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This study investigates the influence of tungsten (W) deposition on hydrogen plasma-driven permeation (PDP)
behavior by examining co-deposition of W and hydrogen on a nickel (Ni) substrate. Experiments were performed using
RF plasma sputtering at a substrate temperature of 693 K. The measured hydrogen permeation flux exhibited a transient
peak followed by a steady-state phase, even as the W deposition layer continued to grow. Additionally, doubling the
Ni substrate thickness had no effect on the steady-state flux, indicating that the permeation was limited by surface
recombination processes rather than bulk diffusion. The numerical model was developed to simulate hydrogen

diffusion and surface recombination processes in both the Ni substrate and the growing W layer. As W deposition

changes the surface condition, the recombination coefficient (K,) was expressed as a function of time, which
successfully reproduced the transient peak observed in the experiment. The temporal suppression of K, was attributed
to the initial deposition of W atoms on the Ni surface. Further validation through repeated discharge experiments with
pre-deposited W confirmed that the initial transition from Ni to W was responsible for the peak. These results show
that surface changes such as W deposition strongly affect surface recombination, thereby influencing PDP behavior.
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1. Introduction

In magnetic confinement fusion reactors, hydrogen iso-
topes are expected to permeate from the plasma through the
plasma-facing wall (PFW) to the coolant side [1]. Under-
standing this permeation behavior is critical for improving
fuel utilization and managing tritium inventories. Plasma-
driven permeation (PDP), which occurs due to the bombard-
ment of hydrogen ions and neutral particles injected from the
plasma, is governed by key material parameters such as
hydrogen diffusivity, solubility, recombination coefficient,
trapping energy, and projected range [2]. For tungsten (W), a
primary candidate for the PFW material in next-generation
reactors such as DEMO, these properties have been exten-
sively reported [3—7]. Meanwhile, observations in experimental
reactors have shown that plasma—wall interactions can cause
wall materials to sputter, with the resulting particles redeposit-
ing on the PFW surface to form W-containing co-deposited
layers [8, 9]. Under such conditions, hydrogen isotopes and
sputtered W particles simultaneously impinge on the surface,
leading to concurrent deposition, hydrogen implantation, and
retention. These co-deposited layers are typically characterized
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by high hydrogen retention, porous or defect-rich microstruc-
tures, and complex trap site distributions, which differ markedly
from those of bulk W [10-12]. PDP measurements during
the formation of W-H co-deposited layers have revealed that
the hydrogen transport properties in these layers differ signif-
icantly from those in bulk W [13—15]. In addition, surface
conditions evolve over time due to W deposition, potentially
affecting surface-related parameters such as the surface recom-
bination coefficient (K,). For example, changes in surface
morphology or chemical potential reduce the number of
active adsorption sites, resulting in temporal variations in K,.
Such surface evolution effects warrant further investigation
to evaluate their influence on PDP behavior.

In this study, hydrogen permeation through a metal sub-
strate was measured under simultaneous exposure to hydro-
gen and W particles. Numerical modeling, which considered
hydrogen diffusion and surface recombination processes, was
also conducted to analyze the experimental data. These
experimental and computational approaches were employed
to investigate the influence of W deposition on PDP rates,
with particular attention to the effects of evolving surface
conditions on K,.
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2. Experimental and Calculation Methods

2.1 Hydrogen permeation measurement

The co-deposition of hydrogen and W was performed
using a plasma sputtering device. Hydrogen plasma was gen-
erated by applying a radio frequency power (200 W) to a W
sputtering target in a hydrogen gas environment (40 Pa). A
self-bias voltage of 800 V was applied to the W target to
induce sputtering and recoil at the target by hydrogen ions.
Both hydrogen and W particles are then injected onto a nickel
(Ni) substrate with a diameter of 13 mm and 20 um thickness
(The Nilaco Corp., 99+% purity), as shown in Fig. 1. Ni was
selected as the substrate material because it has a hydrogen
permeability that is 2—3 orders of magnitude higher than that
of W and its hydrogen transport parameters are well estab-
lished, making it suitable for evaluating the effect of W
deposition on PDP behavior. The ion flux and density at the
center of the plasma measured by the Langmuir probe was
7 x 10" ions m™2 s and 1.1 x 10" m™, respectively. Also,
the incident energy of hydrogen particles was estimated to be
480 eV [15]. The permeated hydrogen was measured using a
quadrupole mass spectrometer, calibrated with the hydro-
gen calibration gas (Vacuum Technology Inc.). The Ni sub-
strate was heated by a sheath heater wrapped around the
permeation flange. Substrate temperature was measured by a
thermocouple in contact with the back side of the Ni sub-
strate and controlled at 693 K by a temperature controller.

