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A B S T R A C T   

Threshold ionization mass spectrometry (TIMS) is one of two methods envisioned in ITER to quantify the helium 
(He) fusion product in the exhaust pumping lines during plasma discharges. We present the first demonstration of 
another potential application of TIMS in a tokamak environment, namely, the analysis of deuterium (D) and He 
outgassing following a plasma discharge i.e. during the post-discharge. This method has been tested with sub- 
second temporal resolution in WEST during its first He plasma discharges in the so-called He changeover 
experimental campaign. The calibration method of TIMS using a D plasma discharge is presented while the 
uncertainties related to TIMS during rapid pressure variations, i.e. upon plasma breakdown and plasma termi-
nation, are discussed. The first results obtained with TIMS during consecutive D and He plasma discharges in the 
full tungsten (W) tokamak WEST are reported. It is found that the time evolutions for He and D outgassing in the 
post-discharge are markedly different. On one hand, He outgassing is instantaneous and decays within 60 s until 
the He signal gets below detection level. On the other hand, D outgassing can reach a maximum up to several tens 
of seconds after the termination of the plasma and this outgassing can last for about 10 min. These striking 
differences should be related to different retention and outgassing from WEST plasma facing components, 
presently constituted of actively-cooled ITER-like W units and inertially cooled W-coated graphite. Potential 
mechanisms at the origin of the different outgassing behavior for D and He in W plasma facing components are 
discussed in light of a systematic analysis of the He and D gas balance and a macroscopic rate equation modeling 
of the D outgassing from the divertor strike points.   

1. Introduction 

ITER aims to operate a self-sustained deuterium/tritium (D/T) 
“burning plasma” with a divertor magnetic configuration dedicated to 
exhaust the ionized fusion product (helium, He) such that its concen-
tration in the confined plasma remains sufficiently low to avoid fuel 
mixture dilution [1]. During a plasma discharge, He quantification in 
ITER exhaust pumping lines is foreseen. In this context, two methods are 

envisaged in ITER for this He quantification; one based on optical 
Penning gauge spectroscopy [2] and the other one based on threshold 
ionization mass spectrometry (TIMS). The latter is used in the reported 
analysis and is rather widely investigated in other devices [2–7]. Addi-
tionally, in the current planning of the ITER operational phases, it is 
intended to perform He plasma discharges to demonstrate high 
confinement mode without nuclear activation of the vacuum vessel 
components [1]. However, there are some concerns about the evolution 
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of the performance of the tungsten (W) divertor under intense He flux, 
from both the thermomechanical [8,9] and the He/D/T retention and 
outgassing perspectives [10,11]. Helium is not soluble in W and 
morphology changes can be expected when exposed to high He fluxes 
associated with high surface temperatures (Tsurf). Indeed, He can form 
nanobubbles in the Tsurf range of 600–700 K, fuzz as Tsurf reaches 900 to 
1900 K and create large voids as Tsurf gets larger than 2000 K [12]. 

To address these issues, WEST, the steady-state tokamak dedicated to 
testing the actively-cooled ITER-like W divertor technology [13,14], ran 
its first “pure” He plasma experimental campaign. Actively-cooled ITER- 
like W units and inertially-cooled W-coated graphite plasma facing 
components, previously exposed to D plasmas, were exposed for the first 
time to a large number of He plasma discharges in the so-called He 
changeover campaign. TIMS was used to perform D and He particle 
balance analysis both during the discharge and in the post-discharge 
phase. In this contribution, we focus on the post-discharge particle 
balance. 

Initially discussed by Coyne et al. [3] for the JET tokamak, with 
carbon-dominated plasma facing components which generate various 
hydrogenated and deuterated hydrocarbons, TIMS allows discrimi-
nating in a quadrupole mass spectrometer (QMS) a couple of ionic 
species with similar mass-over-charge (m/z) ratio thanks to their dif-
ference of ionization threshold. For the “burning D/T plasma” in ITER, 
important ions are D2

+ and He+. These two species of m/z ≅ 4 are apart 
by about 0.02 amu making their m/z separation possible only in dedi-
cated high-end QMS systems. However, the ionization threshold of D2 is 
~15.5 eV while the one of He is ~24.6 eV [15]. Thus, selective detection 
of D2 and He is possible if the kinetic energy of the ionizing electrons can 
be varied below and above 25 eV, which is the case for most of recent 
common QMS (also known as residual gas analyzers – RGAs). Quanti-
fication of He and D2 within a binary mixture is possible thanks to a 
dedicated calibration method which accounts for practical aspects 
beyond the difference of the ionization cross sections of the two species. 
The calibration method used so far [2,5] consists in setting successive 
pure D2 constant pressures (so-called plateaus) and in determining the 
function that links the D2 signal at two electron energies across the 
ionization threshold of He. Such calibration allowed recent laboratory 
experiments to evaluate He and D retention following simultaneous or 
sequential implantations of D and He ions in W samples with Temper-
ature Programmed Desorption [11,16]. To the best of our knowledge, 
EAST has been the first tokamak to use such calibrated TIMS detection to 
monitor the evolution of D2 outgassing during He plasma cleaning of 
plasma facing components [5] with a time resolution of ~10 s. 

