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Fast Ejecting System of Targeted sAmple called FESTA has been developed to carry out the measurement of
dynamic hydrogen retention by a test sample. A sample can be exposed and extracted from the targeted plasma at
any time using FESTA, however, when exposing the sample, the test chamber wall gets coated by some hydrogen
as it is open to the QUEST vacuum vessel. We refer to this as the plasma-induced background. To measure the
amount of hydrogen retained by the sample itself, the contribution from the plasma induced background must be
subtracted from the measurements. To measure the accurate dynamic retention from plasma-exposed sample, a
background subtraction model has been developed and tested. The initial testing shows that the FESTA system
and model can estimate the dynamic hydrogen retention by a target test sample.
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1. Introduction
It is important for tokamaks-based experiments to

demonstrate steady state operation (SSO) to realize eco-
nomical nuclear fusion power generation. To reduce the
amount of wall-stored tritium which is used as a fuel in
nuclear fusion reaction and because tritium is radioac-
tive, metals such as tungsten are now being adopted for
plasma facing wall (PFW) components, instead of car-
bon which has been used in many earlier tokamak experi-
ments [1,2]. Recently, it was reported that there was a dra-
matic reduction in wall-stored fuel particles during ITER-
like wall (ILW) experiments using such metallic PFWs in
JET [3–6]. Such a reduction of wall-stored fuel particles
clearly indicates that dynamic retention of fuel particles by
the vessel walls greatly enhances fuel recycling and plays
a significant role in fuel particle balance.

QUEST (Q-shu University Experiment with Steady
Spherical Tokamak) is equipped with all metallic [1, 7, 8]
and temperature-controlled PFWs, and has the capability
to achieve steady-state operation during long-discharges
lasting more than one hour [1]. In QUEST experiments,
it is found that a redeposited layer of several tens nm in
thickness due to plasma wall interaction (PWI) also plays
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a critical role in fuel particle balance [9, 10].
So far, static retention has been quantitatively mea-

sured in QUEST [11], and dynamic retention was in-
directly measured by nuclear reaction analysis (NRA)
for plasma-exposed specimens [9, 12–15]. In the NRA
method, the exposed sample is shipped to an external facil-
ity and bombarded by an ion beam for analysis [15]. This
may not adequately reflect what happens in a tokamak ex-
periment in which the walls are impacted by energetic hy-
drogen atoms. The data on dynamic retention by a wall
facing a high temperature plasma is obtained as a global
value, and it is difficult to understand the retention prop-
erties of the wall in relation to the surface conditions such
as the thickness of redeposited layer. For a more realistic
understanding of the properties of the redeposited layer, it
would be better to conduct an in-situ analysis of a targeted
sample exposed to the tokamak plasma.

In support of such an analysis, the FESTA system
(Fast Ejecting System of Targeted sAmple) has been de-
veloped. In this system, a sample exposed to the QUEST
plasma is withdrawn into a mechanically isolated cham-
ber and its hydrogen retention properties measured im-
mediately after the conclusion of a plasma experiment.

In this research, the programmable operation of the
FESTA system using a LabVIEW software interface is
tested to assess if the FESTA system can support plasma
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Fig. 1 Schematic of FESTA.

experiments, including in-situ sample analysis. One of the
first observations was that the test chamber wall of FESTA
receives a significant impact from plasma-induced H atoms
which have higher energy than molecular H2 gas. A model
for such plasma-induced particles was constructed to es-
timate the unexpected number of H2 particles that were
emitted from the test chamber of FESTA. Finally, the dy-
namic retention from a plasma-exposed sample made of
type SUS316L was quantitatively measured with FESTA.

2. Operation of the FESTA System
As shown in Fig. 1, FESTA is composed of two gate

valves, a test chamber located between the gate valves,
and a telescopic device which is connected to a movable
sample-arm. The movable sample-arm is designed to be
able to pick a sample and to expose it to the plasmas,
and then to extract it quickly at the targeted time. The
gate valves open and close based on signals from the opti-
cal sensors which monitor the sample-arm position. After
the sample-arm has picked a plasma exposed sample and
moved it to the test chamber, the gate valve 2 is closed.
The plasma-exposed sample is left in the test chamber and
then the sample-arm passes through gate valve 1. The test
chamber is isolated by closing gate valve 1. Then, the par-
tial pressure of H2 in the test chamber is monitored with
a quadrupole mass spectrometer (QMS), which provides
the dynamic H2 retention data of the test sample. All the
needed steps are pre-programmed, and a sample analysis
request can be executed as required for an experiment.

