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It is important in divertor physics research to investigate thermal response process of beryllium deposited
tungsten to high transient heat load such as ELMs. We investigated the heat load on aluminum-coated tungsten by
comparing the measured back surface temperature and calculation results of the one-dimensional heat conduction
equation. When the plasma power was low enough so that the evaporation did not occur sufficiently, the heat load
on the aluminum-coated tungsten was higher than the virgin tungsten. It was caused by the reduction in the energy
reflection coefficient due to the formation of aluminum layer. The results suggested that the beryllium deposited
layer adversely affects the heat load on the divertor plate when the heat load was not high such as Grassy-ELM.
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1. Introduction
In magnetic confinement fusion devices, plasma fac-

ing components are exposed to high transient heat load due
to the Edge Localized Modes (ELMs). Because the heat
flux due to the type I ELM to the divertor plate is expected
to reach 0.2 - 2 MJ/m2 [1], there is a concern that serious
damage could occur on the divertor plate. In order to esti-
mate the lifetime of the divertor plate, it is indispensable to
understand the thermal response process against the huge
transient heat load on divertor plate.

From past researches, it is known that material dam-
ages such as cracking, melting, droplet, and evaporation
are caused due to the transient heat load. Here, the va-
por cloud generated from the deposited materials on the
tungsten (W) surface (e.g., beryllium (Be) sputtered from
the first wall [2]) is considered to reduce subsequent heat
loads; the phenomenon is called vapor shielding effect.
Vapor generation and reduction of the electron tempera-
ture near the Be target were confirmed in PISCES-B ex-
periments and particle-in–cell simulations [3]. The vapor
shielding effect was also investigated using the plasma gun
devices that can simulate ELM events [4, 5]. On the other
hand, considering the energy reflection on the material sur-
face, the low-Z materials like Be could easily transfer the
plasma energy to the material compared with the high-Z
material, because mass ratios of the low-Z material to the
main plasma species such as hydrogen isotopes and helium
(He) are closer to unity. Therefore, it is important to study
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about the energy reflection in addition to the vapor shield-
ing effect.

In this study, we performed evaluations of energy in-
flows on W plates with/without deposited layers from the
pulsed plasma in NAGDIS-PG (NAGoya DIvertor Simu-
lator - with Plasma Gun). Since Be is known to be toxic
material, we used aluminum (Al) as a proxy material and
investigated how the Al deposited layer affects the heat
load on W. In order to estimate the heat load on the Al
surface, we measured the back surface temperature of the
sample with high temporal resolution (∼ 10 µs), and, then,
one-dimensional (1D) heat conduction equation was nu-
merically calculated.

In the following section, setups of the experiment
and the 1D heat calculation will be described. In Sec. 3,
heat load evaluations on different-thickness samples will
be shown. Obtained results will be compared with the
other plasma gun study in Sec. 3.4. Finally, this study will
be summarized in Sec. 4.

2. Setup
2.1 Plasma gun and the measurement sys-

tem
We used the NAGDIS-PG as a pulsed plasma irradi-

ation device [6]. NAGDIS-PG is composed of the steady
state plasma generator NAGDIS-I and the pulsed plasma
generator MCPG (Magnetized Coaxial Plasma Gun), as
shown in Fig. 1. In this study, we irradiated only with the
pulsed plasma without the steady state plasma. Typical
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Fig. 1 Schematic of setup at NAGDIS-PG.

ion temperature and electron density of a pulsed plasma
are ∼ 20 eV and ∼ 1021 - 1022 m−3, respectively. We used
He as the discharge gas. A bulk pristine W sample and
three W samples with different thin Al layer coated with
the magnetron sputtering device were used. The size of the
W samples was 50×60×0.1 mm and the thickness of the Al
coating was 1, 3 and 8 µm. These samples were placed at
an angle of 45 degrees to the direction of the pulsed plasma
injection.

Heat load absorbed on the sample was estimated by
comparing the sample temperature and calculation results
of the 1D heat conduction equation. The sample temper-
ature was measured by measuring the infrared radiation
from the back surface of the sample using an indium gal-
lium arsenide (InGaAs) photo detector. In order to elimi-
nate the light emission from the pulsed plasma, a ceramic
tube was inserted between the sample and the viewing win-
dow without any aperture inside the vacuum vessel [7]. We
calibrated the output of photo detector by a radiation ther-
mometer. Figure 2 shows typical temporal evolutions of
the MCPG discharge current Igun and the back surface tem-
perature. It can be found that temperatures higher than
∼ 700 K could be measured with small perturbation.

