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Recent studies, simulating the behavior of insulating materials in a fusion device environment, show

that under concurrent applications of radiation, applied electric field, and elevated temperature, they
suffer degradation of their electrical properties. The goal of the present study is to address the mecha-

nism of this radiation-induced electrical degradation and the defects involved. Our results show that
when an A1203 crystal under a moderate electric field is irradiated with 1.8 MeV electrons at 773 K, the
dc conductivity during and after irradiation increases rapidly above a critical dose and saturates after the
conductivity increases by a factor of 10 . There are two main conclusions. First, the electrical degrada-
tion is due to the charge of the electrons and holes created during radiation, rather than due to displace-
ments of indigenous ions by elastic collisions with the energetic electrons. Second, the defects attending
the observed electrical degradation are dislocations. Transmission electron microscopy studies revealed

regions of large dislocation density distributed nonuniformly throughout the degraded area, with an

overall average density of -10 cm, as opposed to —10 cm in regions which were not electron irra-
diated nor subjected to an electric field. The concentration of point defects, as characterized by optical
absorption and electron paramagnetic resonance, was below detectable limit. In addition, no second

phase was observed.

I. INTRODUCTION

It has recently been reported that experimental simula-
tions of hostile environments surrounding several key
components in fusion power systems produced adverse
effects on the electrical properties of insulating ceram-
ics. ' The simultaneous applications of Radiation with

energetic particles, Electric field, and elevated Tempera-
ture (to be abbreviated hereafter as Rad-E-T} to ct-A1203
for an extended period of time led to electrical degrada-
tion of the material. (It is emphasized that all three ap-
plications are concurrent. ) The general features are illus-

trated in Fig. 1. Under a moderate electric field at an
elevated temperature, a-Alz03 does not experience a
change in electrical conductivity or electrical degrada-
tion, as shown by the Hat dotted line. However, when
subjected to irradiations with energetic particles, such as
electrons or neutrons, it experiences an increase in the
electrical conductivity. This incremental increase, due to
Radiation Induced Conductivity (RIC), is proportional to
the dose rate and independent of the accumulated dose
(for the classic paper on this subject, see Ref. 5). Under
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FIG. 1. Main features of electrical current vs time during

electron irradiation of A1203 at an elevated temperature with an

applied e1ectric field. The current increases at a critical dose.
This critical dose corresponds to -30 h of Van de Graaff irradi-

ation in Ref. 1. The dotted line corresponds to the current leve1

with no irradiations.

constant conditions of Rad-E-T, RIC remains unchanged
for a long period, as shown in the figure. In recent Rad-
8-T experiments carried out to higher doses, ' it was re-
ported that beyond some critical dose the electrical con-
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ductivity began to increase, signaling the onset of what
was reported to be an electrical breakdown. This in-
crease in conductivity, over and above RIC, continued
without limit with irradiation dose until the material
could no longer be regarded as an electrical insulator.
The removal of radiation did not return the conductivity
to its preirradiation level, in contrast to RIC. Further-
more, the degraded ceramic insulator could not be readi-
ly annealed or otherwise returned to its original low con-
ductivity. The increase in conductivity was reported to
be attended by a visible coloration. The experimental re-
sults were interpreted as showing that the electrical
breakdown was related to exposure to energetic electrons
during Rad-E-T. This behavior poses a serious challenge
for fusion power systems, which require electrical insulat-
ing integrity for various applications, including diagnos-
tic ports, radio frequency and neutral beam injectors,
magnetic coil insulators, and toroidal current breaks.

This unexpected phenomenon emphasizes the impor-
tance of in situ studies, as opposed to post-mortem inves-
tigations. In view of the importance of this phenomenon
pertaining to advanced energy devices, we have conduct-
ed a study in order to obtain a fundamental understand-
ing of the mechanism of the electrical degradation and
the defects involved. For reasons which will become
more obvious later, this phenomenon will be referred to
in a more general term —radiation-induced electrical de-
gradation (RIED), rather than radiation-enhanced elec-
trical breakdown, as has been referred to in the past. '

II. EXPERIMENTAL PROCEDURES

High-purity single crystals of a-A1203 were obtained
from both the Shanghai Institute of Optics and Fine
Mechanics (SIOFM) and the Union Carbide Corporation
(UCC). Impurity elements such as Si, K, Mg, Fe, Ca in
the SIOFM crystals were reported to us to have impurity
concentrations up to 50 ppm. The SIOFM crystal was
grown by the temperature gradient technology method.
MgO single crystals were grown at the Oak Ridge Na-
tional Laboratory (ORNL) by the arc fusion method.

One sample was obtained from SIOFM, with the c axis
perpendicular to the broad surface and parallel to the ap-
plied electric field E in RIED studies. The thickness was
0.85 mm and the diameter was 17 mm. Platinum con-
tacts were deposited on the sample by sputtering from a
Pt foil in vacuum. For intimate contact with the Pt, the
sample was held at -475 K during the deposition. The
thickness of the sputtered Pt is estimated to be 100—200
nm. Additional electrical contacts were an Au ring and
disk; two large masses of copper were used for thermal
contact (see Fig. 2}. The top copper ring also served to
collimate the electron beam, so that the periphery of the
sample was shielded from the electron beaxn. The diame-
ter of the collimated beam was 9.5 mm. An auxiliary
heater ring and a dc voltage source supplied the neces-
sary temperature and voltage requirements. Another
sample, purchased from the Union Carbide Corporation,
had the same crystal orientation and a thickness of 1.0
mm. It came optically polished and was used for high-
dose electron irradiation at room temperature without an

electrons

Cu Cu

Cu

heater Au AI 0 heater

FIG. 2. Diagram of the experimental setup.