3. Experimental Results
3.1 Evaluation of hydrogen retention in

QUEST
The macroscopic particle balance is given by the equa-

tion

dHwall

dt
= Γin − Γout = Γwall, (1)

where Hwall denotes the number of the wall-stored hydro-
gen, Γin is the injected particle flux to the entire wall of
QUEST, and Γout is the emitted particle flux. Γwall is the
amount of particle flux occluded in the QUEST wall.

When the plasma discharge is terminated, the wall in-

Fig. 2 Time evolution of hydrogen flux released from PFWs into
the vacuum vessel.

jected particles disappears, so Γin becomes zero. Finally,
recombined hydrogen molecules are released from the wall
into the vacuum vessel. A part of them (Hvv) stays in the
vacuum vessel and the others (Hpump) are exhausted by the
vacuum pumps. Therefore, Γout can be expressed by

Γout =
dHvv + dHpump

dt
. (2)

When hydrogen flux released by the PFWs reaches its
peak value, the value of dHvv/dt is zero, so Γout equals
dHpump/dt. As shown in Fig. 2, the ion current measured
by the QMS is converted into exhausted flux using a cal-
ibrated flow meter and such a calibration is carried out at
the start and end of every experimental day [1, 9]. The hy-
drogen flux released from the wall of QUEST is about Γout

4.8× 1017 s−1.
The amount of hydrogen particles occluded in the

QUEST wall at the end of the plasma discharge is deter-
mined by integrating the experimental data from Eq. (1),
and it is found to be about NretQ 2.3× 1019. The suffix ‘Q’,
‘C’ and ‘S’ in this paper indicate ‘the QUEST vacuum ves-
sel’, ‘the test chamber’ and ‘sample’, respectively.

3.2 Verification of measurements from
FESTA

Since the test chamber and the QUEST vacuum vessel
are connected during plasma-exposure of the sample, par-
ticles such as H2 and other gases are freely passing through
the gate valve 2. When the gate valve 1 and 2 are closed,
the H2 gas in the test chamber of FESTA leads to back-
ground H2 pressure (NbackgC) which is the sum of the par-
tial pressure from this pre-existing gas and the H2 partial
pressure resulting from the H2 released by the sample. The
background gas in the QUEST vessel (NbackgQ) is about
2.6× 1016, under the assumption that the gas is assumed
to be an ideal gas, their pressures are uniform, and the gas
temperature can be regarded as the wall temperature, so
NbackgC (H2) is

NbackgC = NbackQ
VC

VQ
≈ 9.3 × 1012, (3)

where VC = 5× 10−3 m3 and VQ = 14 m3 are the volume of
the test chamber of FESTA and the QUEST vacuum vessel
respectively. Here, the suffix ‘Q’, ‘C’ and ‘S’ indicate ‘the
QUEST vacuum vessel’, ‘the test chamber’ and ‘sample’,
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Fig. 3 Plot of the number of hydrogen particles injected into the
QUEST vacuum vessel by mass flow (blue trace), and the
amount pumped out (purple trace). The plasma discharge
duration is 1000 s.

respectively. In the FESTA experiment, the background H2

gas content in the test chamber is about 1.5× 1013, which
is nearly the value calculated in Eq. 3. Based on the data
shown in Fig. 3, the amount of hydrogen particles released
from the QUEST vacuum vessel wall NretQ is the difference
between the two traces so the amount (H2) released from
the sample is about:

NretS = NretQ
S S

S Q
≈ 2.2 × 1015. (4)

Where S S = 2.5×10−3m2 and S Q = 26.6 m2are the area
of plasma-exposed sample and plasma-facing surface of
the QUEST vacuum vessel. It could be concluded that
the amount of hydrogen particles released from the sam-
ple NretS is hundred times more than the background H2

content in the test chamber NbackgC, so NbackgC should be
negligible.