2.2 Heat load calculation with 1D conduc-
tion equation

After the measurements of the back surface tempera-
ture, absorbed heat load on the sample was estimated with
the help of 1D heat conduction equation calculation [7].
We prepared a calculation model consisting of two layers
of Al and W for calculating the heat conduction in thin Al
and thick W. In this model, after the calculation of the thin
Al region with shorter time step, the calculation of the W
region with longer time step was performed. The grid of

Fig. 2 Typical time evolution of discharge current Igun (blue
line) and the back surface temperature of W sample (red
line), assumed heat flux in 1D heat conduction equation
(green line).

Fig. 3 Heat load vs. maximum sample temperature in the 1D
heat conduction calculation.

the Al and W region were connected with using the same
temperature and heat flow (temperature gradient). At the
front surface, we considered the input heat load and the
radiation. At the back surface, the radiation was only con-
sidered. Shape of the input heat load was assumed to be
the sawtooth waveform as shown in Fig. 2. Thermal prop-
erties of materials were used by AIST database [8]. In this
study, the latent heat was not taken into consideration, be-
cause it was much smaller than pulsed plasma heat load.
Figure 3 shows the relationship between the heat load and
the maximum temperature of the sample calculated using
the 1D heat conduction equation model. It is mentioned
in Fig. 3 that the Al layer thickness does not significantly
affect the relationship between the surface temperature and
the incoming heat load. In case of Al-coated W, when
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the surface temperature becomes over the Al melting point
(933 K), thermal conductivity, specific heat capacity, and
density of Al change greatly, thus the gradient of the tem-
perature with respect to the heat load becomes small.

3. Result
3.1 Back surface temperature measurement

and absorbed heat load calculation
Figure 4 shows the maximum temperature and the

heat load as a function of the thickness of the Al layer. Ten
pulsed plasmas were irradiated to each sample. The mean
and standard deviation were plotted with the symbol and
the error bar, respectively. The back surface temperature
reached ∼ 1250 K with the heat load of ∼ 260 kJ/m2 when
the Al-layer thickness was 8 µm. The maximum temper-
ature increased with the deposition layer thickness from
1100 to 1250 K. The calculated heat load on W with 3 and
8 µm Al layers were larger than virgin W and W with 1 µm
Al layer. The mechanism of this increase will be discussed
later.

3.2 Consideration with the energy reflection
coefficient

One of the possibility to increase the absorbed heat
load on the Al-coated W was in the variation of energy
reflection coefficient after the Al deposition, because W
and Al should have different energy reflection coefficient.
Energy reflection coefficient is determined by the incident
atomic species, target atom species, incident ion energy
(Ei), and angle of incident.

Table 1 shows the energy reflection coefficient of He
with respect to Al, W, Be, and iron (Fe) at Ei = 20,
50 and 100 eV in the case of normal incident from NIFS
database [9]. Energy reflection coefficient becomes high
when Z is large and Ei is small. We calculated the heat flux
to Al (qAl) and W (qW) surfaces using the ion and electron
heat flux written as

qi = nseCs{(1−Rie)[2kBTi−e(ϕpw−ϕps)]+eϕr}, (1)

qe = 2kBTe
1
4

nseCe exp

[
e(ϕpw − ϕps)

kBTe

]
, (2)

where nse, Cs, Rie, kB, ϕpw, ϕps, ϕr, and Ce are the elec-
tron density at sheath edge, ion sound velocity, energy re-
flection coefficient, Boltzmann constant, potential differ-
ence between plasma and a wall surface, potential differ-
ence between plasma and a sheath edge, surface recombi-
nation energy (in He, ϕr = 24.59 eV), and electron mean
thermal velocity, respectively [10]. Considering the past
research [11], it was assumed that the nse = 1 × 1021 m−3,
Te = Ti = 20 eV and potential at solid surface is floating
potential. Floating potential calculated by

Vf =
Te

2
ln

{
2π

me

mi

(
1 +

Ti

Te

)}
, (3)

Fig. 4 (a) The highest reached temperature of the back surface
and (b) inflow heat load as a function of Al-layer thick-
ness.

Table 1 Energy reflection coefficient of He with respect to W,
Fe, Al and Be.

