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Toyohiko Yano a,*, Saisyun Yamazaki a, Hiroko Kawano b, Keiichi Katayama b

a Research Laboratory for Nuclear Reactors, Tokyo Institute of Technology, 2-12-1, O-Okayama, Meguro-ku, Tokyo 152-8550, Japan
b Faculty of Engineering, Tokai University, Kitakaname, Hiratsuka, Kanagawa 259-1292, Japan
Abstract

The characteristic wavelength of silicon in neutron-irradiated and non-irradiated ceramics was precisely measured to
detect any change in materials induced by neutron irradiation. The wavelength of characteristic silicon Kb X-rays emitted
from materials was measured by electron probe microanalysis, using a WDX-equipped scanning electron microscope. The
crystal used to disperse silicon X-rays was PET (pentaerythritol). Specimens were non-irradiated metallic silicon, vitreous
silica, quartz, b-silicon carbide and b-silicon nitride. Neutron-irradiated vitreous silica and quartz were also used. Measure-
ments were conducted successively during while monitoring the temperature of PET. A chemical shift of peaks from that of
metallic silicon was observed for unirradiated materials, for longer wavelength in case of b-silicon carbide, b-silicon nitride,
quartz and vitreous silica in this order. The chemical shift of vitreous silica due to neutron irradiation was reduced but that
of quartz increased to those of the unirradiated specimens.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

Several ceramic materials will be applied in
fusion reactors as structural and functional compo-
nents to sustain fusion plasma under the very severe
environment such as intense radiation, high temper-
ature and high heat load [1–4]. Properties of the
ceramics will be influenced by irradiation with a
high flux of fast neutrons, which produces crystal-
line defects and transmutation products. It is known
that volume increase, reduction of thermal diffusiv-
ity, changes of mechanical properties, and degrada-
tion of electric properties are induced. Therefore,
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evaluation of the defects induced in crystalline and
amorphous materials is highly desirable for use with
a variety of evaluation methods.

In the present study, a change in peak wavelength
of characteristic X-rays emitted from materials was
measured by electron probe microanalysis. Charac-
teristic wavelengths of silicon in neutron-irradiated
and non-irradiated ceramics were precisely mea-
sured to detect any change in materials induced by
neutron irradiation. The merit of this method is its
applicability for materials independent of crystallin-
ity. Furthermore, this method is one of microanaly-
ses so the chemical shift can be detected with high
spatial resolution on the order of a micrometer.
Wavelength of characteristic X-rays is influenced
by atomic coordination for a specific ion/atom in
materials (chemical shift). The chemical shift of
.
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characteristic X-rays of Si or Al in silicate minerals
and several compounds was observed by White
et al. [5,6], Day [7], Fukusihma et al. [8] and Okura
et al. [9]. It was concluded that it was influenced by
the valence number, coordination and/or electro-
negativity of cations. Okura and Sudoh [10] and
Leone [11] observed the chemical shift of Si-Ka
and Si-Kb in oxides and glasses and that of six-
coordinated silicon showed a higher energy shift
than four-coordinated silicon.

Although the chemical shift is a well-known and
established phenomenon, it has not been applied to
detect the neutron irradiation effects up to the pres-
ent. Thus, the aim of the present study is to clarify
the applicability of the chemical shift measurement
for neutron-irradiated ceramics to detect any
changes of atomic coordination. The obtained
results were compared and discussed based on the
volume change reported separately.

2. Experimental procedures

The wavelength of silicon Kb characteristic
X-rays emitted from materials was measured by
electron probe microanalysis using wavelength dis-
persive X-ray spectroscopy (WDX) (Oxford Instru-
ments, Microspec WDX-450) in a scanning electron
microscope (Hitachi, S-3500H). Accelerating volt-
age of incident electron beam was 30 kV and speci-
men current was 90–170 lA. The crystal used to
disperse silicon X-rays was PET (pentaerythritol,
2d = 25.75 Å). The scanning rate was 13.57 mÅ/
min and the scanning range was 6.70–6.85 Å.
Specimens used in this study were non-irradiated
single crystal Si (metallic silicon), vitreous silica
(SiO2 glass), single crystal a-quartz (SiO2), b-silicon
carbide and b-silicon nitride. Neutron-irradiated
specimens of the same vitreous silica and quartz were
also observed. Measurement was conducted succes-
sively while monitoring the temperature of PET.