Moreover, there also exists an outgassing flux ΓoutC

from the wall of test chamber. Generally, the amount of
gas per unit time released from a vacuum vessel is related
to

ΓoutC − pS pump = V
dp

dt
, (5)

where p is pressure of vessel, S pump is pumping speed of
vacuum pump and V is volume of vacuum vessel. As the
test chamber is isolated during hydrogen pressure mea-
surement, S pump becomes zero. On the other hand, q, the
amount of released gas per unit time per area depends on
the surface conditions and the material, so we estimate us-
ing q for the conventional stainless type SUS304L, q =
2.3× 10−8 Pa ·m3 · s−1 ·m−2 as given in [16]

Γoutc = qS C ≈ 6.7 × 1011 (S−1). (6)

Here, the surface area of the wall of test chamber S C =

0.12 m2, and 1 Pa ·m3 · s−1 ≈ 2.42× 1020 s−1 at the temper-
ature of 300 K are used. In the FESTA experiments, the out
flux released from the test chamber is about 3.6× 1010 s−1,
which is smaller than the theoretical value of ΓoutC =

7.3× 1011 s−1. Since the hydrogen flux released from the

wall of QUEST, ΓoutQ, is obtained from the peak value
shown in Fig. 2, the hydrogen flux released from the sam-
ple is predicted as:

ΓoutS = ΓoutQ
S S

S Q
≈ 4.5 × 1013 (S−1). (7)

ΓoutS is about a hundred times larger than ΓoutC, so ΓoutC is
also negligible. As a result, we expect to be able to mea-
sure dynamic retention released from the targeted sample
using FESTA.

4. Experimental Measurement Using
FESTA

4.1 FESTA experiments
During the 2019 S/S campaign, in the FESTA ex-

periments, plasma discharges were operated at a hot wall
temperature of 473 K. The plasma electron temperature
was around 60 eV and the electron density was about
3× 1017 m−3.

When the sample is exposed to the plasma, the gate
valves 1 and 2 are open and the test chamber and the
QUEST vacuum vessel are connected so that fuel parti-
cles including charge exchange hydrogen atoms go back
and forth through the gate valve 2. The charge exchanged
fuel particles have inherently high energy, so they are eas-
ily absorbed by the test chamber wall. After the isolation
of the test chamber, the wall-stored fuel particles are re-
leased. We call this plasma-induced background.

To remove the plasma-induced background, a mock
operation is performed without sample. The results are
shown in Fig. 4. The plasma discharges are started at t =
0 s. The hydrogen pressure in the test chamber is constant
before closing the gate valves. After the test chamber was
isolated, the hydrogen pressure began to increase. It was
found when measuring hydrogen pressure in the isolated
chamber that there is clear difference in hydrogen pres-
sure for the cases with and without exposure to a plasma
discharge. The green dotted line in Fig. 4 shows the test
chamber pressure when the chamber is not exposed to a
plasma discharge. The large increase in the test chamber
pressure for plasma discharges 39554 and 39555 show that
hydrogen particles were greatly occluded during plasma
discharge by the wall of the test chamber.

4.2 Model to remove the plasma-induced
background

To calculate the plasma-induced background, a model
was developed as shown in the following equations:

VC
dy(t)

dt
= 0.03 × 10−6HW(t)2 + 0.87 gam(t)

+outgas + pump(Vv(t) − y(t))

−wallpump(t)y(t)

(
1 − S W(t)

S W0

)
, (8)

dHW(t)
dt

= 0.13 gam(t) − 0.03 × 10−6HW(t)2, (9)
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Fig. 4 Time evolution of hydrogen pressure measured with
mock operation of FESTA in #39554 (top) and #39555
(bottom). The duration of plasma discharges is shown by
the black solid square line and the time of closing gate
valve 1 and 2 is indicated by the black broken line. The
out gas released from the wall of the isolated chamber
without a plasma discharge is shown by the black dot-
ted line. The red line shows the pronounced outgassing
of the test chamber walls after it is exposed to a plasma
discharge.

dS W(t)
dt

= wallpump(t)y(t)

(
1 − S W(t)

S W0

)
. (10)