In this paper, we present another application of TIMS allowing for 
the simultaneous analysis of D and He outgassing from a tokamak 
plasma discharge with sub-second temporal resolution. In section 2.1, 
we present the He changeover experimental campaign in WEST. In 
section 2.2, we describe a new TIMS calibration method allowing for the 
analysis of the variation of the D/He gas balance concomitant with the 
pressure variation occurring in the discharge and after its termination i. 
e. in the post-discharge. In section 2.3, we stress the importance of 
having a gas tracer (here the HD isotopologue) in order to correct for 
QMS sensitivity drifts within an experimental campaign. In section 3.1, 
we estimate the precision and limitation of TIMS during the plasma 
discharge and in the post-discharge. In section 3.2, we present the first 
observation of different outgassing behaviors for He and D in W plasma 
facing components, a feature only possible because of the time resolu-
tion achieved presently. In section 3.3, we analyze the gas balance 
evolution during the WEST He changeover campaign and compare it 
with a macroscopic rate equation model describing D outgassing from 
the divertor strike points. This way we pinpoint the most likely mech-
anisms at the origin of the different outgassing behavior for He and D 
and we suggest further experimental studies in WEST. 

2. Methods 

2.1. He changeover campaign in WEST 

The first D-to-He and He-to-D changeover experiments in WEST have 
been carried out over 200 discharges cumulating up to 975 s of He 
plasma. The main plasma parameters were a plasma current ranging 
from 0.5 to 0.7 MA, a toroidal magnetic field of 3.7 T, a lower single null 
magnetic configuration from ohmic to auxiliary heating by the lower 
hybrid (LH) system up to 3.0 MW and discharge durations up to 20 s 
(discharge number #55326). The reported experiments have been per-
formed over three experimental days, starting with a device fully 
commissioned in D and moved to “pure” He plasmas (26 He discharges 
from #55243 to #55269) followed by 4 hours of He glow discharges 
conditioning (GDC) during the night. The second day (#55270 to 
#55302) started in He, followed by a changeover from He-to-D and D-to- 
He (#55288 to #55297 in D) while He GDC were once again applied 
during the night prior to the last experimental day. The final session 
comprised 23 discharges in He. 

The associated TIMS measurements of the He and D gas balance were 
performed with a QMS manufactured by Hiden Analytical (DLS-1) and 
installed in the outer mid-plane in the main pumping port of the 
tokamak vessel. The QMS is equipped with two ionization filaments (for 
improved productivity) and only one is used at all times. The electron 
energy resolution of this QMS was 0.5 eV with a sampling rate below 
100 ms. For the present campaign, eight m/z channels were recorded. 
The first three channels were dedicated to the detection of the three 
hydrogen isotopologues H2, HD and D2 at m/z = 2,3 and 4, respectively, 
using an electron energy of 23 eV. The next three channels were dedi-
cated to the detection of the three hydrogen isotopologues and He using 
the same m/z but with an electron energy of 50 eV. Additionally, m/z =

6 was selected to control the presence of D+
3 and m/z = 28 was measured 

to check for the presence of N2, as it was used occasionally in the early 
plasma phase (0–3 s) to ease the plasma formation. These 8 channels 
were measured every 685 ms. 

Fig. 1 shows the raw QMS data of the reference D plasma discharge 
#55242. This discharge is the last one performed in WEST with plasma 
facing components virgin of any He exposure. One can see the expected 
abundancy of hydrogen isotopologues in a D operated tokamak with D2 
> HD > H2. Although N2 has been injected (0.62 Pa.m3) in the early 
phase of this plasma, no trace of N2 was detected in the discharge or in 

Fig. 1. Raw QMS data employing two electron ionization energies for TIMS 
measurements during the reference D discharge #55242. The plasma discharge 
is delimited by its breakdown and its termination. The post-discharge is defined 
after plasma termination. Eight channels are employed to record every 685 ms 
the following species: H2, HD, D2, He, D+

3 and N2/CO. 
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the post-discharge i.e. injected nitrogen was trapped in plasma facing 
components [17]. One can detect a significant signal for D+

3 in the post- 
discharge, consistent with the pressure in the pumping duct where the 
QMS is located. 