2.2 Calculation model for the experimental system

The modeling of hydrogen migration in a metal film was
conducted in previous studies [16, 17], but the continuous
increase in film thickness (as observed in our experiment) is
not assumed in these models. In this paper, the calculation
model suitable for our experimental system was prepared as
shown in Fig. 2. In the PDP model of this study, the one-
dimensional diffusion equation in the Ni substrate (Eq. (1))
and in the W deposition layer (Eq. (2)) was solved, and the
permeation flux (I'perm, Eq. (3)) was calculated. It should be
noted that Fig. 2 is a schematic illustration for clarity, and the
thickness ratio of the Ni substrate (20 um) and the W deposited
layer (about 0.3 um after 24 h) is not to scale.
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where x is the position from the back side of substrate [m],
C, is hydrogen concentration at x [atom m™], ¢ is time [s],
Dy, and Dy; are hydrogen diffusivity [m? s™'] in W deposition
layer and Ni substrate, respectively, Ly; represents the thick-
ness of Ni substrate [m] and Ly;,y is the distance from the
back side (x = 0) to the surface of W deposition. The boundary
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Fig. 1. Experimental setup for measuring the permeation flux under
co-deposition of W sputtered particles and hydrogen on a Ni
substrate (QMS: Quadrupole Mass Spectrometer, RP: Rotary
Pump, TMP: Turbo Molecular Pump).
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Fig. 2. Calculation model for the hydrogen permeation in the system
with increasing W deposition.

conditions are applied to three boundaries: plasma and sur-
face of W deposition (Eq. (4)), W deposition and Ni substrate
(Eq. (5)), and back side of Ni substrate and gas phase in the
vacuum side (Eq. (6)).
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Here, I}, is hydrogen incident flux [atom m™ s™'] s
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recombination coefficient [m* s™'] and Sy, n; is hydrogen
solubility [atom m™ Pa®°] of W deposition layer or Ni sub-
strate, respectively. Equations (4) and (6) are the mass bal-
ance equation for hydrogen and Eq. (5) based on Sieverts’ law
implies that the chemical potentials of hydrogen in Ni and W
are equilibrated at the interface (the subscripts of W,i and
Ni,i represent the concentration at the interface of each
material). The thickness of W deposition increased with time
like the experimental system, so Ly, is expressed as a
function of time:

Lyiyw(t) = Ly; + vgt, (7

where vy represents the deposition rate [m s™']. Here, v, is
3.92 x 10> m s! in the apparatus used in this study. Accord-
ing to this deposition rate, the number of the calculation cells
for W deposition was increased for each time step.

3. Results and Discussion

3.1 PDP behavior at 693 K

As shown in Fig. 3, the PDP flux peaked immediately
after the experiment started and reached a steady state after
approximately 12 hours under co-deposition of hydrogen and
W at 693 K. Previous results at other temperatures were also
included for comparison [15], revealing that the PDP behav-
ior observed in this experiment was different from that below
633 K. In a system where PDP is limited by the diffusion rate,
the diffusion distance increases as the thickness of the W
deposition layer increases, resulting in a continuous decrease
in the permeation flux (as observed below 633 K). Therefore,
the observed steady state of the permeation flux at 693 K
indicates that PDP was not limited by the diffusion rate
within the W deposition layer.

Figure 4 illustrates the time variation of the permeation
flux at 693 K as the thickness of the Ni substrate was dou-
bled from 20 to 40 um. It is evident from Fig. 4 that the PDP
behavior remained similar even the substrate thickness was
doubled, the permeation fluxes in steady-state conditions
were the same. Consequently, it was determined that the PDP
rate at 693 K was independent of the diffusion rates within
both the Ni substrate and the W deposition layer. This sug-
gests that the PDP is limited by the surface recombination
rate in the steady state.

