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Abstract

Effect of ion-beam irradiation on reflectivity characteristics for the 1D CFC (MFC-1) and newly developed boron-doped
CFCs (Tonen 1D CFC) has been investigated in the synchrotron radiation range from 119 to 791 wm. The B,C-doped CFC
showed higher reflectivity characteristics, such as R > 70% at 119 um and weaker fluence-dependencies on the reflectivity
at the fluences up to 8.5 X 10%* m~?, compared with MFC-1. To understand the mechanism of reflectivity degradation due
to ion beam irradiation, we have examined the surface property, such as roughness and electrical conductivity. Result of
electrical conductivity measurement revealed that conductivity decreased as fluences similarly to that of reflectivity, which
suggested that reflectivity drop was mainly caused by the change of electrical conductivity. Lastly, we presented the
preliminary result of the beryllium coating on the irradiated surface to improve reflectivity characteristics, which showed that
reflectivity of the beryllium-coated CFC was raised from 60% to more than 80% at 119 pum.
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1. Introduction

Effect of wall reflection of the synchrotron radiation
emitted from a magnetically confined plasma will be im-
portant in analyzing the power balance of fusion reactor
plasmas [1]. In general, synchrotron radiation will be dom-
inant in the wavelength range from far-infrared to millime-
ter wave in the future magnetically confined plasmas with
magnetic fields of ~ 10 T. Up to now, the wavelength-
and angular-dependence [2] and temperature dependence
[3,4] of reflectivity have been investigated for the candi-
date materials such as isotropic graphite, one- and two-di-
mensional carbon fiber reinforced composites (CFC), sili-
con carbide (SiC), and metallic materials (W, Mo, SUS,
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etc.). Under the practical condition, the plasma facing
material will be exposed to the edge plasma and the high
heat flux from hot core plasma. Thus, we have investigated
the effect of electron beam irradiation of the CFC materi-
als simulating the major disruption or high energetic elec-
tron burst, and also the effect of the low energy ion-beam
irradiation simulating the edge plasma interaction [5].
Recently, boron-doped (B,C-doped) 1D CFCs have
been developed by the Japan Atomic Energy Research
Institute (JAERI) group as the promising first wall material
[6], where the sputtering characteristics have been investi-
gated using the ultra-low energy hydrogen ion beam [7]. In
this paper, our concern is focused on the reflectivity
characteristics of the boron-doped CFC and their ion beam
fluence dependence. First, we have carried out the reflec-
tivity measurement of boron-doped CFCs and compared
them with those of non-doped CFC itself and B ,C-coated
isotropic graphite used in the previous measurement [2].
The effect of ion-beam irradiation on the reflectivity of
boron-doped CFC will be presented and briefly discussed
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Table 1
Ton beam irradiation conditions for 1D MFC-1 samples

Sample  Flux Duration  Fluence
(10 /m?s)  (min)

Weight loss
(10% /m?)  (mg)

No. | 53 50 1.6 0.60
No. 2 6.0 100 3.7 1.46
No. 3 47 200 5.6 2.59
No. 4 5.1 400 12.0 4.83

about a mechanism of reflectivity degradation. Lastly, we
will present the preliminary results of the beryllium coat-
ing of the ion-beam irradiated 1D CFC for aiming at the
in-situ recovery of the deteriorated reflectivity.

2. Experimental arrangements

An optically pumped far-infrared laser with wave-
lengths from 119 to 791 um [2,3] was employed to study
the reflectivity characteristics in synchrotron radiation
range, which roughly corresponds to the 2nd to 10th
harmonics of electron cyclotron frequency for the plasma
with a magnetic field of 8-10 T. In the ion beam irradia-
tion experiment, two types of 1D CFCs (one is manufac-
tured by the Mitsubishi Chemical, referred as ‘“MFC-1" and
the other is by the Tonen, simply referred as ‘Tonen’), and
5 and 10 wt% boron-doped 1D CFC (Tonen), were tested
for the ion beam irradiation experiment. Dimension of
MFC-1 and Tonen CFC samples was 25 mm X 25 mm, 3
mm in thickness. Each sample was polished at the maxi-
mum roughness less than about 5 pm. The ion beam
irradiation experiment was carried out using a low energy
hydrogen ion beam source at the Naka Fusion Research
Establishment of the JAERI [7]. A hydrogen ion beam
having an energy of 50 eV and particle flux of ~ 3 x 10%°
m~2 s~' was irradiated onto the sample surfaces. The ion
beam fluences were changed to 1.6, 3.7, 5.6 and 12.0 X
10* m~? for MFC-1, and 2.7-2.8 and 7.5-8.5 X 10%*
m~? for boron-doped Tonen CFCs, respectively. For in-
stance, particle fluence of 12.0 X 10** m~2 is equivalent
to the plasma discharge of roughly 30 s in the ITER class
plasmas. In Tables 1 and 2, ion-beam irradiation condi-

