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Dose rate dependence of radiation induced conductivity (RIC) of hydrogen doped yttrium-doped perov-
skite-type barium-cerium oxide ceramics (BaCe0.9Y0.1O3�d) was investigated under 1.8 MeV electron
irradiation within dose rate of 10–1000 Gy/s at temperature of 473 K. The RIC in the initial dose for
the H-doped BaCe0.9Y0.1O3�d exponentially increased as a function of dose rate, and eventually became
about three orders of magnitude higher than the base conductivity without radiation. For the dose rates
below 200 Gy/s, the RIC of the H-doped BaCe0.9Y0.1O3�d was higher by one order of magnitude than that of
the H-undoped one. The results may show that the RIC takes place due to hydrogen diffusion as well as
electronic excitation, enhanced by ionizing effects. For the dose rate range 300–1000 Gy/s, the RIC of
H-doped BaCe0.9Y0.1O3�d is similar to that of H-undoped one. The radiation enhanced diffusion of
constitutive oxygen dominates for the RIC.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

So far, it has been reported that the electrical properties of insu-
lating materials such as oxide ceramics are dynamically changed
by several radiation induced phenomena [1–6]. It will be predicted
that the radiation induced phenomena are further enhanced by
behavior of hydrogen isotopes trapped in the insulating materials
during long term D–T discharge. Our groups have carried out the
electrical conductivity in situ measurements of the insulating
materials under reactor irradiation using Japan Materials Testing
Reactor at Japan Atomic Energy Agency (JAEA), in order to
investigate the hydrogen effects on the radiation phenomena
for the typical proton conducting perovskite-type oxide ceramics
(BaCe0.9Y0.1O3�d) [2]. As a result, the increment of the electrical
conductivity, called radiation induced conductivity (RIC), was ob-
served as the reactor full nuclear power increased up to 50 MW.
The maximum ionizing dose rates were 1.1 and 2.0 kGy/s for
hydrogen (H)-doped and -undoped BaCe0.9Y0.1O3�d. The irradiation
temperatures for the H-doped and -undoped specimens were 426–
448 and 473 K during the first cycle at the full power for 29 days
and 421–572 and 673 K during the second cycle for 27 days. For
1.1 kGy/s, the RIC of H-doped BaCe0.9Y0.1O3�d was about two orders
of magnitude higher than that of H-undoped one. The result is
attributed to hydrogen enhanced diffusion. Moreover, the RIC for
H-doped BaCe0.9Y0.1O3�d in first cycle, initially decreased quickly
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for a brief period, and hereafter reached a constant level which
was kept in second cycle. However, the correlation between the
hydrogen behavior and the radiation phenomena is not yet fully
understood, since there are some effects such as temperature, neu-
tron elastic cascade collision and electronic excitation by gamma
rays in the reactor. It is necessary to separate their effects and
make out some experiments with one kind of irradiation, in order
to understand the results on the reactor radiation.

In the present study, to clarify the changes in proton and ionic
conductions by electronic excitation effects, electrical, proton and
ion conductivities of BaCe0.9Y0.1O3�d, heated at temperature of
473 K, were in situ measured with changing dose rates of 10–
1000 Gy/s using 1.8 MeV electron beams from Van de Graaff at
Euratom/CIEMAT.
2. Experiments

Y (10 at.%) doped BaCeO3 specimens which had a typical perov-
skite-type structure and a high proton conductivity at elevated
temperatures above 473 K [7] were used in the present experi-
ments. Hydrogen atoms were implanted into one zirconium (Zr)
electrode only of 1 lm thick, deposited on both sides of the speci-
men, using a 10 keV Hþ2 ion beam at room temperature. The fluence
was about 1.0 � 1022 H/m2, and the projected range of 5 keV H+ in
Zr is about 25 nm. It has been confirmed by an elastic recoil detec-
tion (ERD) measurements with 2.8 MeV He2+ ion probe beams [8]
that transport of hydrogen atoms which pass through the inter-
face between zirconium metals and ceramics takes place at
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temperature above approximately 473 K. The H-doped and -un-
doped specimens were heated up to 473 K in a vacuum chamber,
evacuated under a pressure of 1.3 � 10�5 Pa, and irradiated using
a 1.8 MeV electron beam from a Van de Graaff accelerator, installed
at Euratom/CIEMAT in Spain [5]. The electron irradiation dose rates
were within 10–1000 Gy/s. The irradiation temperature at
1000 Gy/s is elevated up to approximately 473 K by electron heat-
ing effects. It is a reason why the specimen has been heated at
473 K. Proton conductivity measurements were carried out by
recording direct current (DC)-currents while applying DC-voltages
of +10 V during irradiation. The DC electric field was disconnected
during irradiation, except for the short times needed for the
measurements.

