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研究成果の概要（和文）：ITERを始めとする核融合炉においては燃料プラズマの計測のために、様々な波長範囲
での計測が行われ、その計測のための窓となる透明材料が必須である。しかし、現状は放射線耐性という観点か
ら透明材料を系統別に評価をおこなった例は極めて少ない。そこで本研究では強い放射線がある中でのモニター
技術の確立に貢献するため、放射線に強い材料、もしくは繰り返し使用できる材料の開発を目的としてZnO結晶
に注目し、放射線耐久評価を行った。核融合の燃料を想定したイオンの照射、ガンマ線の照射による損傷を明ら
かにし、既存の窓材料候補であるサファイアと比較し、その有用性を示した。

研究成果の概要（英文）： In nuclear reactors, space, and other scientific activities involving 
high-energy radiation such as gamma-ray, long-term exposure can produce serious radiation effects 
leading to the rapid deterioration of optical components. In optical glasses, high radiation doses 
create discoloration. Therefore, monitoring the optical performance of window materials can help 
mitigate potential damage. In this project, we investigate the effects of gamma-ray irradiation 
 and ion bombardments on the transmission and refractive index of ZnO crystal and sapphire . We also
 report a new method based on two right angle prism configuration and imaging spectrometer to 
measure the changes of refractive index before and after irradiation of a sample material.

研究分野：材料分析

キーワード： 放射線損傷　光学材料　核融合　原子炉
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Furthermore, H-ion and D-ion irradiated crystals have different
surface topography and optical recovery. D-ions have heavier
masses and higher activation energy due to kinetic isotope effects
than H-ions. This differences in mass and activation or bond energy

Fig. 1. AFM images of the bulk ZnO single crystals after (a) H-ion and (b) D-ion plasma irradiation.

Fig. 2. Photographs of the ZnO crystal (a) immediately and (b) 3 days after H-ion plasma irradiation.

Fig. 3. Optical transmission spectra of (a) H-ion- and (b) D-ion plasma-irradiated ZnO
crystals with the (c) differential spectra immediately and days after irradiation.

Fig. 4. The change in transmittance at 400 nm of H-ion- and D-ion plasma-irradiated
ZnO crystals.

K. Yamanoi et al. / Optical Materials 62 (2016) 646e650648
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ZnO crystals still maintain the same crystal structure but with
compressed lattice parameters after ion irradiation. Lattice
compression along the a-axis is expected since the crystals
were irradiated on their Zn-ð0001Þ surfaces, i.e., an irradiation
direction parallel to the c-axis. The irradiated surface is sub-
jected to an in-plane compression59 as it is constrained by the
crystal volume which is not penetrated by the H-ions and D-
ions. In addition, the x-ray rocking curves (x scans) recorded
from the ð1010Þ reflections of the non-irradiated, H-ion
plasma-irradiated, and D-ion plasma-irradiated bulk ZnO sin-
gle crystals are shown in Fig. 13. The non-irradiated, H-ion-
irradiated, and D-ion-irradiated crystals have spectral line-
widths (FWHM values) of 0:492, 1:588, and 1:396 #, respec-
tively. Bulk crystals irradiated with H-ions and D-ions have
broader linewidths than the non-irradiated sample. The
broader linewidths indicate that the ZnO crystals have higher
defect concentrations after ion irradiation. H-ion and D-ion
irradiation therefore generates a high density of defects which
can account for the changes in the optical properties of the
bulk ZnO single crystals.

After H-ion and D-ion plasma irradiation, the bulk ZnO
single crystals exhibit redshifted and shortened UV emis-
sions, decreased visible transparency, and suppressed visible
emissions. The changes in the optical properties of the bulk
crystals in the UV and visible regions can be explained by
the generation of defects during irradiation and by the inter-
action of hydrogen with other defects and/or impurities,
respectively. Some of the radiation-induced defects act as
effective radiative and nonradiative recombination centers of
ZnO’s near-band-edge UV emission. The effective radiative
recombination centers compete with each other thereby
affecting the UV emission through inhomogeneous broaden-
ing. The inhomogeneous broadening due to these defects
leads to a slight shift of the emission peak to a longer wave-
length (redshift).60 On the other hand, the nonradiative
recombination centers form carrier traps resulting in the
shortened emission lifetimes of the H-ion- and D-ion-irradi-
ated ZnO crystals. Moreover, H-ions and D-ions from the
plasma beam not only create defects but also interact with
the intrinsic and radiation-induced defects and/or impuri-
ties.19,31 As an interstitial in ZnO, hydrogen is most stable at
a bond-centered position forming an OH bond and acts as a
shallow donor occurring exclusively in the positive charge
state.40 Incorporating hydrogen into ZnO and coexisting
with other defects result in the charge compensation for
acceptors and ionized donors.30,31 Oxygen vacancies (VO)
created by ion irradiation are neutralized as hydrogen accu-
mulates on them.19,31,33 The presence of these neutral VO