2.2. TIMS calibration using a deuterium reference discharge 

As explained in the introduction, the calibration of TIMS is realized 
by determining the function that transforms the QMS signal for D2 below 
the ionization threshold of He into the D2 signal above the He threshold. 
Fig. 2a shows how this calibration is realized during the reference D 
discharge #55242: one plots the ratio of m/z = 4 signals recorded at 50 
eV and 23 eV electron energies as a function of the D2 signal at 23 eV, the 
obtained curve being used to adjust the calibration function F50/23

m/z=4. This 
reference “pure” D discharge has been used to calibrate the QMS 
response to the D2 species since the pressure variation during the plasma 
breakdown, the plasma discharge and the post-discharge conveniently 
sweep the pressure range in which the QMS will be used in the He 
changeover campaign. It is found that the value of F50/23

m/z=4, initially of the 
order of the expected ionization cross section ratio for D2 of 2.1 [15], 
increases up to a value of 4 along the two-to-three orders of magnitude 
excursion of the QMS signals at m/z = 4. Thus, F50/23

m/z=4 is not a constant 
function but instead a non-linear function. This is in contrast with lab-
oratory D2 calibration experiments performed below 10-4 Pa [11] but in 
agreement with tokamak calibration experiments performed with D2 
plateaus to higher pressures [5]. 

We account for the non-linearity of the QMS response with pressure 
by using a non-linear function adjustment of F50/23

m/z=4 (Fig. 2a). With this 
adjustment, the contribution from He species on the QMS signal at m/

z = 4 as well as the He partial pressure can be evaluated. The evaluation 
of the He partial pressure PHe is made with the following equation 

PHe =
[
P50eV

m/z=4 −
(

P23eV
m/z=4 × F50/23

m/z=4

) ]
×

σ50eV
D2

σ50eV
He  

with P50eV
m/z=4 the raw m/z = 4 signal measured at 50 eV and 

(
P23eV

m/z=4 ×

F50/23
m/z=4

)
the evaluation of the D2 signal contributing to the m/z = 4 signal 

measured at 50 eV. Thus, the term in brackets is the evaluation of the He 

signal contributing to the m/z = 4 at 50 eV. The multiplying factor 
σ50eV

D2
σ50eV

He 
is 

the ratio of ionization cross sections at 50 eV electron energy for D2 and 

He [15]. It allows to correct for the different gauge sensitivity of the two 
species and thus it transforms the term in brackets into a He partial 
pressure that can be quantitatively compared to the D2 partial pressure, 
defined as 

PD2 = P23eV
m/z=4 × F50/23

m/z=4  

and to the HD partial pressure simply determined with 

PHD = P50eV
m/z=3  

where P50eV
m/z=3 is the raw m/z = 3 signal measured at 50 eV. 

Then, we define the He balance as 

He
He + D

=
PHe

PHe + PHD + 2 × PD2  

and finally the D balance as 

D
He + D

=
PHD + 2 × PD2

PHe + PHD + 2 × PD2 

Using this methodology on the D reference discharge #55242, we 
find that D contributes to 100 ± 1% of the outgassing balance, consistent 
with the fact that this discharge is performed on plasma facing compo-
nents that have never been exposed to He flux. 

We checked the consistency of our calibration procedure for the 
evaluation of D2 from m/z = 4 at 50 eV by applying it to the m/z = 3 
signal related to HD. For the D reference discharge #55242, we found 
that the measured m/z = 3 signal at 50 eV can be reproduced from the 
m/z = 3 signal at 23 eV using the calibration function F50/23

m/z=4 only if a 

constant multiplication factor (1.17, here) is applied, i.e. F50/23
m/z=3 ≅

1.17× F50/23
m/z=4. The need for a constant multiplication factor translates 

the fact that the two calibration functions are not superimposed but are 
parallel to each other when defined as a function of partial pressure 
(Fig. 2a). A difference of 17% between F50/23

m/z=3 and F50/23
m/z=4 cannot be 

related to an isotopic effect in ionization cross sections since it has been 
measured to be smaller than 3% for H2 and D2 [18]. Instead, we found 
that the origin of this 17% difference in calibration functions is related to 
the way we define them i.e. as a function of partial pressures. Indeed, it 
is the total pressure during the D reference discharge that truly de-
termines the pressure evolution of the calibration functions, as demon-
strated in Fig. 2b, not the partial pressure. This observation suggests that 