Table 2
Ton beam irradiation conditions for boron-doped Tonen 1D CFC
samples

Sample Flux Fluence Weight loss
10%° /m?s)  (10*/m?) (mg)

Non-doped 1.9-2.2 7.0 2.39

5 wt% B,C-doped  2.5-2.8 2.8 1.18
25 8.5 2.63

10 wt% B,C-doped 2.4-2.6 2.7 1.91
2.3-25 7.5 2.94

tions for MFC-1 and B,C doped Tonen CFCs are tabu-
lated, respectively. Since the dependence of incident angle
on the reflectivity was previously measured {2], so that we
carried out reflectivity measurement at a fixed incident
angle, say, 6 ~ 25°.

3. Experimental results and discussion
3.1. Wavelength dependence of reflectivity

First, we measured reflectivity characteristics of the
boron-doped Tonen CFCs and B,C-coated graphite
(manufactured by Hitachi Chemical, B,C /PD-330S) in the
wavelength range from 119 to 790 um. Experimental
results of reflectivity, R and R, of 10 wt% boron-doped
Tonen CFC are shown in Fig. 1, together with reflectivities
of B,C-coated graphite, where a thickness of B,C coated
over the isotropic graphite (PD-330S) was on the order of
a few 100 pum. A root mean square roughness of sample
surface, 8., was measured using a thickness meter with
the stylus method and found that it was less than roughly 1
wm. According to the theoretical analysis given in Ref. [8],
we can find that the effect of surface roughness on the
reflectivity is negligibly small, since reflectivity drops
from the ideal value only by a factor of 1 —
exp{— (478, /A cos@} ~0.01 at A=119 um. It is
seen in Fig. 1 that boron-doped CFC has much higher
reflectivities than B,C-coated graphite; in actual, the
boron-doped CFC has R, =95% and R =838% at A=
791 um and R | =86% and R =72% at A =119 pum.
On the other hand, reflectivity of the B,C-coated graphite
significantly dropped from R =58% and R, =38% at
A=T191 pmdownto R, =18% and R = 6% at A =119
pum. In the previous measurement, we found that
B,C/PD-330S had a low effective electrical conductivity
on the order of g, ~300 Q7' m™!, where g was
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Fig. 1. Reflectivity characteristics of the 10 wt% B,C-doped
Tonen CFCs and B,C-coated graphite (B,C/PD-330S) in the
wavelength range from 119 to 790 pm.
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theoretically evaluated from the experimental results of
reflectivity [2]. From an aspect of synchrotron radiation
loss, boron-doped CFC is much better than B,C-coated
graphite, because a net power loss of synchrotron radiation
proportional to (1 — R)'/? will be reduced at higher reflec-
tivity.

3.2. Fluence dependence of reflectivity

As described in the previous section, hydrogen ion
beam was irradiated onto MFC-1, Tonen CFC, and 5 wt%
and 10 wt% B,C-doped Tonen CFCs at different fluences
as listed in Tables 1 and 2. First, we plotted the fluence
dependence of reflectivity R, and R, of the MFC-1 in
Fig. 2(a) and (b). Varying the ion beam fluences from zero
to 120X 10* m~?, R, and R, significantly dropped at
wavelengths of 119, 443 and 791 um. For instance, at
A=119 pm, reflectivity changed from R, ~ R, =80-
85% to R, =56% and R, = 50%, respectively. As seen in
Fig. 2, it seems that the reflectivity drop will saturate at
ion fluences higher than 12.0 X 10%* m™2. Unfortunately,
we could not observe the ion fluence level where the
saturation of reflectivity degradation occurred in the pre-
sent experiments.