gives rise to an absorption peak in the blue region.18,61 A
blue absorption band then leads to a decreased transmittance
in the visible region as observed from the single crystals after
H-ion and D-ion irradiation. Furthermore, hydrogen is a very
active impurity that can passivate intrinsic defects in many
metals and semiconductors.62 Deep donors and acceptors are
passivated through electron transfer between hydrogen and
the defects.30 These deep donors and acceptors, such as VO,
VZn, Zni, Oi, and OZn, are also known as deep level defects
which are suggested to be responsible for ZnO’s visible
emissions.31,34 The passivation of these defects results in the
observed suppression of the visible emission from the H-ion-
and D-ion-irradiated crystals.28,30

Although modified by H-ion and D-ion plasma irradia-
tion, the optical properties of the bulk ZnO single crystals,
except for the UV emission lifetimes, recover hours after
irradiation without any sample treatment and only at room
temperature. Similar optical recovery has been reported for
bulk crystals which are implanted with 20–80 keV H-ions
and then annealed at 300 #C in ambient nitrogen19 and those
which are exposed to remote H-plasma and subsequently
annealed at 450 #C in the same plasma environment.32 This
recovery can be related to the radiation damage resistance of
ZnO, to the limited range of the H-ions and D-ions, and to
the annihilation and outdiffusion of radiation-induced
defects. ZnO is known to exhibit radiation hardness due to
its amorphization resistance with a piezoelectric property, a
wurtzite crystal structure, and a close-packed unit cell vol-
ume.13,63 Even with a high dose of heavy ions, ZnO does not
become amorphous and remains crystalline.15,17 In addition,
H-ions and D-ions with 1 keV energy only have a $ 10 nm

FIG. 12. XRD spectra (h% 2h scans) of non-irradiated, H-ion plasma-
irradiated, and D-ion plasma-irradiated bulk ZnO single crystals. The non-
irradiated, H-ion-irradiated, and D-ion-irradiated crystals have peaks cen-
tered at 27:909, 27:840, and 27:824 #, respectively.

FIG. 13. X-ray rocking curves (x scans) recorded from ð1010Þ reflections of
non-irradiated, H-ion plasma-irradiated, and D-ion plasma-irradiated bulk
ZnO single crystals. The non-irradiated, H-ion-irradiated, and D-ion-irradi-
ated crystals have spectral linewidths (FWHM values) of 0:492, 1:588, and
1:396 #, respectively.

175102-8 Empizo et al. J. Appl. Phys. 121, 175102 (2017)
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crystal, respectively. The absorption coefficient is well-
described by the Urbach rule a ’ a0 exp ½"ðEg " EÞ=EU%
where a0 is a constant, Eg is the bandgap energy, and EU is a
temperature-dependent Urbach energy.25 Since the ZnO
bandgap energy is more than 1 eV larger than the emission
peak energy Emax [Fig. 3(b)] and the ZnO Urbach energy is
much less than 1 eV,25 the absorption coefficient is so small
around the emission peak position. The absorptivity around
the peak energy can then be approximated as a ’ aL ’ a0L
exp ½"ðEg " EÞ=EU%. Similarly, the blackbody radiation
around the peak energy is given by IBR ’ E3 exp ½"ðE" DlÞ=
ðkBTÞ%. Substituting these equations into Eq. (1), we get the
radiation spectrum around the peak energy IðE; TÞ ’ a0LE3

exp ½"ðEg " EÞ=EU " ðE" DlÞ=ðkBTÞ%. Differentiating this
relation with the photon energy E, the emission peak energy
Emax can be therefore related to the Urbach energy

Emax Tð Þ ’ 3EU Tð Þ
EU Tð Þ= kBTð Þ " 1

: (3)