Neutron irradiation of quartz and vitreous silica
was conducted in the Japan Materials Testing Reac-
tor (JMTR) up to a fluence of 6.9 · 1023 n/m2 at an
irradiation temperature of 300 �C in a He filled
capsule.

Obtained profiles were analyzed by standard
method as follows. First, the profile was smoothed
by the Savitzky–Golay method, and then second
and third order differential curves were obtained
to determine the number of peaks (maxima more
than one tenth of the highest peak was identified
as peaks). Each profile was fitted as a Gaussian
distribution. Then, the observed profile was convo-
luted to fit with several independent profiles using
the Marquardt least-square method. The number
of peaks, peak height, peak position, peak width
were obtained.

3. Results and discussion

The observed Si-Kb profiles from metallic sili-
con, quartz, vitreous silica, b-silicon carbide and
b-silicon nitride obtained at a PET crystal tempera-
ture of about 25 �C are compared in Fig. 1. All
specimens were unirradiated. Intensities were nor-
malized to obtain the same main peak intensity as
each other. It is obvious that there is a large main
peak at around 2.75–2.77 Å and small separate
satellite peaks at 6.79–6.82 Å. Both peaks were
shifted specimen to specimen. The degree of the
shift was large in small and long wavelength peaks,
which can be attributed to the Si-sKb 0. Shift of main
large peaks, which can be attributed to Si-Kb, was
relatively small.

An example of the profile analysis is shown in
Fig. 2, which contains as-observed, deconvoluted
and convoluted profiles of the Si-Kb spectrum
observed for the neutron-irradiated quartz. The
main Si-Kb spectra were deconvoluted into two or
three peaks. The highest and sharpest peak was
observed at �6.75 Å with medium and broad peak
at �6.77 Å in metallic silicon and silicon carbide.
The former could be attributed to Si-Kb and the lat-
ter to Si-Kb1 in the case of metallic silicon. Almost
the same highest peak at �6.77 Å was observed in
both SiO2 along with a small peak at 6.75 Å. The
former peak can be attributed to Si-Kb1 and the
latter to Si-Kb. In the case of silicon nitride, these
two peaks were mostly overlapped. Furthermore,
in the case of quartz, vitreous silica and silicon
nitride, a separate small peak was observed at
�6.82, 6.80 and 6.79 Å, respectively, which was
attributed to Si-sKb 0 [11], as shown in Fig. 1.

Fig. 3 indicates the change in the peak-wave-
length of the Si-Kb main peaks from metallic sili-
con, unirradiated quartz and vitreous silica, b-SiC
and b-Si3N4 against the temperature of PET. The
wavelength was influenced directly by the tempera-
ture of the dispersed crystal. In this study a PET
crystal was used, thus the effect of crystal tempera-
ture was non-negligibly large for the measurement
of a small chemical shift. Thus we obtained profiles
serially while increasing the PET crystal tempera-
ture, which was monitored by Pt-resistance temper-



Fig. 2. An observed and deconvoluted profiles of Si-Kb spectrum
observed for the neutron-irradiated quartz (temperature of
crystal was 25.1 �C).

Fig. 1. Observed Si-Kb profiles from metallic silicon, quartz, vitreous silica, b-silicon carbide and b-silicon nitride at PET crystal
temperature of �25 �C. All specimens were unirradiated.
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ature monitor. Then, each obtained profile was ana-
lysed the same way. As shown in Fig. 3, the fitted
line showed mostly the same decreasing slope with
increasing PET temperature. The slope agreed well
with the expected value based on the thermal expan-
sion coefficient of PET. Therefore, it was under-
stood that the wavelength should be compared at
the same PET temperature condition. From the
straight fitting lines shown in the figure, the peak
wavelength of the main peak at a PET temperature
of 25 �C was obtained.

Fig. 4 shows the chemical shift, which is the
difference in peak wavelength from that of metallic
silicon. The chemical shift of unirradiated specimens
are increased in longer wavelength direction in the
order of b-silicon carbide, b-silicon nitride, quartz
and vitreous silica. The chemical shift was very
small in b-silicon carbide, and large in crystalline
and non-crystalline SiO2, and that of b-silicon
nitride was intermediate. The trend and order of
the chemical shift agreed well with the reported val-
ues [12]. Because the coordination of the Si polyhe-
dron in all these compounds was a four-coordinated
tetrahedron, the difference was explained by the dif-
ference in electro-negativity of these materials [12].