Here y(t) is hydrogen molecules per volume in the test
chamber, Hw(t) is hydrogen atoms stored in the test cham-
ber, Sw(t) is hydrogen atoms absorbed on the test cham-
ber walls and Vv(t) is hydrogen molecules per volume in
the QUEST vacuum vessel. gam(t) is the charge exchange
neutral flux from QUEST plasma which is proportional to
Hα intensity IHα that is controlled and kept at a constant
value with a developed feedback system [17, 18] so that
during plasma discharge gam(t) is constant otherwise it
is zero. outgas refers to the outgassing which is always
released from the test chamber wall and it is a constant
during operation of FESTA when it is connected to the
QUEST vessel. pump refers to the conductance between
QUEST vacuum vessel and the test chamber and it is zero
after gate valve 2 is closed. wallpump(t) is the surface ad-
sorption coefficient of the wall of test chamber, and it is
constant when the test chamber is not exposed to plasma,
and zero during plasma exposure. The coefficients in these
equations are obtained by data fitting to the results obtained
from the mock operation as shown in Fig. 5.

It should be noted that the model does not take diffu-
sion into the test chamber material into consideration. This
is because the duration of the FESTA measurement is sig-
nificantly shorter than time constant of diffusion dominant
phenomena. Therefore, we assume the surface density of

Fig. 5 Hydrogen pressure data without sample and model from
the start of plasma discharge to the end of measurement
in #39554 (top) and #39555 (bottom).

Fig. 6 Hydrogen pressure data with sample and model from the
start of plasma discharge to the end of measurement in
#39527. The timing of closing the gate valve 1 and 2
is indicated by the dotted line. The duration of plasma
discharge is shown by the solid line.

fuel particles is proportional to the number of wall-stored
fuel particles Hw(t) and the surface recombination is ex-
pressed by Hw(t)2.

The background model predicts a significant out flux
from the plasma-exposed sample as shown in Fig. 6. The
sample is chemical polished and the duration of plasma-
exposure is 288 s. This indicates that dynamic retention
released from the QUEST plasma-exposed sample can be
measured by using such a background model.

5. Discussion
As described above, FESTA has the capability to di-

rectly measure dynamic retention of prepared samples. In
the experiment reported in the paper, the sample made
from stainless steel type 316L was used. It is well-known
that dynamic retention released from samples with re-
deposition layer is expected to be completely different
from samples without the redeposited layer [9]. Most of
PFWs on QUEST was covered with thin redeposited layer
induced by plasma wall interaction [9, 10]. So, one should
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be able to use the plasma-exposed sample to understand the
fuel particle balance in real fusion experimental devices.
The hydrogen barrier model for metal PFWs has been pro-
posed by K. Hanada [1] and the model should be examined
using FESTA. The procedure for the investigation is as fol-
lows.

The out flux γout released from plasma-exposed sam-
ple per unit area due to surface recombination is the prod-
uct of the recombination coefficient k and the square of
hydrogen atom density C given as follows:

Γout = kC2. (11)

In the hydrogen barrier model [1], in which there is a bar-
rier between the redeposited layer generated by PWI and
the metal material, the hydrogen out flux from the sample
is Γout = γoutS = k

S d2 H2
wall, so Eq. (1) could be solved as

shown,

Hwall =

√
γin

k
S d2

tanh

⎛⎜⎜⎜⎜⎜⎝
√
Γin

k
S d2

t

⎞⎟⎟⎟⎟⎟⎠ . (12)

Using FESTA, it can be confirmed whether the number of
hydrogen particles released matches Eq. (12) by changing
the sample area, material, and the thickness of redeposited
layer. So, it should be possible to examine the validity of
the hydrogen barrier model. In addition, the recombination
coefficient k can also be experimentally determined, which
can contribute to the construction of the dynamic retention
model.

6. Summary
The FESTA system was developed and successfully

tested on QUEST plasma discharges. The LabVIEW con-
trol interface worked well, and the system can now sup-
port experiments on QUEST. During the experiments the
neutral hydrogen pressure contribution from the plasma-
induced background was observed and was found to be
much more complex than expected. To deduct this back-
ground neutral pressure contribution, a model based on out
flux of particles which are caused by the fuel particles oc-

cluded by the wall of test chamber during plasma exposure
was developed using a mock operation of FESTA during
which the empty test chamber was exposed to the QUEST
plasma, and it was found that the model can well-estimate
the plasma-induced background contribution. Finally, we
were able to obtain the dynamic retention of the targeted
sample exposed by the QUEST plasma using FESTA.
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