Fig. 2. Evolution of the ratio of signals measured at 50 eV and 23 eV, for m/z = 3 and m/z = 4, as a function of partial pressure (a) and as a function of total pressure 
(b) for the reference D discharge #55242. The calibration function F50/23

m/z=4 for evaluating D2 at 50 eV from D2 measured at 23 eV is adjusted as a function of the partial 
pressure on the signal m/z = 4 (a). Crossed red symbols are not used in the calibration function adjustment and are related to rapidly changing pressure at plasma 
breakdown and plasma termination. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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the origin of the variation of the calibration functions with pressure is 
related to the ionization head of the mass spectrometer, where all spe-
cies are ionized, rather than to its mass filter or its electrometer where 
only mass-over-charge selected ions are located. Consistent with this 
interpretation, we observed that switching the ionization filament of the 
QMS changes significantly the calibration function F50/23

m/z=4 and its evo-

lution with partial pressure (F50/23
m/z=4 varies between 6 and 7 with the 

second filament). However, it is not possible to use a calibration function 
defined as a function of total pressure since, during the D-to-He 
changeover campaign, the total pressure cannot be determined with the 
QMS because He and D2 have different ionization cross sections and 
their balance in the outgassing flux is unknown a priori. Nevertheless, 
the use of the calibration functions F50/23

m/z=4 and F50/23
m/z=3, defined as a 

function of partial pressures, should be good approximations as long as 
the HD/D2 isotopologues ratio remains relatively constant. We analyzed 
the first 110 s of all post-discharges reported here, excluding a 3 s “dead- 
time” explained in the next section, and found that the isotope ratio H/ 
(H + D) for HD/D2 species in the post-discharge is 27 ± 8% throughout 
the presented experimental campaign, granting the use of F50/23

m/z=3 =

1.17× F50/23
m/z=4. 

Finally, we evaluated the uncertainty coming from the use of cali-
bration functions defined on partial pressures by calculating the relative 
difference between the measured HD partial pressure P50eV

m/z=3 and the 

evaluated HD partial pressure P23eV
m/z=3 × F50/23

m/z=3 during the D reference 
discharge #55242. We found that the relative error originating from the 
calibration function remains within ± 5% in the first 100 s after plasma 
termination. 

2.3. TIMS during tokamak operation: Calibration drifts and limitation 
from rapidly changing pressure 

We also used the calibration function F50/23
m/z=3 determined for m/z = 3 

to check for the stability of the calibration along the WEST He change-
over campaign. We found that the response of the QMS signal drifts in a 
systematic manner depending on the species used for the plasma 
discharge. This observation was realized by plotting for each discharge 
the m/z = 3 signal at 50 eV together with its evaluation from the signal 
at 23 eV using F50/23

m/z=3. As analyzed and shown in Fig. 3, it was found that 

F50/23
m/z=3 was gradually reduced by a constant factor as the He plasma 

discharges accumulated. Then the calibration function came back slowly 
close to its initial value as D plasma discharges were performed. Finally, 
the calibration function was reduced again when resuming He plasma 
discharges. We suggest that the apparent reversibility of the calibration 
function variation upon plasma species could be a chemical effect. 
Indeed, deuterium is a chemically reducing species and it might remove 
contaminants such as oxygen or carbon from the ionization head ele-
ments thereby changing the filament emission and/or modifying actual 
electrical potentials on ion extraction electrostatic lenses. Independently 
of the origin of this variation in the calibration function, we were able to 
use this systematic analysis of the drifts of the calibration function F50/23

m/z=3 

to counteract them for the evaluation of the He/D gas balance using 
F50/23

m/z=4. For each plasma discharge, F50/23
m/z=3 gives a correction factor (≤1 as 

shown in Fig. 3) with respect to the reference discharge #55242. By 
multiplying F50/23

m/z=4 with this correction factor determined from m/z = 3, 
one obtains a He (and a D) gas balance that always fit nicely in the 
0–100% range. The results presented in the next section include this drift 
correction. 

Finally, Fig. 2a shows that the adjustment of the non-linear cali-
bration function of the QMS response deviates from the actual response 
when reaching the highest partial pressures. In particular, one can see 

that F50/23
m/z=3 and F50/23

m/z=4 increase when increasing the QMS signal until 
they turn around and goes suddenly to high values for decreasing QMS 
signal (red crossed symbols in Fig. 2a and 2b). This odd behavior is 
related to rapidly changing pressures (on a time scale smaller than the 
sampling period of 0.685 s) by two orders magnitude during plasma 
breakdown and termination, respectively ranging from typically 10-5 Pa 
to 10-3 Pa. This can represent a limitation of TIMS during tokamak 
operation. In the current experiment, such pressure peaks create a 
“dead-time” for the accurate D/He gas balance estimation of about 2 s. 
This dead-time manifests itself as a He “ghost peak” whose amplitude is 
about 10% of the D2 real signal (Fig. 4). We chose to not correct this He 
ghost peak in the present article but it may be accounted for in future 
studies. 