Fig. 5 shows the observed Si-Kb profiles of irra-
diated and non-irradiated quartz and vitreous silica
at nearly 25 �C. Intensities were normalized to the
same main peak intensity. A small peak shift was
observed. As mentioned above, since the wave-
length was influenced by the PET temperature, so
that the same procedure as shown in Fig. 3 was
applied to obtain the peak wavelength at a PET
temperature of 25 �C, after the peak deconvolution.
The obtained values are included in Fig. 4. The



Fig. 3. Change in the peak-wavelength of the Si-Kb main peaks from metallic silicon, irradiated and unirradiated quartz and vitreous
silica against the temperature of the PET crystal.

Fig. 4. Chemical shift of Si-Kb peaks of the specimens from that
of metallic silicon at the PET temperature of 25 �C.
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change in chemical shift due to the neutron irradia-
tion was relatively small. The main peak of the irra-
diated quartz was shifted to a longer wavelength,
while the main peak was shifted to a shorter wave-
length in the case of vitreous silica. The satellite
peaks shifted the same way as those of the main
peaks. The width of the main peaks for unirradiated
quartz and vitreous silica were 60 Å and 76 Å,
respectively. After irradiation, the width of the main
peaks for quartz and vitreous silica were 76 Å and
90 Å, respectively. Thus, the peak width was broad-
ened by the neutron irradiation in both specimens.
In a separate report, it was observed that the vit-
reous silica shrunk �2.2% in volume and the quartz
expanded �1.3% in volume after the same irradia-
tion condition [13]. The original density of the vitre-
ous silica was lower than that of quartz. Therefore,
the density increased in vitreous silica but it
decreased in quartz. It is known that both quartz
and vitreous silica suffer large volume changes, con-
traction (maximum �3% increase in density) in the
case of vitreous silica and swelling (maximum
�14% decrease in density) in the case of quartz,
and both saturated densities are the same �2.26 g/
cm3 [14,15]. The change in density of the present
specimens agreed well with these previous studies.
The tendency of the peak shift observed by WDX
in this study was consistent with the density change
of the specimens, as shown in Fig. 6. Therefore, it
was confirmed that the chemical shift of the charac-
teristic X-ray wavelength can detect the effects of
neutron irradiation of the materials. Basically the
wavelength of the characteristic X-rays depends on
the difference in energy levels between electron
orbitals of the specific atom, in this case Si. The
Kb wavelength corresponds to the transition from
the M (3s and 3p) shell to the K(1s) shell. The
change in chemical shift indicates that the electron
orbital should be slightly modified by the neutron
irradiation. The chemical shift in shorter wavelength



Fig. 5. Observed Si-Kb profiles for the irradiated and non-irradiated quartz and vitreous silica obtained at the PET crystal temperature of
nearly 25 �C.

Fig. 6. Relation between the chemical shift of quartz, irradiated
quartz, vitreous silica and irradiated vitreous silica at 25 �C and
corresponding density.
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direction in the case of vitreous silica indicates tigh-
ter tetrahedron formation, although the formation
of a looser tetrahedron is indicated in the case of
quartz. The increase in peak width in both cases
suggests an increase in the variation of the coordina-
tion due to the irradiation, i.e., the change was non
homogeneous.

In the present study, only the PET crystal could
be used to detect wavelength shift of Si-Kb X-rays
due to the limitation of crystals in the equipment.
If more proper crystal will be applied to diffract
characteristic X-rays, the temperature drift may be
minimized, and then it enables us to detect the
change in coordination of atoms in irradiated mate-
rials which show usually very slight property change
by the neutron irradiation. Further study should be
necessary.

4. Conclusions

It was confirmed that the chemical shift of the
characteristic X-ray wavelength can be applied to
observe neutron irradiation effects of materials. A
chemical shift of the main Kb peaks from that of
metallic silicon was observed for unirradiated mate-
rials, with increasing wavelength for b-silicon car-
bide, b-silicon nitride, quartz and vitreous silica in
this order. The chemical shift of Kb wavelength
from vitreous silica due to neutron irradiation was
reduced but that of quartz increased compared to
these of unirradiated specimens. The change corre-
sponded with the change in density.
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