3.2 Calculation result
3.2.1 Calculation parameters

The parameters required for the calculations are summa-
rized in Table 1. Hydrogen incident on the Ni substrate con-
sisted of ions and neutral particles, and their incident flux
(I;,e) was difficult to measure directly, thus it was estimated
as follows. According to experimental results, PDP flux at the
substrate temperature of 693 K was limited by the hydrogen
recombination rate on the incident and permeation surfaces
(RR-regime). In the RR-regime at steady state, the perme-
ation flux (I'pern [atom m™ s7']) can be expressed by the fol-
lowing equation [16]:
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Fig. 3. Measurement result of the permeation flux at substrate temper-
ature of 693 K. For comparison, the result of previous study is
shown (633 K, discharge time 11 hours, [15]).
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Fig. 4. Comparison of PDP flux measurements at 693 K for different
Ni substrate thickness.

Table 1. Transport parameters of hydrogen at 693 K used in the calcu-

lation.

Parameter Value at 693 K Ref.
Dy [m?s™] 4.66 x 107° (18]
Syi [atom m™ Pa™*?] 6.83 x 10
KM m*s] 2.19 % 107 [19]
Dy, [m?s7'] 7.45 %107 [13]
Sy [atom m™ Pa™*?] 1.83 x 10%
KY [m*s7] 1.05 x 10 [14]

K?
=—Te (8)
perm K}? + K:' mc

where K:? is the recombination coefficient on the incident
or permeation side [m* s'] and I}, is the hydrogen incident
flux [atom m™ s7']. In the experiment, since the value of
Tperm Was 1.59 x 10" atom m? s/, K. =K” and K = KN,
then I}, was estimated to be 1.67 x 10" atom m 2 s\
3.2.2 Simulation of experimental results

The PDP flux at 693 K was numerically calculated based

on the model described in Sec. 2.2 using the parameters
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listed in Sec. 3.2.1. As shown in Fig. 5, the calculated result
assuming a constant recombination coefficient of W (K,") on
the incident side (denoted as Calc. 1) fails to capture the tran-
sient peak observed in the experimental data. This discrep-
ancy is considered to arise from the assumption that K,
remains constant throughout the process, despite the surface
being composed of Ni in the initial stage.

K, is well known to be highly sensitive not only to mate-
rial composition and temperature but also to surface condi-
tions such as contamination, oxidation, and morphology [20].
In particular, non-hydrogen impurities can increase the sur-
face potential barrier or occupy adsorption/desorption sites,
thereby suppressing the recombination process and reducing
K,. It has been reported that the recombination coefficient
decreases by 2 to 3 orders of magnitude due to the presence
of H,0O and D,0 on type 304 stainless steel surfaces [21], and
sulfur contamination on Ni surfaces [22]. Based on these
findings, it is reasonable to assume that in the present experi-
ment, K, was significantly reduced immediately after plasma
ignition due to the adherence of W atoms to the Ni surface,
and gradually approached the value corresponding to the
fully developed W deposition layer as the surface evolved.
To account for these changes in the surface condition, K, was
treated as a variable parameter, and numerical simulations
were performed accordingly (denoted as Calc. 2). In this
model, the temporal evolution of K, was defined by the fol-
lowing piecewise function:

KN+ (K7 = KM £
t<t
Ky (1) = > 9
KM+ (K - Kﬁ"i”)(l - exp(—t _T tl)),
t> 1

where K" is the recombination coefficient corresponding to
the bare Ni surface, K" is the steady-state value for the fully
developed W deposition layer, K;"" is the minimum recom-
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Fig. 5. Comparison of calculation with the experiment result (Calc. 1:
K, is constant at K", Calc. 2: K, is changed as Eq. (9)).

bination coefficient during the transition, and 7 is the time
constant representing the recovery rate of K,. The parameters
K™" and T were optimized to minimize the error between the
calculated and experimental permeation fluxes. The parame-
ter ¢; represents the time at which K, reaches K:"i”, marking
the transition from the initial linear decline phase to the
exponential recovery phase. This transition time coincides
with the onset of the permeation rise observed in the experi-
ment, which occurred at ¢; = 20 s. The resulting fit, shown as
Calc. 2 in Fig. 5, successfully reproduced the transient peak
behavior observed in the experiment (optimized parameters
were Ky, =4.2 x 103 m*stand 7=4.5 x 10° s).

