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Abstract
A sequence of fuel recoverymethods was tested in JET, equippedwith the ITER-like berylliummain
chamberwall and tungsten divertor, to reduce the plasma deuterium concentration to less than 1% in
preparation for operationwith tritium. This was also a key activity with regard to refining the clean-up
strategy to be implemented at the end of the 2ndDT campaign in JET (DTE2) and to assess the tools
that are envisaged tomitigate the tritium inventory build-up in ITER. The sequence beganwith 4 days
ofmain chamber baking at 320 °C, followed by a further 4 days inwhich IonCyclotronWall
Conditioning (ICWC) andGlowDischarge Conditioning (GDC)were appliedwith hydrogen fuelling,
still at 320 °C, followed bymore ICWCwhile the vessel cooled gradually from320 °C to 225 °Con the
4th day.While baking alone is very efficient at recovering fuel from themain chamber, the ICWCand
GDC sessions at 320 °C still removed slightly higher amounts of fuel than found previously in isotopic
changeover experiments at 200 °C in JET. Finally, GDCand ICWCare found to have similar removal
efficiency per unit of discharge energy. The bakingweekwith ICWCandGDCwas followed by plasma
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discharges to remove deposited fuel from the divertor. Raising the inner divertor strike point up to the
uppermost accessible point allowed local heating of the surfaces to at least 800 °C for the duration of
this discharge configuration (typically 18 s), according to infra-red thermographymeasurements. In
laboratory thermal desorptionmeasurements,maintaining this temperature level for severalminutes
depletes thick co-deposit samples of fuel. The fuel removal by 14 diverted plasma discharges is
analysed, of which 9, for 160 s in total, with raised inner strike point. The initial D content in these
discharges started at the low value of 3%–5%, due to the preceding baking and conditioning sequence,
and reduced further to 1%, depending on the applied configuration, thusmeeting the experimental
target.

1. Introduction

Since the installation of the beryllium (Be)main chamberwall and tungsten (W) divertor, the JET tokamak is
uniquely equipped to studymaterial erosion andmigration in the vessel alongwith the retention and removal of
fuel in themost ITER-relevant conditions [1]. Campaign-averaged information on long-term fuel retention and
materialmigration processes is systematically obtained, ex situ, by post-mortem analysis of components
removed from the JET vessel after operation campaigns [2–4]. Such analysis after the third ITER-like wall (ILW)
campaign (ILW-3, executed in 2015–2016) confirmed the previous trends found for ILW-1 and ILW-2: fuel
retention in JET is dominated by co-depositionwith Be, for which the thickest deposits, up to a few tens ofμm,
are found onTiles 0 and 1 (see section 4) of the inner divertor [5]. For the ILW-3 campaign, this location retains
46.5%of all the accumulated fuel while 13.4% is found at the outer divertor, 14.3%on themain chamber
limiters and upper dumpplates, 10.5%on recessed areas of themain chamber and 12.4% inmain chamber gaps
such as castellation grooves on plasma-facing components (PFC). The global retention rate for ILW-3,
normalised to the divertor plasma time, is 6.3×1018D/s [2]while gas balance analysis, assessing the fuel
inventory in situ and on shorter timescales, estimates 0.2–1.5×1020D/s [3, 6, 7]with a spread that is explained
by the strong dependence of retention on the discharge scenarios and the chosen outgassing duration. The same
effect, namely the dependence of the dynamic and long-term retention reservoirs on the considered outgassing
time after plasma operation [8], explains the difference between the results of ex situ and in situ retention analysis
at JET.