Surface morphology of the irradiated surface was inves-
tigated by the JAERI group using the SEM [7]. At the
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Fig. 2. Fluence dependencies of (a) R, and (b) R of the MFC-1
measured at A= 119, 443 and 791 um.
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Fig. 3. Fluence dependencies of reflectivity R | and Ry at A =119,
443 and 791 pm of (a) 5 wt% B,C-doped CFC and (b) 10 wt%
B,C-doped CFC.

particle fluence of 12.0 X 10?* m ™2, the micrograph of the
surface looked more rough than that of the unirradiated
surface. However, measurement of surface roughness us-
ing the thickness-meter showed the maximum surface
roughness of <5 um, which was still less than wave-
lengths used for the measurement. To account for the
reflectivity deterioration, we have carried out the measure-
ment of dc electrical conductivity using the four-point
method [9]. The results are presented in the next section,

Next, we plotted the reflectivities R, and R for
B ,C-doped CFC measured at A = 119, 443 and 791 pum in
Fig. 3. It is noted that, at A = 119 um, a high reflectivity
of R>70% is observed for the samples irradiated at
fluences of 7.5-8.5 X 10>* m~*, which is apparently dif-
ferent from that of MFC-1 shown in Fig. 2. Furthermore, it
is also noted that reflectivities of 5 wt% boron-doped CFC
are almost independent of the fluences up to 7.5-8.5 X 10
m 2. Reflectivity characteristics of Tonen CFC itself are
not shown here, but they are very similar to that of 10 wt%
boron-doped CFC.

3.3. Electrical conductivity of irradiated surface

Here, we will briefly discuss a mechanism of reflectiv-
ity degradation of MFC-1 due to ion beam irradiation. One
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Fig. 4. Experimental results of dc electrical conductivity measure-
ment of the irradiated MFC-1 sample using the four point method.

of possible explanations is a change of surface character-
istics, such as surface roughness or electrical conductivity.
As for the surface morphology of graphite and CFC, we
measured surface roughness using the thickness meter with
stylus method and using the SEM, as described before.
The results showed no significant difference between unir-
radiated and irradiated surface. Thus, we considered that
the reflectivity degradation of CFCs might be mainly
caused not by the change of surface roughness but that of
electrical conductivity due to the ion beam irradiation.
Reflectivities of conductive material are approximately
given by Ref. [10], Ry=1—-2¢/cosf, and R, =1 —
2&cos 0 for ¢ <1, where £=(QQey0) /(o) 6 is
an incident angle, w is the angular frequency of incident
wave and o, is the effective electrical conductivity,
defined by o, = o+ weg; in terms of dc conductivity o
and an imaginary pan of the dielectric constant, £ = ¢, +
Jj&;. Therefore, both the reflectivities R, and R, decrease
as o decreases. Although we could not directly observe
the change of effective conductivity, we can deduce that
the reflectivity deterioration might be caused by a change
in surface electrical conductivity through the production of
volatile hydrocarbon composite or the soot of carbon
cluster. As described in the latest section, we have carried
out the measurement of the dc electrical conductivity of
the irradiated surface using the four point method. Experi-
mental results show that the dc electrical conductivity of
CFC decreases by 27% at a ion beam fluence of 12.0 X
10** m~?, as shown in Fig. 4. Measured conductivity is
not equal to that of the irradiated surface layer, because it
is the total conductivity including the irradiated surface
layer and a highly conductive CFC bulk layer of o~ 4.7
X 10* Q7' m™', so that we can expect that the actual
conductivity of the surface layer itself will be definitely
lower than the observed conductivity and that modification
of the physical characteristics of the surface will be mainly
associated with the reflectivity degradation. Up to now, it
is not clear why the electrical conductivity has been
changed owing to the ion-beam irradiation. With the ion
beam irradiation, it was apparently seen that the surface

morphology changed from a metallic lustrous surface to a
blackened unlustrous one. Thus, we may consider that one
of the reasons for the conductivity change is a formation of
amorphous hydrocarbons or carbon clusters having a low
conductivity which cause the drop of conductivity. We are
now preparing to analyze the surface using the mass
spectrometer or XPS in order to study the composition of
the surface material. These experimental results will be
presented in the near future.

In the present research, we carried out the reflectivity
measurement at room temperature. As for the effect of
surface temperature, we have already reported the experi-
mental results of temperature dependence of reflectivity
for graphite, CFC and metallic materials, where the tem-
perature of the samples was varied from 300 to about 900
K [3,4]. Experimental results showed that the reflectivity
was almost independent of temperature up to 900 K. Thus,
we consider that the effect of the surface temperature on
the reflectivity will be negligible in the present case.

3.4. Relation of synchrotron radiation power and reflectiv-
ity change

Lastly, we briefly discuss the synchrotron radiation
power loss due to change of wall reflectivity. As in Ref.
[1], a net of synchrotron radiation power loss taken into
account of multiple-wall reflection, is given by

Py, =4.14 X107 "nl/2T3/2B5/2¢=1/2(1 — R)'/?