This expression reveals that the observed emission peaks
in Fig. 3(b) can be reproduced by Urbach energies similar
to a previous report.25 For example, the peak energies
Emax of 2.17 eV at 1080 K and 1.93 eV at 1280 K are pro-
vided by the Urbach energies of 0.1068 and 0.1331 eV,
respectively. Our model can also reproduce the observed
decreasing trend of the peak photon energy Emax (T) with
increasing temperature T in Fig. 3(b). When the temperature
increases, the absorption spectrum a extends toward lower
energies with the increase in the Urbach energy EU, while
the blackbody radiation spectrum IBR extends toward higher
energies. Equation (1) indicates that the temperature depen-
dence of the peak energy is determined by the balance of
the temperature dependence of both a and IBR. Specifically,
according to Eq. (3), @Emax/@T is negative when @EU=@T
> E2

U=ðkBT2Þ ’ 1& 10"4 eV=K around 1080–1280 K. In
the previous study,25 although the reported EU (T) is only
up to 450 K, @EU/@T is expected to monotonically increase
as a function of T based on Wasim’s model42 and reaches a
value of 1& 10"4 eV/K at 450 K. Thus, @EU/@T around
1080–1280 K is likely to be larger than 1& 10"4 eV/K for
ZnO making @Emax/@T< 0.

The emissions of the bulk ZnO single crystals irradiated
with gyrotron beam are so strong that they can be observed
with our bare eyes. Figure 4(a) shows a typical image of
the yellow emission of a ZnO crystal taken using a CMOS

camera. The crystal was irradiated with a beam from the
Gyrotron FU CW GV43 having a frequency of 265.0 GHz, a
repetition rate of 1 Hz, a duty ratio of 7.5%, and an average
output power of '11 W. We confirmed that the spatial distri-
bution of the yellow emission in Fig. 4(a) does not originate
from the crystal inhomogeneity. The shape of the emission dis-
tribution reflects the gyrotron beam pattern, which is also
observed in the thermal image of polyvinyl chloride in Fig.
4(b). While the thermal image in Fig. 4(b) is blurred by the
thermal diffusion, the spot size of the yellow emission in Fig.
4(a) becomes smaller than the real beam size due to the non-
linear response of emission intensity as shown in Figs. 2(b)
and 3(a). This nonlinear response causes much stronger light
emission at the peak of the beam than its surroundings. Hence,
the emission distribution of the irradiated ZnO crystal is
expected to show the peak-enhanced image of the gyrotron
beam pattern. On the other hand, we can easily get the image
of the yellow emission with a resolution of less than 0.1 mm
by using ordinary cameras. In this way, by observing the emis-
sion from the ZnO crystals, the peak-enhanced images of the
beam patterns can be visualized without using an IR camera
and by only using our own eyes or inexpensive digital cam-
eras. Visualizing the gyrotron beams using ZnO crystals not
only makes the observation very easy but also enables the
observation in strong magnetic fields where the present IR
cameras are incapable of.9 An ECRH system with a beam
monitor can then be developed inside magnetic confinement
fusion reactors such as ITER.44 Moreover, the visible transpar-
ency of the crystals is useful in the alignment of optical com-
ponents in gyrotron experiments such as when a probe laser
beam and a pump gyrotron beam overlap at the focus. High-
conductivity ZnO crystals can be therefore considered for the
future development of compact imaging devices for gyrotron
beams.

In conclusion, we reported the strong yellow emission
of high-conductivity bulk ZnO single crystals irradiated with
a high-power gyrotron beam. Hydrothermally grown bulk
crystals with large THz absorption and high THz conductiv-
ity exhibit intense yellow emissions and elevated sample
temperatures with gyrotron irradiation. The ZnO crystals do
not exhibit the same visible emissions when only heated
without irradiation. Planck’s radiation in non-equilibrium
states was used to explain the observed phenomenon. With
high intensity in the visible wavelengths, the emissions of
the irradiated crystals can be easily observed with our bare
eyes or with inexpensive cameras. Our results suggest that
bulk ZnO single crystals can be used in visualizing high-
power sub-THz beam patterns which is vital in operating
gyrotrons and in utilizing their wave outputs for various
applications.
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FIG. 4. (a) Typical image of yellow emission of the high-conductivity bulk
ZnO single crystal and (b) thermal image of polyvinyl chloride around the
peak, irradiated with a gyrotron beam.
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both crystals calculated from their complex refractive indices
based on the Drude model.21 The crystal with large THz
absorption (hereafter regarded as “high-conductivity”) has a
conductivity which is also several tens of times higher than
the crystal with low THz absorption (hereafter regarded as
“low-conductivity”). The large absorption and high conduc-
tivity of the ZnO crystal in the THz frequencies can be attrib-
uted to the high density of free carriers from unintentional
defects or impurities which strongly depend on the crystal
growth environments.22 By fitting the conductivity of the
high-conductivity crystal to the Drude model [dotted curve
in Fig. 1(b)],21 the direct current (DC) conductivity and the
scattering time of the free carriers are calculated as 138 S/m
and 38 fs, respectively. The carrier density is also estimated
to be approximately 3.6! 1016 cm"3 assuming an n-type
conductivity and setting the effective mass of electrons equal
to 0.28m0, where m0 is the electron mass in vacuum.18 This
carrier density is at least two orders of magnitude larger
compared to the previously reported value of 8! 1013 cm"3