3. Experimental results and discussion

Fig. 1(a) and (b) shows radiation induced conductivity, rRIC, for
H-doped BaCe0.9Y0.1O3�d as a function of ionizing dose rate for 10–
200 and 300–1000 Gy/s, respectively, during electron irradiation.
The RIC at 10, 50, 100 and 200 Gy/s increases about 1.2, 2.4, 6.3
and 23 times, respectively, higher, as compared base conductivity,
rBC, without radiation. The RIC in the initial dose is similar to that
in the final one which means that the irradiation time is 60 min,
and the dose is different for the several dose rates. On the other
hand, the RIC in the initial at 300, 500 and 1000 Gy/s is respectively
about 47, 293 and 3485 times as much as those before irradiation,
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Fig. 1. Radiation induced conductivity, rRIC, of H-doped BaCe0.9Y0.1O3�d as a
function of electron irradiation time at temperature of 473 K and ionizing dose rates
of (a) 10–200 and (b) 300–1000 Gy/s, as compared with base conductivity, rBC,
before and after irradiation.
whereas the RIC in the final one changes to be respectively about
36, 130 and 5484 times as much as those after irradiation. The deg-
radation of rRIC and rBC is possibly called Radiation Induced Elec-
trical Degradation (RIED) which is generally considered to occur
with an electric field during irradiation [4–6]. The RIED phenome-
non has been associated with displacement damage and radiation
induced impurity diffusion. In the present study the mobilities of
dopant Y atoms, constitutive oxygen, barium and cerium ions
and impurities, and in particular hydrogen atoms, may be en-
hanced under the present irradiation conditions at elevated tem-
perature of 473 K. The dose rate dependences of rRIC and rBC for
H-undoped BaCe0.9Y0.1O3�d show the same results with that for
H-doped one, although the absolute values are different.

Fig. 2(a) and (b) shows dose rate dependence of DRIC (rDRIC =
rRIC � rBC), which means the increment of the RIC, obtained by
subtracting the base conductivity from the RIC, for H-doped and
-undoped BaCe0.9Y0.1O3�d, respectively, in the initial and final
doses during electron irradiation at 473 K. For dose rates under
200 Gy/s, the DRIC of H-doped BaCe0.9Y0.1O3�d is about one order
magnitude higher than that of H-undoped one. The difference of
the DRIC between H-doped and -undoped BaCe0.9Y0.1O3�d may be
caused by enhancement of diffusion of H due to ionizing irradia-
tion. On the other hand, for the dose rates above 300 Gy/s, the DRIC
of H-doped BaCe0.9Y0.1O3�d was close to that of H-undoped one.
The coincident of the DRIC indicate that the charge carrier for
the conductivity is not hydrogen but constitutive atoms in the
σ
σ

σ
σ

σ
σ

a

b

Fig. 2. Dose rate dependence of DRIC (rRIC � rBC) for H-doped and -undoped
BaCe0.9Y0.1O3�d in the (a) initial and (b) final irradiation doses.
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matrix, mainly oxygen. The mobility of oxygen ions in
BaCe0.9Y0.1O3�d generally starts at elevated temperature above
973 K [9]. The diffusion of oxygen ions may be enhanced by ioniz-
ing effects with high dose rates above 300 Gy/s even if the temper-
ature is 473 K.

4. Summary

To investigate the role of hydrogen in the perovskite-type
insulating materials under irradiation, the conductivities of the
H-doped and -undoped BaCe0.9Y0.1O3�d were in situ measured
during electron irradiation with 10–1000 Gy/s at 473 K. The con-
ductivity in the final dose for irradiation time of 60 min increased
as the dose rate increased up to 300 Gy/s, and those at 100 and
300 Gy/s became about two and three, respectively, orders of mag-
nitude higher than the base conductivity without radiation, where
it is called RIC. It was found that the RIC for the H-doped specimen
was higher by one order of magnitude than that for the H-undoped
one. The results may show that the RIC takes place due to hydrogen
diffusion as well as electronic excitation, enhanced by ionizing
effects. From 300 to 1000 Gy/s, the RIC in the final dose hardly de-
pended on the dose rate and the hydrogen concentration. The base
conductivity due to protonic conduction after irradiation was
reduced to about one order of magnitude lower before one. Namely
RIED was observed. The dose rate dependence of the RIC above
300 Gy/s may probably show that the ionic conductions due to
constitutive oxygen elements in BaCe0.9Y0.1O3�d, are caused by
the ionizing effects, and the behavior of the excited hydrogen
atoms is suppressed by them.
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