Figure 6 compares the time evolution of the hydrogen
concentration at the outermost surface under two conditions:
one with the recombination coefficient at the plasma side
fixed at a constant value (K, = K,W ), and the other with K,
expressed as a function of time as defined by Eq. (9). The
result clearly shows that the suppression of surface recombi-
nation due to the reduced K, leads to a sharp increase in sur-
face hydrogen concentration. This elevated concentration
enhances hydrogen diffusion toward the permeation side,
which is considered to have caused the transient peak in the
permeation flux.

3.2.3 Experimental validation of peak behavior

Based on the permeation calculation presented in the
previous section, the transient increase in permeation flux and
the appearance of a peak were attributed to W deposition on
the Ni surface and the resulting temporary decrease in K,. To
experimentally verify this hypothesis, plasma discharges were
applied for 1,000 seconds to pre-deposit W onto the Ni sur-
face, followed by permeation measurements. This discharge-
and-pause cycle was repeated three times, during which the
permeation behavior was observed.

As shown in Fig. 7, a sharp peak in the permeation flux
was observed only during the first plasma discharge, whereas
no such peaks appeared in the second and third discharges.
This result confirms that the initial transition of the incident

8 T T
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Surface concentration [x10%® H atom m™]
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Fig. 6. Time evolution of surface hydrogen concentration with K, fixed
atKY and K, expressed as the function of time (Eq. (9)).
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Fig. 7. Permeation flux during repeated plasma discharges; “on” and
“off” denote discharge and shutdown periods, respectively.

surface from Ni to W plays a significant role in producing
the transient peak in the permeation flux. Furthermore,
numerical simulations incorporating K, expressed as a func-
tion of time, as described in the previous section, were con-
ducted. In the simulations, K, was held constant during the
plasma-off periods, the incident flux (I}, in Eq. (4)) was set
to zero, and the W film thickness was kept unchanged. The
simulation results were generally consistent with the experi-
mental data, except for the deviation in the permeation
response just after plasma ignition. This difference is consid-
ered to be caused by a temperature rise of approximately 30 K
at each plasma ignition due to heat loading, which led to an
increase in K,, enhanced surface recombination on the plasma
side, and consequently, suppression of permeation. Since the
current model with K, expressed as a function of time does
not respond to localized temperature variations, it is likely
that K, was underestimated in the simulation, resulting in an
overestimation of the initial rise in the permeation flux.

4. Conclusion

PDP behavior of hydrogen was investigated at 693 K
under co-deposition conditions of hydrogen and W onto a Ni
substrate. The PDP flux exhibited a transient peak followed
by a steady state, even as the W deposition continued to grow.
Furthermore, doubling the thickness of the Ni substrate had
no effect on the steady-state flux, indicating that permeation
was not limited by bulk diffusion, but rather by surface recom-

bination processes under steady-state conditions. Numerical
simulations incorporating K, expressed as a function of time
successfully reproduced the transient peak observed in the
experiment. This was achieved by modeling K, as being ini-
tially suppressed due to the adherence of W to the Ni surface
and gradually recovering to the intrinsic value for W. Experi-
mental validation using repeated plasma discharge cycles with
pre-deposited W confirmed that the transient peak occurred
only during the initial transition from Ni to W. Based on the
above results, the temporal variation of K, on the plasma-
facing surface is considered to have a direct influence on
PDP behavior. Therefore, in fusion reactors, K, and the PDP
rate are expected to vary with the changes in surface condi-
tion caused by W deposition. As demonstrated in this study,
the formation of a W deposition layer leads to a temporary
variation in K, and a corresponding change in permeation,
but K, eventually converges to the intrinsic value for W depo-
sition layer, resulting in a stabilization of the PDP behavior.
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