Fig. 3. Variation of the calibration function F50/23
m/z=3 with respect to the reference 

D discharge #55242. This variation is sensitive to the species used for plasma 
discharge. The red areas indicate D discharges while the blue areas represent He 
discharges. The variation of F50/23

m/z=3 with discharge number is used to correct 

F50/23
m/z=4 allowing a He and D gas balance that always fit in the 0–100% range. 

(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 4. In the reference D discharge used for calibration of the D2 evaluation at 
50 eV (#55242), a He “ghost peak” lasting about 2 s is erroneously evaluated 
just after the rapid pressure rise due to plasma termination (at a time of ~ 26 s). 
A similar ghost peak can be seen also at plasma breakdown around 0 s. 
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3. Results and discussion 

3.1. Estimation of the uncertainty in measuring He and D traces during 
plasma discharges and post-discharges 

As can be seen in Fig. 1, the typical pressure (although in arbitrary 
units) at the QMS during a discharge is about 100 times less than at the 
plasma termination. Thus, using a QMS with TIMS for determining a 
discharge gas balance containing species of identical masses is not a 
straightforward task. We found that in the best case (first He discharge 
#55243, with the highest pressure at the QMS of all He discharges), an 
absolute uncertainty of the order of ± 0.09 (evaluated as the standard 
deviation of the mean, ±σ) is obtained on the minority species (He) 
balance during the discharge (39%), i.e. a 25% relative uncertainty. 
However, the uncertainty rises quite rapidly as the pressure at the QMS 
decreases with the absolute uncertainty doubling when the pressure 
decreases by a factor of five in the present conditions i.e. relative un-
certainties on the minority species (e.g. D2 in #55250) become higher 
than 50%. Thus, TIMS appears to not be an adequate method for gas 
balance during plasma discharge, except close to the divertor region 
where large gas recycling occurs at plasma facing components such that 
sufficient pressure rise is obtained in the area where gases are sampled 
for QMS detection. 

Regarding the post-discharge, absolute uncertainties are substan-
tially reduced given the more favorable pressure conditions for applying 
TIMS following plasma termination. As shown in Fig. 5, for the first ten 
of He discharges we measured an absolute uncertainty on the D balance 
five seconds after the termination of the discharge comprised in the 
range ofσ5s = 0.01–0.06 corresponding to the range of relative un-
certainties 1–17%. Fifty seconds in the post-discharge the absolute un-
certainties are within σ50s = 0.01–0.06 corresponding to the range of 
relative uncertainties 1–6%. After 30 discharges and an overnight He 
GDC of four hours, the range of relative uncertainties on the D balance is 
still within 1–20% as long as the D absolute balance is above 5%. Only 
after about 50 discharges and 2 four hours He GDCs vessel conditioning, 
the QMS signal for m/z = 4 at 23 eV becomes weak and relative un-
certainties on the D balance are above 20% fifty seconds after the 
termination of the discharge. Thus, in the present WEST He changeover 
campaign, TIMS is sufficiently sensitive to study systematically the ef-
fect of He plasma onto the relative gas balance of D and He species 

originating from tungsten plasma facing components. 

3.2. First observation of different outgassing behaviors for He and D in a 
full-W tokamak 

In Fig. 5 we present the D gas balance along the He changeover 
campaign in the post-discharge, at two different times after plasma 
termination, 5 s and 50 s. Fig. 5 shows that it takes about 20 He dis-
charges to remove D from the beginning (5 s) of the post-discharge. 
However, Fig. 5 shows also that, although only 9 D discharges were 
run during this period, after 74 He discharges and 2 overnights He GDCs 
there is still about 50% of D in the outgassing flux 50 s after the 
termination of the discharge. This observation results from two main 
differences in the He and D outgassing behavior in a full-W tokamak, as 
demonstrated in the following. The first difference is illustrated in 
Fig. 6a which shows the He/D balance for a disrupted He ohmic 
discharge (#55253, 0.5 MA current), i.e. a discharge abruptly termi-
nated because of an uncontrolled loss of confinement. One can observe 
that in this case the He outgassing decays within 60 s down to the 
detection limit. However, the D outgassing decay is at least ten times 
slower with more than 600 s needed to reach detection limit, even 
though the initial pressure rise for D species was smaller than that for 
He. The second difference is illustrated in Fig. 6b that presents the He/D 
balance for a He ohmic discharge (#55257, 0.5 MA current) with a 
controlled quiescent termination. In addition to the same slower decay 
for D species than for He, one observes that the D species maximum 
outgassing is delayed by about 11 s from the plasma termination while 
He maximum outgassing occurs at plasma termination. The comparison 
of these two discharges ending either by an abrupt disruption or with a 
quiescent “landing” shows that the time behavior of the He outgassing is 
the same. However, the observation of a delayed D fuel outgassing for a 
quiescent termination, representing 20 times the QMS sampling rate, is 
striking. Such delayed outgassing may be explained by at least two 
mechanisms. Either D retention occurs deeper than He in the bulk of 
plasma facing components (and co-deposited layers) and thus D is out-
gassed later than He because of a longer particle diffusion in the bulk; or 
D retention and subsequent outgassing may occur in area away from the 
strike point region because of thermal diffusion. 