for a similar hydrothermally grown ZnO crystal.20

The gyrotron irradiation of a bulk ZnO single crystal is
illustrated in Fig. 2(a). The crystals with 0.5-mm thicknesses
were irradiated at room temperature with sub-THz beams
from the gyrotron of the Research Center for Development
of Far-Infrared Region, University of Fukui. Unless other-
wise noted, the data are obtained with the Gyrotron FU CW
IIB.23 This gyrotron was operated in a pulsed mode with a
repetition rate of 50 Hz and a frequency of 172.6 GHz. When
the duty ratio or the ratio of time to generate waves over one
period was set to 50%, the gyrotron has an output power of
60 W. The ZnO crystals were then set just after the wave-
guide exit of the gyrotron output. During irradiation, the
emission spectra of the crystals were measured using a spec-
trometer (Ocean Optics, USB4000). On the other hand, the
sample temperatures were monitored using a thermographic
camera (Fluke, Ti400 9 Hz, spectral band 7.5–14 lm) and
were then calibrated to the temperatures obtained using a
thermocouple.

Figure 2(b) shows the emission spectra of the high-
conductivity bulk ZnO single crystal irradiated with the gyro-
tron beam at different duty ratios. The spectra of crystal exhibit
a broad and asymmetric peak around 600 nm (#2 eV) with a
longer-wavelength tail. When the duty ratio is increased, the
emission intensity increases rapidly, and the emission peak

shifts to longer wavelengths. The sample temperature also
increases from room temperature to 1080–1280 K with gyro-
tron irradiation. The increase in temperature indicates that the
energy of the sub-THz wave was absorbed by the ZnO crystal
and was converted to heat. We have confirmed that similar yel-
low emission and an increase in temperature occur on other
crystals with high conductivity. We have also observed similar
emission with gyrotron beam irradiations with 135.6-, 141.9-,
and 265.0-GHz frequencies other than 172.6 GHz. In contrast,
crystals with low conductivity do not exhibit the same visible
emissions under the same irradiation conditions.

The emission peak intensities and positions of the high-
conductivity bulk ZnO single crystal irradiated with the
gyrotron beam are also plotted with sample temperatures in
Figs. 3(a) and 3(b), respectively. As shown in Fig. 3(a), the
peak intensities increase exponentially with the sample tem-
perature. This result suggests that the high temperature due

FIG. 1. (a) Absorption coefficient and (b) the real part of the conductivity of
bulk ZnO single crystals measured by THz-TDS. One crystal (“high-con-
ductivity,” solid) has larger absorption and higher conductivity than the
other crystal (“low-conductivity,” dashed). The real part of the conductivity
of the high-conductivity crystal is also fitted to the Drude model (dotted
curve).

FIG. 2. (a) Schematic illustration of gyrotron irradiation of bulk ZnO single
crystals and (b) emission spectra of high-conductivity ZnO crystal irradiated
with the gyrotron beam at different duty ratios. The sample temperatures of
the crystal are 1100 (dotted), 1180 (dashed), and 1280 K (solid) during gyro-
tron irradiation with duty ratios of 47, 49, and 50%, respectively.

FIG. 3. Emission peak intensities (a) and peak positions (b) at different sam-
ple temperatures of the high-conductivity bulk ZnO single crystal irradiated
with the gyrotron beam. The inset shows the calculated bandgap energy of
ZnO at different temperatures.
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