Fuel recovery techniques, which are the topic of this paper, target the long-term retention. Tokamaks
workingwith tritium (T)may have several reasons to apply such techniques. They are essential to the clean-up
strategy to be implemented at the end of the 2ndDT campaign in JET (DTE2).Moreover, the ongoing JET
campaigns, operating with deuterium (D), T andD-Tmixtures have strict limits on the number of 14MeV
neutrons produced by fusion reactions in each of the campaign phases. These are set so as not to unnecessarily
consume the total neutron budget of the facility set by vessel activation limits [9]. This requires that the residual
D content in the plasma be reduced to 1% from the start of the T-phase, and similarly for the residual T content
in theD-phase followingD-T operation. The JETDT safety case limits the potentially releasable T inventory (by
loss of vacuum) at any given time to 15 g [10], and assumes that the long-termT retention is atmost 4 g. In ITER,
themaximumallowed retention in the in-vessel components is set at 700 g. At a JET-like retention fraction of
the injected fuel of 0.14%–0.19% [5], without recoverymethods, ITER could potentially reach this limit already
within thefirst fusion power operation (FPO) campaigns [9]. The actual retention fraction is sensitively
dependent onwall surface temperatures and incident particle fluences/energies, whichmay be very different in
ITER [11]. For these reasons it is essential that the fuel recovery techniques available to JET and ITERbe tested
and characterized as thoroughly as possible.

The fuel outgassing efficiency fromPFCs exposed in JET-ILWhas been studied at ITER-relevant baking
temperatures, suggesting that fuel removal from thick deposits will be difficult [12, 13]. Only 13%of fuel could
be removed from40μmthick co-deposit layers on theWcoatedCFCdivertor tiles by 15 h of baking at 350 °C
[12]. The JET ILW-1 campaign deposited such layers across the entire campaign, whereas thismay occur in only
a few days of ITER operation underQ=10, burning plasma conditions [13]. Removal of implanted fuel from
the JETBemain chamber samples in the deposit-free erosion zones of limiter tiles on themidplane by baking at
240 °Cwas even less efficient [12]. From these and similar studies, it is known that all fuel (whether or not in co-
deposited layers) is recoveredwhen the surfaces are heated to temperatures of at least 800 °C for severalminutes
[12–14].

The ITERwall conditioning and fuel removal techniques include baking, glowdischarge cleaning (GDC)
andRFdischarges without plasma current, both in the ion cyclotron and electron cyclotron range of frequencies
(ICWCandECWC). JET does not have an electron cyclotron heating system, but routinely uses limiter and
diverted plasmaswith nestedmagnetic flux surfaces for cleaning purposes.Moreover, its flexible configuration
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allows it to place the inner divertor strike point on top of Tile 1, high up on the inner vertical target, so that
thermal plasma can be used to heat the local deposits.

2. Experiment strategy

The JET experiment presented here combines the available fuel removal techniques to bring theD concentration
in hydrogen (H) plasma down to 1%before the start of the T operations campaign. At the same time, it focused
on obtaining data that allows to refine the clean-up strategy to be carried out after DTE2, and to study the
techniques envisaged tomitigate the build-up of a tritium inventory in ITER. The rationale behind the
experimental strategy is that fuel removal is accelerated at higher temperatures, but that baking alone, at
maximum320 °C for the JETfirst wall (FW) and about 200 °C for the upper part of the lower divertor, is
insufficient to exhaust the inventory completely. Figure 1 shows the timeline of the experiment. One day after
the end of theD operations phase, the divertor cryopumpswerewarmed-up to liquid nitrogen temperature and
the vessel temperature was ramped from the 200 °C temperature used for normal operations, up to 320 °Cat a
rate of about 5 °Cper hour.During this time, the divertormaintains the coolingwater flow at room temperature
to protect the in-vessel divertor coils. This results in a temperature gradient over the divertor tiles, where Tiles 0
and 1 are atmost at 150 °C–200 °C, the vertical tiles 3 and 7 at 100 °C–150 °Cand the bottom tiles 4 and 6 at least
at 50 °C, based on thermocouple trends. The locations of these tiles are indicated infigure 3(c). The steady
baking temperature ismaintained for 7 days, in the second half of which, cycles of ICWCandGDC inH are
performed. Two days after completing the baking procedure, the cryopanels were cooled to liquid helium
temperature in preparation for diverted cleaning plasmaswith raised inner strike points, aiming at heating the
Tile 1 surface layers. The obtained results onD-removal by thermal outgassing and isotope exchangewithH are
representative of T-removal by thermal outgassing and isotope exchangewithD, relevant for the JETDTE2
clean-up phase and ITER.