3.3. Investigation of the origin of a delayed D outgassing during the D-to- 
He changeover campaign 

In order to better pinpoint the origin of the delayed outgassing for D 
following the quiescent termination of a He discharge, we analyzed the 
evolution of the time delay for reaching the maximum D outgassing 
(Fig. 7) as well as the evolution of the maximum D outgassing flux 
(Fig. 8) for the first 60 discharges of the He changeover campaign. In 
these 60 discharges, about 40 were abruptly terminated (so called 
“disrupted”) and about 20 had a quiescent termination and each 
termination type is populated with ohmic and Lower Hybrid (LH) cur-
rent drive discharges. First, Fig. 7 shows that D outgassing is delayed by 
10 s or more only for quiescent He plasma terminations, i.e. not dis-
rupted, independently of the heating scheme (ohmic or LH) and this 
delay can be as large as 40 s. Second, Fig. 8 shows that the maximum D 
outgassing flux is decreasing almost monotonously on several orders of 
magnitude with increasing the discharge number. 

The characteristic of a quiescent discharge termination is to keep the 
exhaust power located in the vicinity of the strike points on the divertor 
plasma facing components where most of the plasma wall interaction 
(recycling region) occurs during the discharge. In contrast, for a dis-
rupted discharge the loss of confinement induces simultaneous thermal 
loads on many plasma facing components out of the strike point regions. 
Thus, on one hand, the immediate D outgassing for disrupted discharges 
can be understood as the results of simultaneous thermal loads on many 
plasma facing components far from the strike points that consequently 
outgassed in synchrony. On the other hand, the increasingly delayed D 

Fig. 5. Deuterium gas balance as a function of the discharge number deter-
mined at two different times after the plasma termination: 5 s (red solid circles) 
and 50 s (red open squares). The red areas indicate D discharges while the blue 
areas represent He discharges. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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outgassing observed for successive quiescent discharge terminations 
could be related to two different mechanisms: a D outgassing occurring 
mainly in (remote) areas away from the strike points i.e. the delay is 
related to thermal diffusion across plasma facing components; or a D 
outgassing from the strike points that gradually originates from deeper 
in the materials’ bulk. In order to identify which of these two in-
terpretations explains the observed delayed D outgassing for quiescent 
plasma terminations, we simulated the D outgassing from the divertor 
strike points with the following setup. 

A Macroscopic Rate Equation (MRE) model implemented in the code 
MHIMS [19] is used to calculate the deuterium outgassing flux from the 
W divertor strike points. The divertor material is simulated as a 15 µm 
thick slab (corresponding to the thickness of the W coating on inertial 
graphite divertor plasma facing components). On the plasma facing side, 
a Dirichlet boundary condition (BC) is applied for the diffusive (mobile) 
deuterium, cm = 0 i.e. the desorption of D arriving at the surface is 
instantaneous. On the opposite side, a Neumann BC is considered for the 

diffusive particles ∂cm
∂x = 0 to prevent desorption from the graphite sub-

strate side. The energetics determining the trapping, the detrapping and 
the diffusion of D in W are taken from the literature at the level of the 
Density Functional Theory (DFT), since recent laboratory experiments 
on polycrystalline and single crystal tungsten have been successfully 
reproduced with such MRE-DFT setups [20,21]. The diffusion coefficient 
of D in W is calculated from Fernandez et al. energetics [22], while the 
energetics of bulk defect D trapping sites (eventually with co-trapped 
He) are taken from Bakaev et al. [23]. Detrapping energies Edt,i are 
calculated by adding the energy barrier for the diffusion (0.2 eV) to the 
binding energies calculated by Bakaev et al. Five different D trapping 
sites are considered and summarized in Table 1. The two grain bound-
aries traps have a high and constant homogeneous density in order to 
describe the microstructure expected from the W coating. These two 
traps are where the deuterium from the D reference discharge #55242 
will initially trap. Then, three additional traps are used, He decorated 
vacancies, screw and edge dislocations, to describe the effect of He 

Fig. 6. He and D2 evaluation in the post-discharge of two ohmic discharges (0.5 MA current), one being disrupted (a) and the other having a quiescent termina-
tion (b). 