}1/2

x{1+18/(AT/)} v, [MW] )

where n, is the electron density in unit of 10%° m~3, T,
the electron temperature (keV), a the minor radius (m), A
the aspect ratio and V, the plasma volume (m?), respec-
tively. In the ITER, for instance, it can be evaluated as
roughly 65 MW, assuming the maximum values of plasma
parameters and a wall reflectivity of 80%. If the reflectiv-
ity was varied from 80 to 50% as a result of the plasma—
surface interaction, a net of synchrotron radiation power
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Fig. 5. Comparison of reflectivities of MFC-1 measured at A =119
pm before and after the beryllium-coating.



1184 M. Nagatsu et al. / Journal of Nuclear Materials 241-243 (1997) 1180-1184

loss would increase from 65 MW to roughly 104 MW in
the ITER-class plasma. Therefore, an improvement of
reflectivity will be one of the important issues for the
future fusion program. We have already proposed Be-coat-
ing as in-situ reflectivity recovery technique [11], prelimi-
nary results for ion-beam irradiated MFC-1 samples show
a significant improvement of reflectivity from 60% to
more than 80%, as shown in Fig. 5 at A = 119 um. Here,
a thickness of beryilium coating was on the order of a few
um. A future issue of in-situ coating is to make a thick
coating of ~ 100 um with beryllium or tungsten.

4. Conclusions

In concluding the present paper, we presented the ex-
perimental results of the effect of ion-beam irradiation on
reflectivity characteristics for the 1D CFC (MFC-1) and
newly developed boron-doped CFCs (Tonen 1D CFC) in
the synchrotron radiation range from 119 to 791 um. The
main results are summarizes as follows:

(1) Comparing the wavelength dependencies of 10 wt%
B,C-doped CFC and B,C-coated graphite, we found that
the B,C-doped CFC had much higher reflectivity of R >
70% in the whole wavelength range of 119 to 791 pwm.

(2) The reflectivity of B,C-doped 1D CFCs was insen-
sitive to the ion beam fluence; in particular, the reflectivity
of 5 wt% B,C-doped CFC was almost independent of the
fluences from zero to 7-8 X 102* m~2. This result sug-
gests that boron-doped CFC will be promising as the first
wall material.

(3) To understand the mechanism of reflectivity degra-
dation due to ion beam irradiation, we investigated the
surface roughness and electrical conductivity. Experimen-
tal results suggested that the conductivity change was
mainly associated with the deterioration of reflectivity.

(4) Lastly, we examined the usefulness of beryllium
coating on the irradiated surface to improve reflectivity

characteristics. Preliminary results showed that reflectivity
of the beryllium-coated MFC sample was raised from 60
to R > 80%, even at 119 um.

Acknowledgements

The authors would like to acknowledge Dr. M. Shi-
mada of Japan Atomic Energy Research Institute for en-
couraging us in the present research. One of the author
(M.N.) would like to thank Professor V.S. Voitsenya of
Kharkov Institute of Physics and Technology for useful
discussions on the present experiment. The present work
has been partly supported by the Grant of the Tokuyama
Science Foundation.

References

[1] B.A. Trubnikov, Reviews of Plasma Physics, Vol. 7 (Con-
sultants Bureau, New York, 1973) pp. 345-379.

[2] M. Nagatsu, N. Takada, T. Tsukishima and M. Shimaria, J.
Nucl. Mater. 209 (1994) 2050.

[3] M. Nagatsu, N. Takada, T. Tsukishima and M. Shimada, J.
Nucl. Mater. 220-222 (1995) 846.

{4] N. Takada, M. Nagatsu and M. Shimada, Jpn. J. Appl. Phys.
34 (1995) 1.849.

{5] M. Nagatsu, N. Takada, I. Tsuchikura, M. Akiba and K.
Nakamura, J. Nucl. Mater. (1996), to be published.

[6] K. Nakamura, A. Nagase, M. Dairaku, M. Akiba, M. Araki
and Y. Okamura, J. Nucl. Mater. (1996), to be published.

[7] K. Nakamura, A. Nagase, M. Dairaku, M. Akiba, M. Araki
and Y. Okamura, J. Nucl. Mater, 220-222 (1995) 890.

[8] H.E. Bennet and J.O. Porteus, J. Opt. Soc. Am. 51 (1961)
123.

[9] A. Uhlir, Jr., Bell System Tech. J. 34 (1955) 105.

[10] M. Born and E. Wolf, Principle of Optics, Fifth Ed. (Per-
gamon, Oxford, 1975) ch. 13.
[11] M. Nagatsu, N. Takada and M. Shimaria, J. Nucl. Mater. 226

(1995) 256.