Sub-divertor residual and optical gas analysers (RGA andOGA) [15, 16] are used to quantify the isotopic
content in the outgassedmolecules. The data is compared tomass spectrometry data from themidplane
pumping ducts,Hα high-resolution spectroscopy of themain chamber and divertor [17], as well as the
quantifications and chromatography of gas collected by the pumps [18]. The temperatures of the plasma-facing
surfaces aremonitored by infra-red (IR) thermography [19] and subsurface thermocouples [20].

3. Baking at 320 °Cwith ICWCandGDC

Figure 2 shows the vessel temperature and the partial pressures ofHD andD2 taken in themidplane pumping
ducts during the bakingweek. As the temperature of the vessel rises, thermal desorption ofD tracks the
temperaturewaveform, as can be seen in the RGA traces. During the first 24 h following the achievement of the
320 °Cplateau, the outgassing pressure decays by a factor of∼3. Beyond this point, it decreasesmore slowly,
typical of the often-observed power law outgassing dependency [8]. The discontinuities in the pressure traces at
time intervals of 6 h are due to backgroundmeasurements duringwhich the RGAs are temporarily isolated from
the torus. A jump in theD2 pressure is visible at 3.6 days, corresponding to a slow leak through gas injectors that
have been prepared to perform gas puffs for RGA andOGAcalibrations. These calibrations took place around
day 5 on the graph, and the associated pressure data has been removed for clarity.

Hydrogen ICWCwas applied in twophases, 27 pulses before GDCand 25 pulses after GDC, as also seen in
figure 2. The pressure peaks are the result of the post-discharge release of gas from the PFCs, while the steady
discharge pressure is controlled at 1.8×10–5mbar. These ICWCdischarges, targeting the replacement of near
surface retainedD atoms by isotopic exchangewithH,were produced by coupling 100–250 kWof power in the

Figure 1.Timeline of the isotopic exchange experiment indicating the baking duration, the ICWC,GDC and diverted plasma
operation sessions, the cooling of the divertor cryopanels, either by liquid heliumor nitrogen, the collection of pumped gas at the
ActiveGasHandling System (AGHS) and reference pulses in the V5 divertor configuration. ‘Early’ and ‘Late’ refer to the two
operational shifts which JET runs on each experimental day.
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ion cyclotron range of frequencies (ICRF), at 29MHz, in the presence of a toroidalfield inmost cases of 1.9 T
and a barrel shaped vertical field of 15mTon axis [21]. A tangential camera view of an ICWCplasma in JET is
shown infigure 3(a) to emphasize the uniformity of the RF glowwith apparent strongest interaction at the
inboard and outboard limiters. The experiment appliedmostly 17 s long ICWCpulses, repeated every
15–20 min to allow for diagnostic post-processing andmachine preparations for these JET pulse-based
discharges (required because the toroidal field is not permanently on in JET). It is important to note that ITER
(where the toroidal fieldwill be permanently energized during operational campaigns)will apply RF
conditioning programmes as sequences ofmultiple discharges, similar to the so-called pulse trains inW7-X [22].
This will allow higher repetition rates and duty cycle optimisation tominimise the re-deposition of wall released
isotopes.