Fig. 7. Time delay at which the maximum of D outgassing is measured after 
plasma termination as a function of discharge number. The red areas indicate D 
discharges while the blue areas represent He discharges. Ohmic discharges are 
indicated within white arrows while other discharges are Lower Hybrid current 
drive discharges. Quiescent discharge terminations are represented by red solid 
circles. Disrupted discharges are indicated by red open squares. MHIMS simu-
lations of the D outgassing of the strike points are shown by black stars. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 8. Higher panel: maximum D outgassing flux measured after plasma 
termination as a function of discharge number (normalized to the maximum D 
outgassing flux of the first He discharge #55243). Quiescent discharge termi-
nations are represented by red solid circles. Disrupted discharges are indicated 
by red open squares. MHIMS simulations of the strike points D outgassing are 
shown by black stars. Lower panel: extent of the temperature sweep experi-
enced by the strike points (blue bar) as measured by thermocouples embedded 
in W-coated divertor plasma facing components. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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implantation on the W microstructure and the corresponding additional 
D trapping and detrapping in presence of He. These He-decorated de-
fects are located in the first 100 nm of the bulk (subsurface), as it has 
been observed following stellarator He discharges as well as linear 
plasma He exposure [11,24]. Furthermore, the He-decorated defects 
densities increase with successive He discharges, as it has been observed 
with ion beam experiments [25], thanks to the trap creation model 
recently implemented in MHIMS [26]. 

The W divertor strike points simulation is initiated, either with a bulk 
free of deuterium or with a bulk full of deuterium (i.e. D is located at the 
grain boundaries). These two different initializations are used to deter-
mine the error bars interval of D outgassing flux shown in Fig. 8. The D 
reference discharge #55242 is simulated with a deuterium impinging 
flux of 1022 D.m− 2.s− 1 at 50 eV/D. Then, the He discharges from #55243 
to #55267 are simulated with the trap creation model. D outgassing 
during the whole #55242-#55267 discharge (and post-discharge) series 
are simulated using temperature measurements performed at the strike 
points area in WEST. The maxima of D outgassing are dictated by the 
temperature sweeps experienced by the W divertor strike points because 
of the thermal loads of D and He discharges, indeed. Thus, we used 
WEST embedded thermocouples in inertial W-coated plasma facing 
components to estimate the surface temperature at the strike points [27] 
during the discharge and post-discharge series and feed this thermal 
information in the MHIMS code. Eight of the twenty thermocouples (4 in 
the inner strike points area and 4 in the outer strike points area) are used 
to run separate MHIMS simulations. The D outgassing from these 8 
simulations are summed up to have an estimation of the total D out-
gassing from strike points of the W-coated divertor plasma facing com-
ponents in the He post-discharge. To ease the comparison, the 
outgassing flux evolution of the simulation and the experimental 
campaign are normalized to the results obtained for the first He 
discharge #55243. 

Fig. 7 shows that the simulated delay in D outgassing at the strike 
points is 2 ± 0.5 s, independently of the plasma termination type. This 
simulated delay corresponds to the delay observed for the first He 
discharge #55243, which has a quiescent termination on the strike 
points. The simulated D outgassing delay also matches the ones observed 
for disrupted He discharges where various areas of plasma facing com-
ponents are heated simultaneously because of the uncontrolled termi-
nation. However, the simulated D outgassing of the strike points fails to 
reproduce the increased delay observed for the later successive quies-
cent termination. This discrepancy can be understood by comparison of 
the simulated and experimental D outgassing flux. Fig. 8 shows that the 
simulated D outgassing flux from the strike points decreases by almost 4 
orders of magnitude as the He discharges accumulate. In stark contrast, 
the experimental D outgassing flux decreased only by 2 orders of 
magnitude between the He discharges #55243 and #55267. The fact 
that experimental outgassing flux for the second quiescent discharges 

and the next ones are 1 to 2 orders of magnitude higher than the 
simulated strike points outgassing flux demonstrates that not only the 
striking points are outgassing but also other areas of the divertor during 
quiescent discharges. Thus, Fig. 8 shows that D outgassing from remote 
areas become rapidly predominant. Since Fig. 7 shows that modeled 
strike points D outgassing cannot reproduce the delay observed exper-
imentally for successive quiescent discharges termination, we conclude 
that the observed delayed outgassing for quiescent plasma terminations 
is a signature of remote areas being slowly heated by thermal diffusion. 
Therefore, inertially-cooled W-coated components and/or deposition 
area should be culprits that explain the delayed D outgassing observed 
for quiescent He plasma terminations. 

