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Heat diffusion across the fuzzy nanostructured tungsten (W) layer formed by helium plasma irradiation
was measured using a pulsed light heating thermoreflectance method. By observing the heat diffusion
across the nanostructured tungsten layer with a short (1 ns) laser pulse heating, the averaged thermal
conductivity of the nanostructured layer was deduced to be �1.5 W/mK, which is �1% or less of that
of pure (ideal) W.

� 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
One of the serious issues in the plasma material interaction in
fusion reactors is the effects of transients on materials accompa-
nied by the edge localized modes and disruptions [1]. It has been
identified that helium (He) plasma irradiation on tungsten (W)
leads to formation of fiberform nanostructures, so called tungsten
fuzz, on the surface [2]. It could initiate various phenomena in
response to transients. E.g., melting/annealing of the nanostruc-
tures occurs with a significant low energy in response to transients
[3–6], and, also, initiation of a unipolar arcing is enhanced by the
nanostructures [7–9]. In this study, we focus on the thermal con-
ductivity of the nanostructured layer, which is one of the key
parameters to determine the impact of the transients on the sur-
face. For ion irradiated/implanted surfaces and porous tungsten
samples, 3X method [10], non-contact method measuring tran-
sient grating pattern on the surface [11], and rear face flash
method [12] have been used to measure the thermophysical prop-
erty. Recently, in [13], pulsed light heating thermoreflectance
method was applied to the fuzzy W nanostructured layer with so
called rear heating/rear detection (RR) configuration, in which a
pump and probe laser beams were both focused on the rear sur-
face. In this study, we will extend the previous study by applying
front heating/rear detection (FR) configuration, in which the heat-
ing laser focuses on the front side to observe heat diffusion across
the fuzzy layer. It is expected that we can deduce the thermal con-
ductivity in a more accurate manner.

W nanostructured layer was formed on a quartz glass substrate
with a W deposition layer on the surface. The thickness of the W
deposition layer was 1 lm. A chrome layer with a thickness of
�50 nm was first deposited on the quartz glass before the W depo-
sition to enhance adherence to the substrate. The W nanostructure
layer was formed in the divertor simulator NAGDIS-II (Nagoya
Divertor Simulator). The surface temperature was �1500 K during
the irradiation, and the He fluence was 6.2�1025 m�2. Fig. 1(a)
shows a cross sectional scanning electron microscope (SEM) micro-
graph of the sample. A 3.6-lm-thick nanostructured layer can be
identified on the W deposition layer.

The thermal conductivity was measured using a pulsed light
heating thermoreflectance apparatus. In Fig. 1(b), a schematic of
the configuration was shown. A pump laser beam, of which the
wavelength, the averaged power, the pulse width, the pulse fre-
quency, and the modulation frequency were 1550 nm, 15 mW,
1 ns, 100 kHz, and 1 kHz, respectively, was focused on the front
face of the sample. For the probe laser, the wavelength, the pulse
width, and the averaged power were 775 nm, 1 ns, and 1 mW,
respectively. The incident angle of the heating laser was 45 degree.
The spot size of the laser on the sample was �200 lm in diameter.

Fig. 1(c) shows temporal evolutions of the normalized ther-
moreflectance signal. It is presented that the temperature gradu-
ally increased with time and saturated at �2 ls. The areal heat
diffusion time method [14] was used to evaluate the thermal con-
ductivity. (The details of the method are in Appendix.) In this
method, unknown thermophysical properties can be calculated
from the area A (see an inset in Fig. 1(c)) obtained from the normal-
ized temperature evolution to the maximum value. Two different
locations were chosen to measure A, and the values were
7.0�10�7 and 5.6�10�7 s. The gap between the two different loca-
tions are several mm. The value was altered approximately 20% by
changing the location. This was probably because the thickness of
the layer alters by position. For later calculation, we use the aver-
aged values at A ¼ 5:6� 10�7 and 7.0�10�7 s, and the measure-
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Fig. 1. (a) A cross sectional SEM micrograph of the sample, (b) a schematic of the
measurement configuration, and (c) temporal evolutions of the normalized
thermoreflectance signal.
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ment errors are deduced by considering the ambiguity in the thick-
ness. Concerning the porosity, we used the value measured in [15].

To obtain the thermal diffusivity of the nanostructured layer, an
improved areal method including the penetration of heating laser
beam to the surface was used [16]. We first considered to perform
coating on the fuzzy layer to eliminate the ambiguity in the pene-
tration of photons. However, previously, it was observed that the
carbon deposition penetrated into deeper region [17]; we chose
direct heating method in this study. It was assumed that deposi-
tion power decay exponentially in the fuzzy nanostructured layer
and that no penetration occur to W film layer. It is noted that
the estimated ke by considering the porosity dependence of r
[18,19] was in the range of 37–141 nm (detail is in Appendix). In
this ke range, the variations in the thermal conductivity and ther-
mal diffusivity are less than 1%, which is much smaller than the
measurement errors. We can omit the ambiguities caused by the
penetration depth in the present study.

The obtained thermal diffusivity and thermal conductivity were
9.2 (+4.2, �3.5)�10�6 m2/s and 1.5 (�0.6, +0.7) W/mK, respec-
tively. (The values in the parenthesis are the errors considering
the ambiguity in the thickness). In the previous RR configuration
[13], thermal diffusivity and thermal conductivity were deduced
to be 1.9�10�5 m2/s and 3.1 W/mK, respectively. The analytical
error in RR configuration was typically < 10%. It can be seen that
the FR configuration deduced lower thermal diffusivity, say �50%
or less, compared with RR method. This is probably because the
W density in the nano-layer has non-uniformity in height [20],
and the RR configuration does not have a sensitivity in the top of
the structure, where the density is lower. From the results of FR
configuration, the deduced thermal conductivity is �0.6% or less
of the pure (ideal) W. This value should be closer to the actual aver-
aged thermal conductivity of fuzzy nanostructure tungsten layer.
The thermal conductivity of fuzzy layer could be altered when
the thickness of the layer was changed; the further measurements
using different samples are our future work. At the moment, from
the ambiguity in the layer thickness, the measurement errors were
approximately 50%. By forming a uniform fuzzy layer or increasing
the measurement position, it is expected to reduce the errors in the
thermophysical properties in future.

This work was supported in part by a Grant-in-Aid for Scientific
Research (B) 15H04229 from the Japan Society for the Promotion of
Science (JSPS) and NIFS collaborative research program
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.rinp.2016.10.025.
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