TheGDCon JET in the experiments reported herewas performedwith 3 anodes at 2.5–4A and 205–275V,
delivering 2.4 kWofDCpower to the plasma, withoutmagnetic field, at a steady neutral pressure of 3.1×10–3

mbar. A camera view of aGDCplasma is shown infigure 3(b), illustrating the uniformity of the discharge and
the anode location at the top of the vessel where the bright anode glow is seen.HydrogenGDCwas applied in
two continuous procedures of∼17 h and∼16 h respectively. A 1 h-long discontinuity is visible infigure 2 about
halfway through each glowphase when the background neutral gas at themidplane RGAwasmonitored. The
glows are separated by 2 h, as seen in the outgassing traces offigure 2 starting at 7.7 days, to provide better
understanding of theD removal process. Thefirst glowdisplays a rapid decrease of the outgassing by a factor of 3
in the first 6 h, with thereafter a slower trend, typical of the power law outgassing dependency referred to earlier.
The second glowdoes not show this feature and continues the outgassing rate approximately at the level where it
was interrupted. Thus, the accessible isotope reservoir does not seem to be significantly repopulated by diffusion
fromdeeper layers in the dwell time between the two glows, even at baking temperatures. Therefore, the
accessible reservoirmay be rather determined by the extent of the transient loading of the surfaces by isotopes
provided via the conditioning discharge and themechanismof isotopic exchange. Since the JETGDC system
does not allow the glow to be initiated at operating pressure, unlike in e.g. ASDEXUpgrade [23], it is difficult to
investigate this further in JET, nor is it possible to implement amoremeaningful discharge cycle which
minimises re-deposition ormaterial sputtering.

3.1. Gas balance
Baking, from the start of the temperature rise to the first ICWCdischarge, corresponding to 5.4 days infigure 2,
removed 2.9×1023D atoms from the vessel. This amount is an average of partial pressuremeasurements with 2

Figure 2.Partial pressures ofHDandD2 (left axis) and vessel temperature (right axis) throughout the bakingweek.

Figure 3.Tangential camera images of typical ICWC (a) andGDC (b) discharges in JET. Right (c):Magnetic flux surfaces at the
divertor for the Raised Inner Strike Point (RISP) andV5 configurationwith numbering of the divertor tiles in red.
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midplane and 4 sub-divertor RGAs, and estimated extrapolation of the pressures along the outgassing trend
described by the dashed lines infigure 2. Extrapolating the trend to the last ICWCdischarge at the end of the
bakingweek, corresponding to 9 days infigure 2, predicts that an additional 1.2×1023D atoms could have been
removed by continued bakingwithout ICWCorGDC. This latter number is probably overestimated and should
be usedwith caution given the uncertainty of the extrapolation.

The removal in the ICWC sessions is obtained by collecting and analysing all the pumped gas, starting from
thefirst ICWCdischarge and endingwith 1.5 h of outgassing after the last ICWCdischarge in each of the two
ICWCphases. Thefirst phase (Sessions 3–5 infigure 1)with an energy throughput of 85.7MJ performed over
27.9 h removed 7.3×1022D atomswhile the second (Sessions 9–10 in figure 1) removed 1.7×1022D for an
energy throughput of 57.4MJ over 13.9 h (recall that the ICWC is only applied in short pulses separated by
15–20 min intervals and that the usual outgassing occurs between each set of pulses). For completeness, the
removed amount estimated from2 sub-divertor RGAs is given, each combining the pulse-based recordings (not
available for themidplane RGAs)with a time resolution of 0.33 seconds per sample and permass channel, and
the continuous datameasured in-between pulses at a lower time resolution. Since deconvolution of this RGA
data becomes increasingly unreliable at decreasing isotopic concentration, the removal is underestimated by a
factor of∼2.

Similarly, since the deconvolution of the sub-divertor RGAs became unreliable in the last 16 h of the
procedure with increasingly lower pressures, the gas balance for theGDC sessions is obtained from the 2
midplane RGAs only. An estimated 1.3×1023D atomswere removed by the 33 h ofGDC, corresponding to a
total energy input of 285MJ.

