
Instead, the increase in retention scales somewhat slower than the
square root of time.

It is found that the dependence of D accumulation as a function of
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time in the near-surface region (within IBA range, ~9 um) is different
from that in the bulk. In the near-surface the D content appears to be
strongly influenced by the recent conditions of plasma exposure. In
contrast, in the bulk the D content progressively increases with plasma
exposure time, and it is this increase of the bulk content that drives the
increase of the overall retention with time.

Experimental findings are interpreted as the retention dynamics
being governed by diffusion, and amount of retained D being propor-
tional to the characteristic diffusion depth. The propagation of the
diffusion front is slower than the 2nd Fick’s law would predict. This is
attributed to the fact that limiter tiles that were in the vessel for three
campaigns, ILW1-3, experienced a period of wall cleaning by protium
plasma, which removed a fraction of retained D, reducing therefore the
available mobile D content and as a result slowing down inward diffu-
sion away from plasma-exposed surface and into the bulk. As a conse-
quence, as plasma exposure time increases, the relative contribution of
the bulk increases as well. In addition, the increase of plasma exposure
time leads to desorption peaks being systematically shifting to higher
temperature, consistent with deeper diffusion.

These findings suggest that in the absence of hydrogen isotopes
trapping on neutron-induced defects, retention in Be PFCs in the main
chamber of fusion device will increase with time, with the relative
contribution of bulk diffusion and desorption temperature both tending
to increase. It is important to note that periodical fuel cleaning opera-
tions (such as using protium plasmas) that remove only part of the
retained fuel do not stop this increase, only slow it down somewhat. This
suggests that fuel removal becomes more difficult as exposure time in-
creases, as removal techniques based on isotope exchange are more
efficient in removal of hydrogen isotopes from the near-surface region
[35], whilst temperature-based techniques such as baking can be ex-
pected to lose efficiency as well when desorption temperature is much
higher than the permitted baking temperature [6].
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