Ei [eV] W Fe Al Be
Z 74 26 13 4
20 0.528 - 0.215 0.037
50 0.452 0.292 0.145 0.022
100 0.407 0.245 0.121 0.016

Fig. 5 Effective inflow heat load vs. energy reflection coeffi-
cient.

was −63.7 V. The energy reflection coefficient at Ei =

63.7 eV was calculated to be 0.136 for Al, 0.450 for W and
0.274 for Fe by spline interpolation. As a result of calcu-
lation, qAl is 1.27 times larger than qW. Figure 5 shows the
relationship between the absorbed heat load and the energy
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Table 2 Surface composition analysis result of EDS.

reflection coefficient when qW = 194 kJ/m2, which was ob-
tained in Fig. 4. From this relation, qAl is estimated to be
246 kJ/m2 analytically (see Fig. 5). This value coincides
with the heat load when the Al deposited layer was 3 and
8 µm. However, when the Al deposited layer was 1 µm, the
experimental result was lower than the estimated qAl.

3.3 Investigation of sample surface condi-
tion

In the previous subsection, by considering the energy
reflection coefficient, the heat loads on W with thin Al lay-
ers were lower than the estimated of qAl. To understand the
mechanism to cause the discrepancy on thin Al sample, we
investigated the sample surface condition by scanning elec-
tron microscope (SEM) and energy dispersive x-ray spec-
troscopy (EDS).

Figure 6 shows SEM images before and after the
pulsed plasma irradiations. Cracking and melting are seen
on the irradiated Al-coated W. Table 2 shows the EDS
result, where S, Ni, and Mo are sulfur, nickel, and molyb-
denum, respectively. Since the tungsten as the substrate
was not detected with a thickness of 1 µm, it is considered
that the surface of the Al layer was observed. Composition
ratios of Fe and oxygen (O) increased after the irradiation
of 10 pulses. Interfusion of O seems to be attributed to
the atmosphere exposure after plasma irradiation. Simi-
lar to a previous study [6], Fe would be ejected from the
electrode of plasma gun and/or vacuum vessel and might
be deposited on the material surface. In the case of 8 µm,
composition ratio of Al is higher than that of Fe. On the
other hand, in the case of 1 and 3 µm, Fe becomes dom-
inant. Because Rie with respect to Fe is higher than that
of Al (see Table 1), Rie with respect to the Fe-mixed Al
layer would be higher than that of Al. Therefore, the es-
timated heat load of 246 kJ/m2 in Fig. 5, where the pure
Al layer was assumed, would be overestimated when the
Al layer thickness is 1 and 3 µm. Supposing that equal
amounts of Al and Fe were deposited on the surface and
the effective energy reflection coefficient was 0.205 (inter-

Fig. 6 SEM images of Al-coated W sample surfaces (a) be-
fore, and after 10 shots with the Al-layer thicknesses of
(b) 1 µm, (c) 3 µm, and (d) 8 µm.

mediate between Al and Fe), the inflow heat load could be
estimated to 234 kJ/m2, which is close to the experimental
results when the Al layer thickness is 1 and 3 µm.

3.4 Comparison with the previous research
Our result shows that the Al-coating increases the heat

load to W. Contrary to our results, a previous study re-
ported the Al-coating decreased the heat load [12]. Here
we have to take into consideration of the irradiation condi-
tions. In the previous study, it is considered that the surface
temperature, inflow heat load, and evaporative Al flux were
∼ 1800 - 2700 K, ∼ 600 kJ/m2, and ∼ 1024-27 atoms/m2s
(see Fig. 7 [13]), respectively. In contrast in this study,
They were ∼ 1500 K, ∼ 200 kJ/m2, and ∼ 1022 atoms/m2s.
Because evaporative flux in this study was approximately
102-5 times smaller than that of previous study, the influ-
ence of vapor shielding effect seemed to be negligible. It
was likely that the influence from the variation of the en-
ergy reflection was greater than that of the vapor shielding.
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Fig. 7 Temperature dependence of evaporative flux.

4. Summary
We investigated the influence of Al deposited layer on

pulsed plasma heat load using the NAGDIS-PG. Absorbed
heat load increased when an Al layer was deposited on W
sample compared with virgin W sample without Al deposi-
tion. This was probably caused by the fact that the energy
reflection coefficient of Al is lower than that of W.

In the comparison with the previous study, it was
suggested that the heat load to W might be increased by the

Al-coating due to the difference of energy reflection coef-
ficient when the heat load is small and vapor shielding is
not noticeable.

For the small-amplitude ELMs such as Grassy-ELMs
and type III-ELMs, an increase in the energy deposition on
the Be-coated divertor could occur as same as the present
study.
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