ApplyingGDCand ICWC in addition to baking yields a two-fold gain compared to baking alone. ICWC
applied after an extensiveGDCprocedure still removes a significant quantity ofD atoms, but less than the first
ICWC sessions. From this it is concluded that bothGDC and ICWC share to a large extent their plasma-wall
interaction areas.

ICWCandGDCmay be considered to have at best a uniformwetting of the plasma-facing surfaces (see
figures 3(a) and (b)). Thefirst field lines intersecting components during ICWCplasmas, such asmain chamber
limiters, carrymost of the ionflux, while the recessed areas including gaps such as castellations and recessed
areas on themainwall are conditioned by aflux of neutral atoms [24, 25]. Gas balance analysis, which includes
the removal trends discussed in the next sections, integrates the removal from all these areas. In-situ diagnostic
techniques, such as Laser InducedDesorptionwith detection byQuadrupoleMass Spectrometry (LID-QMS),
currently being prepared for JET [26] and ITER, are required to assess the removal from a particular location.

The removed amounts throughout the bakingweek, estimated by gas balance analysis as summarised in
table 1, are a significant fraction of the inventory based on post-mortem analysis (43% [5]). However, the
analysis of the extractedmaterial samples is completed 1–2 years after their last plasma exposure in JET, while
outgassing continues throughout this period. Similarly, only local, in situmeasurements could provide some
estimate of the inventory at the start of this experiment, built up during plasma exposure and slowly, but
continuously depleted by outgassing during the campaign period (running over 1–2 years).

3.2. Gain of combining ICWCandGDCwith baking
Earlier work reported a removal of 1023 atoms by 1.26 h ofGDCat 200 °C in JET-ILW [27]. The same duration
in the present experiment at 320 °C removed 1.2×1022D atoms (where the 1.26 h is counted from the
establishment of theGDCdischarge). This almost an order ofmagnitude difference is due to the depletion of the
surface ofD by the several days of baking and the ICWC sessionswhich preceded theGDC.However,
substantiallymore fuel (∼11×) could be recovered by extending the glow in current experiment at 320 °C from
1.26 to 33 h. The retained fuel amount that is accessible by isotope exchange is thus dependent on conditioning
time, even on an already desaturatedwall.

In addition to duration, the accessible reservoir for isotope exchange depends on the surface temperature.
Comparison of the cumulated removal by ICWCcapped at an energy throughput of 85MJ in the first ICWC

Table 1.Gas balance summary:D atom removal by baking and hydrogen
plasmas in JET-ILW.

Fuel removal sequence

Duration/number

of pulses (#) Datoms removed

1)Baking 4 days 2.9×1023

2) ICWC+baking #27 (85.7MJ) 7.3×1022

3)GDC+baking 33 h (285MJ) 1.3×1023

4) ICWC+baking #25 (57.4MJ) 1.7×1022

5)Diverted plasma #14 (#9RISP) 2.4×1022
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phase before GDC, and previous ICWCwork at 200 °C in JET-ILW [28], gives 7.3×1022 and 5.6×1022 atoms,
respectively. Thus, ICWCat 320 °Cappears to bemore effective than at normal JET operating temperature, even
despite the prior baking days. The same energy throughput inGDC removed 6.2×1022 atoms, only slightly
lower, despite the preceding desaturation by ICWC.

The vessel temperaturewas ramped down from320 °C to 225 °Cduring the last ICWCphase (Sessions 9–10
infigure 1).While theD content is fairly constant atfirst in the ICWCdischarges, still at constant vessel
temperature, it steadily decreases with the decreasing temperature, as shown in figure 4. This again indicates a
reduced removal efficiency at a lower surface temperature, which is of particular concern for ITER,where ICWC
will be usedwhile the PFCs are cooled to 70 °C (the ITER ion cyclotron resonance heating (ICRH) antennas
cannot be used at FWbaking temperature). Dedicated isotope exchange experiments which investigate the
temperature dependence are therefore required, both in JET, where ICWCmay be operated at 110 °C,
approaching the ITER-relevant surface temperature, and in dedicated facilities such as TOMAS [29]where
samples can be exposed to ICWCandGDCat controlled temperatures.