4. Conclusions 

In the present study, we took advantage of the He changeover 
campaign in WEST to perform the first D/He gas balance during ohmic 
and LH discharges in a full-W tokamak using TIMS. A new calibration 
method for TIMS has been tested and the “operational domain” of TIMS 
during a real tokamak operation has been highlighted. The use of the 
ubiquitous HD isotopologue during a D discharge has been proposed to 
correct some shortcomings observed with the mass spectrometer used in 
TIMS measurements. Future application of TIMS could improve the time 
resolution of the method. With the present mass spectrometer configu-
ration, a time resolution of less than 350 ms could be obtained if one 
would limit the TIMS measurements to the HD, D2 and He species. Such 
improved time resolution could help to find ways to correct the dead- 
time of ca. 2 s of the TIMS method related to the rapidly changing 
pressure at plasma breakdown and plasma termination. 

The TIMS analysis of the WEST He changeover campaign highlighted 
several differences in outgassing behavior for the He and D species 
during the post-discharge. First, the D species are outgassed for duration 
10 times longer than for He. Second, the D species outgassing maximum 
can be delayed by tens of seconds with respect to plasma termination 
and He maximum outgassing if the plasma does not disrupt. The latter 
behavior has been seen for both ohmic and LH heating schemes. By 
comparing the experimental observations with a macroscopic rate 
equation model describing D outgassing from the divertor strike points, 
we interpret the delayed outgassing of D as the signature of thermal 
diffusion across inertially-cooled plasma facing components and/or 
thermally weakly coupled deposition area. It would be interesting to 
probe how the intensity of the delayed D outgassing will evolve when 
more actively-cooled W units will be installed in the WEST tokamak. 
These evolutions may help to better understand the role of deposition 
area in the dynamic retention and outgassing of fusion fuel in tokamaks. 
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Table 1 
Summary of the defect trap types that are used in the simulation of D outgassing 
from tungsten divertor strike points during He discharges and post-discharges. 
Detrapping energies and (maximum) density used in the MRE-DFT model are 
indicated together with a comment about the time evolution and spatial distri-
bution of the trap densities.  

Defect Edt,i(eV)  ni(at. fr.)  Defect density 

Grain boundary Σ3 〈110〉
{111}  

1.3 10− 3 constant and 
homogeneous 

Grain boundary Σ3 〈110〉
{112}  

0.85 10− 3 constant and 
homogeneous 

Vacancy + He  1.2 5 × 10− 3 

(max) 
varying at the 
subsurface 

Screw dislocation + He  1.0 10− 2 (max) varying at the 
subsurface 

Edge dislocation + He  1.3 10− 2 (max) varying at the 
subsurface  
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C. Martin, T. Angot, L. Gallais, M.-F. Barthe, C.S. Becquart, S. Markelj, 
J. Mougenot, C. Grisolia, R. Bisson, Retention and release of hydrogen isotopes in 
tungsten plasma-facing components: the role of grain boundaries and the native 
oxide layer from a joint experiment-simulation integrated approach, Nucl. Fusion 
57 (7) (2017) 076019, https://doi.org/10.1088/1741-4326/aa6d24. 

[21] F. Ghiorghiu, M. Minissale, E.A. Hodille, C. Grisolia, T. Angot, R. Bisson, 
Comparison of dynamic deuterium retention in single-crystal and poly-crystals of 
tungsten: The role of natural defects, Nucl. Instrum. Methods Phys. Res. Section B: 
Beam Interactions Mater. Atoms 461 (2019) 159–165, https://doi.org/10.1016/j. 
nimb.2019.09.032. 

[22] N. Fernandez, Y. Ferro, D. Kato, Hydrogen diffusion and vacancies formation in 
tungsten: Density Functional Theory calculations and statistical models, Acta 
Materialia 94 (2015) 307–318, https://doi.org/10.1016/j.actamat.2015.04.052. 

[23] Alexander Bakaev, Dmitry Terentyev, Evgeny E. Zhurkin, Ab initio study of the 
stability of H-He clusters at lattice defects in tungsten, Nucl. Instrum. Methods 
Phys. Res. Section B: Beam Interactions Mater. Atoms 478 (2020) 269–273, 
https://doi.org/10.1016/j.nimb.2020.06.033. 

[24] E. Bernard, R. Sakamoto, N. Yoshida, H. Yamada, Temperature impact on W 
surface exposed to He plasma in LHD and its consequences for the material 
properties, J. Nucl. Mater. 463 (2015) 316–319, https://doi.org/10.1016/j. 
jnucmat.2014.11.041. 

[25] H. Iwakiri, K. Yasunaga, K. Morishita, N. Yoshida, Microstructure evolution in 
tungsten during low-energy helium ion irradiation, J. Nucl. Mater. 283–287 (2000) 
1134–1138, https://doi.org/10.1016/S0022-3115(00)00289-0. Part 2. 

[26] E.A. Hodille, S. Markelj, T. Schwarz-Selinger, A. Založnik, M. Pečovnik, 
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