3.3. Total removal and discharge energy throughput
Figure 5, adapted from [21], shows cumulated removal tendencies for earlier ICWCexperiments in JET-ILW,
with the present ICWC (purple asterisk) andGDC (continuous green line) experiment added. Plotted as
function of the cumulated coupled ICRF energy, these experiments followed a En power law envelope curve
with exponent =n 0.5 for the integrated removal. A curvewith this same exponent has been added (dashed
line) to illustrate the similarity between the ICWCandGDCenergy efficiency, expressing the total removal as a
function of the cumulated energy throughput. Here it is considered that the input power is ameasure for the ion
flux inGDC [30], and neutralflux in ICWC [31], to themain chamber surfaces. It is important to note that the
trend (dashed) line shows no saturation even though the integral of the coupled ICRF andGDCpower exceeds
the previous experiments by a factor of 3. This indicates that significantlymore atomsmay still be removed by
extending the conditioning procedure, which is typical for the power law dependency. By extending the
procedure, the accessible reservoir increases due to an increased discharge energy throughput.

If the power throughput is indeed the rate determining factor, the energy consumption ofGDC and ICWC
needs to bemapped to thewall-clock time. In a tokamakwith superconducting coils, allowing higher ICWC
pulse rates (such as ITER, but unlike JETwhere the duty cycle is at best∼1.5%), the equivalent discharge energy
of 33 h ofGDCat 2.4 kWcan be applied using ICWCat 250 kWof coupled powerwithin a period of 3 h at a 10%
duty cycle. Thismeans that fuel removal by ICWCmay be 10 times faster thanGDC.While this number is
striking, the duty cyclemust be considered inmore detail. Indeed, outgassing fromPFCs is a slow process that
continues during the dwell time between the ICWCpulses. Such studiesmay be performed in silico by reaction
diffusionmodelling of isotopic exchange.

4.Diverted plasmawith raised inner strike point

Post-mortem analysis of JETPFCs showed that 46.5%of the retained fuel is deposited alongwith Be on the
upper part of the inner divertor [5]. In order to deplete these surface layers from fuel by thermal outgassing
alone, theymust be heated above 800 °C for severalminutes, based onTDS spectra [14]. To achieve these

Figure 4.Dcontent from sub divertorOGA in ICWCdischarges of Sessions 9–10 (figure 1) and vessel temperature.
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temperature conditions locally, in situ, a diverted plasma scenariowas developedwith a stationary phase of 18 s
inwhich the inner strike point is raised up to the uppermost accessible point onTile 1, where the thickest
deposits reside. The resulting raised inner strike point (RISP) configuration is illustrated by the blue flux surfaces
infigure 3(c). For comparison, the green flux surfaces show the typical JETV5 configuration. Following theweek
of high temperature baking, a total of 9main chamber hydrogen fuelled RISP discharges have been performed at
the usual 200 °Cvessel operating temperature. These L-mode discharges at 1.8 T, 1.7MAand 2 to 4.5MWof
ICRHpower at 51MHz reached a central line averaged density of 2.3×1019m−3, with high recycling
conditions at the inner strike point characterised by a peak temperature of 5–10 eV and density of 1.5×1020

m−3 at the target.
In total 2.4×1022D atoms have been removed in 14 diverted plasma discharges, including the 9 RISP

pulses, as obtained from volumetric and chromatography analysis of the pumped gas (table 1). The removed
amount represents 12.5%of the long term retention at Tiles 0 and 1 found in post-mortem analysis. Comparing
these numbers ignores, however (i) the possible depletion of the divertor deposits during the bakingweekwith
ICWCandGDC, (ii) the removal fromother areas during the diverted discharges, (iii) the re-deposition of fuel
removed fromTiles 0 and 1 during the discharge and (iv) the continuous slow outgassing of these layers before
their ex situ analysis as described in section 3. This again emphasises the importance of in situ quantification of
the fuel content in the divertor PFCs.

The limited thermal conductivity of the deposits to the substrate layer helps in heating themduring the
plasma exposure [32]. Infra-red images of the divertor (figure 6) show that the enhanced heatflux brought the
Tile 1 surface temperature to the target value of 800 °C and above, for the duration of the discharges. At the same
time, it is observed that the heating is non-uniform, both in the poloidal and toroidal directions. The sharp
temperature variations seen at the end of the discharge and during a strike point sweep applied around 60 s in
figure 6(b), are consistent with the assumption of resistive surface deposits. Thermocouple data (not shown
here) indicate only a small ratcheting of the tile base temperature of about 50 °C throughout the subsequent
RISP pulses.While heating of the bulkmaterial of about 100 °Cper pulsewas observed, reaching amaximum
temperature of about 200 °Coverall, the pulse repetition ratewas clearly too low to substantially increase the
base temperature.

RISP reaches highTile 1 surface temperatures withmodest input power. It appears to be challenging to reach
such high surface temperatures with other plasma configurations. The standardV5 configuration (greenflux
surfaces in figure 3(c)) attains 500 °Cat Tile 1 thanks to a relatively small distance between the inner baffle and
the separatrix (interestingly, in the present experiment, a Tile 1 surface temperature of about 450 °Cwas reached
in ICWCdischarges where the fundamental resonance layer of theDminority was placed at the inner divertor).
While these temperatures are insufficient for complete thermal outgassing of the layers, these vertical plasma
configurations (which are the standard configurations used on ITER)may be considered as ameans to limit the
fuel content in the inner divertor layers through isotopic exchange, before subsequent deposits build up. The
feasibility of plasma-induced removal fromdeposits as a potentialmeans of T control in ITERwas explored in
[14], and needs to be investigated further, though the active cooling of PFCs in ITERmaymake it difficult to raise

Figure 5.Total removal versus discharge energy throughput for earlier ICWCexperiments on JET-ILWat 25MHz (II, III & IV [21]),
and the present combined ICWC (VI) andGDC experiment. The dashed line is a possible envelope curve for the total removal in case
of a previously observed E0.5 removal dependency.
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the surface temperatures significantly, especially far from the strike points wheremost of the deposits are
expected to accumulate, unless their conductivity to theWdivertormonoblocks is sufficiently low.

Figure 7 summarises the isotopic content in the diverted plasmasmeasured by the sub-divertorOGA and
spatially-resolvedHαhigh-resolution spectroscopy. As a consequence of the preceding conditioning sequence,
described in section 3, theD content in a reference discharge withV5 configuration started at the low value of
3%–5% in plasma. It subsequently decreased further to 1%, depending on the applied configuration, in the 14
discharges (including the 9RISP pulses). This thenmeets the overall target of these inventory control
experiments.

The spectroscopymeasurements at the upper inner divertor (KSRD [17] channels i1-i3 infigure 7)
consistently show a higherD content in the RISP discharges compared to other divertor locations, indicative of
the locally stimulated thermal outgassing.While the difference between thesemeasurements decreases from
pulse to pulse, it can be seen that the change-over onTile 1 is not yet complete on the last RISP pulse.

The isotopic content of the neutral gas in the sub-divertor, representative of the pumped gases, is
consistently higher than the divertor spectroscopymeasurements in non-RISP discharges, indicating that
additionalD fuel is released in these discharges from locations not accessible by RISP. Separately, it is recognised
that the sensitivity limit for isotopic ratiomeasurements by theOGA is close to the resultingD content inHof
1%–2%.

5. Conclusion

A sequence of fuel recovery schemes following a long deuteriumplasma operation campaignwas tested in JET to
reduce the plasmaD concentration to below 1%. The experiment aimed at refining the clean-up strategy to be
implemented at the end of the JETDTE2 campaign and assessed tools that are envisaged tomitigate the tritium
inventory build-up in ITER. The sequence in JET, equippedwith the ITER-like berylliummain chamberwall

Figure 6.Divertor IR thermography illustrating the geometric (a) and temporal (b, 1D taken along black curve in a) pattern of the
heating at the inner divertor, for a dischargewith RISP (JPN98298, cameraKL7-E8WB).

Figure 7. Isotopic content in diverted plasmas by sub-divertorOGA and spatially-resolved high-resolutionHα spectroscopy. TheV5
andRISP divertor configurations are illustrated in figure 3(c). TheVT andCC configurations put the inner and outer strike points on
the vertical targets (Tiles 3 and 7 in figure 3(c)) and lower corner tiles (Tiles 4 and 6 infigure 3(c)) respectively.
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and tungsten divertor, beganwith 4 days of baking removing 2.9×1023D atoms, presumably from themain
chamber surfaces.While the vacuumvessel is heated to 320 °C in this procedure, the JET divertor continues to
be cooled to protect in-vessel components, keeping the upper divertor surfaces below 150 °C–200 °C and still
lower for surfaces lower down in the divertor. In the subsequent 4 days, (i) IonCyclotronWall Conditioning
(ICWC) and (ii)GlowDischarge Conditioning (GDC)were appliedwith hydrogen fuelling, still at 320 °C,
followed by (iii) hydrogen ICWCwhile the vessel cooled gradually from320 °C to 225 °Con the 4th day. Gas
balance analysis yields estimates of the removal at respectively (i) 7.3×1022, (ii) 1.3×1023 and (iii) 1.7×1022

D atoms.While baking alone removed a significant amount of fuel, the subsequent ICWCandGDC sessions still
removed slightly higher amounts than found previously in isotopic changeover experiments in JETwith the
vacuumvessel at 200 °C.

TheGDCprocedure, consisting of two glows of 17 and 16 h, separated by 2 h for passive outgassing, found
no evidence of temporarily increasedDoutgassing in the secondGDC. The isotopeflux from the conditioning
plasma, rather than diffusion in thematerial, seems to be the process determining factor at the timescale of this
experiment. The removal byGDC as a function of the coupled energy (285MJ in total), continues approximately
along the same power lawfit for the removal by ICWC (85.7MJ in total before and 57.4MJ after GDC),
indicating a comparable particle flowper unit of coupled energy and equivalent plasma-material interaction
areas. A clear positive correlation between fuel removal and surface temperature is found in the ICWCpulses at
differentmain chamberwall temperatures during the vessel cool down from320 °C to 225 °C.

About half of the trapped fuel is co-deposited on the upper part of the lower divertor inner target, as
evidenced by post-mortem analysis following previous JET-ILWcampaigns [5]. Raising the inner divertor strike
point onto Tile 1 in a specially designed scenario allowed these co-deposited layers to be locally heated above
800 °C for the duration of the tokamak discharge. In total, 2.4×1022D atomswere removed in 14 discharges,
9 of which (for an integral duration of 162 s)with raised inner strike point. The plasmaD content in these
discharges started at the low value of 3%–5%, due to the preceding baking and conditioning sequence, and
reduced further to 1%depending on the applied plasma configuration, thusmeeting the overall target set for this
fuel recovery experiment.

The amounts removed in this experiment approach the long-term inventory obtained by post-mortem
analysis ofmaterial samples extracted from the JETPFCs (43%of the retentionmeasured in [5]). Tomake this
comparison quantitative requires a correction for the continuous slow outgassing of these samples before they
are analysed ex situ. Since such a scaling over a long time period is inevitably inaccurate, in situ quantification of
the in-vessel inventory content is verymuch needed.
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