III. RESULTS AND DISCUSSION

A. Dose-dependent dc electrical conductivity

In this section we provide results which iOustrate the
electrical characteristics as a function of electron dose.
Figure 3 illustrates a semilog plot of the dc conductivity

applied electric field. Four UCC sapphire crystals (two
with surfaces parallel to the c axis, and two with surfaces
perpendicular to the c axis}, and two MgO crystals were
neutron irradiated at two different temperatures.

The electron irradiaion was carried out using a vertical
Van de Graaff operating at 1.8 MeV at -4@A/cm . The
neutron irradiations were performed at 320 and 480 K in
the Low-Temperature Neutron Irradiation Facility at the
Oak Ridge National Laboratory. A Philips EM 430 elec-
tron microscope with an operating voltage of 300 KV
was used for post-irradiation transmission electron mi-
croscope observations. Two samples, with diameter of
about 3 mm, were cut from the center and the edge (shel-
tered by the copper cylinder) of the irradiated disc by ul-
trasonic cutting (Gatan Model 601). They were then pol-
ished to 50 pm by dimpler (Model D500} and were
thinned by a dual ion mill (Gatan Model 600) until a
small hole appeared. The thin sample around the hole
was then studied by transmission electron microscopy
(TEM). Optical-absorption measurements were taken
with a Perkin-Elmer Lambda 9 spectrophotometer. Elec-
tron paramagnetic resonance (EPR) measurements were
made on a Varian E-line spectrometer operating at X
band with 100-kHz field modulation. The addition of a
narrow-tailed quartz dewar inserted into the microwave
cavity enabled measurements to be performed at 77 K.

There were several experimental differences between
the present work and those reported in Refs. 1 and 3: (1)
The present work was carried out in air, whereas the pre-
vious studies were carried out "in vacuum. " (2) In the
present work, the dc electric field was applied parallel to
the c direction, whereas no crystal orientation was report-
ed in the previous work. (3) The present dose rate was
about a factor of -20 higher. (4) The total dose was also
higher, by about a factor of 10. (5) The sources of the
crystals were also different —SIOFM as opposed to
Roditi-Union Carbide uv grade.
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FIG. 4. Linear plot of post-irradiation conductivity vs elec-
tron dose of the A1203 crystal illustrated in Fig. 3 in the early
stage of irradiation.

FIG. 3. Semilog plot of conductivity vs electron dose of an
Al, Q3 crystal during irradiation (top curve), and after irradia-
tion followed by stabilization of the current (bottom curve).

of a SIOFM sapphire crystal at various stages of electron
irradiation. The c axis of the crystal was perpendicular
to the sample surface, and parallel to the applied electric
field and the incoming electron beam. During irradiation
the temperature of the sample was held at 773 K and an
electric field of 2120 V/cm was maintained. The beam
current was about 4 pA/cm, or 2.5X10' ecm s
The top curve illustrates the conductivity during irradia-
tion, represented by o.. Each of the data points in this
curve was obtained from the slope of the I-V curve in the
first quadrant (to be illustrated by Figs. 5 and 6}, and
corrected for the zero-voltage current due to the electron
beam, as will be described in Sec. IIIB. These values,
which include RIC, depend on the intensity of the beam
current, which in the present case was maintained at a
constant level. Data were not taken at the beginning;
however, the initial conductivity is projected by the dot-
ted line. The beam current was more intense than the
previous study, reflected by the nearly flat curve shown in
Fig. 3. At this higher dose rate, the conductivity was
dominated by RIC.

The post-irradiation conductivity, represented by o.
o in

Fig. 3, reflects values taken after the electron beam had
been shut off at various intermediate doses and the con-
ductivity had decayed to a constant value. A waiting
period of 4—5 min was adequate to assure a steady-state
current. In effect, the o 0 curve (bottom) refiects the con-
ductivity without RIC. Prior to irradiation, the conduc-
tivity o.

o was about 10 ' (ohm cm) '. It then increased
slowly with irradiation and hovered around 10 " (ohm
cm) '. At a dose of —1.0X 10' e/cm, the conductivity
increases rapidly. (Plotted linearly, this initial portion of
the curve is shown in Fig. 4.) The conductivity continued
to increase until it reached —10 9 (ohmcm) ', where it
saturated. We extended our total dose to 3.2 X 10'
e/cm, but observed no significant conductivity increase
beyond 1.2X10' e/cm .

The present conductivity results are now compared
with those of Ref. 1 and the implications are discussed.
Figure 4 resembles the curve of the earlier work. Howev-
er, it is noted that in the present study the conductivity

began to increase at a dose of -1.0X10' e/cm, as op-
posed to -1.0X10' e/cm in the earlier work. This fac-
tor of 10 may be significant, but there are differences in
the experimental conditions which could account for the
discrepancy, including dose rate, ambient conditions (02
partial pressure}, crystal orientation, and surface condi-
tions. The major differences are dose rate and total dose
to which the two studies were carried out: Our total dose
was a factor of 11 higher. The implication is significant.
Previous experiments' were terminated while the conduc-
tivity was still increasing and it was assumed that it
would increase until the crystal suffered electrical break-
down. Indeed the effect was reported as an electrical
breakdown phenomenon. The present study indicates a
saturation after an increase of -10 in conductivity.
There was no evidence of catastrophic electrical break-
down. Therefore we generalize the effect and call it
radiation-induced electrical degradation (RIED).

B. Nonlinear current-voltage characteristics

The current-voltage characteristics after being subject-
ed to Rad-E-T are not always linear. The I-V and Io-V
curves represent those obtained during and after irradia-
tion, respectively. In the former the current I, which is
dominated by the RIC and the intense beam current (4
pA/cm ), is expectedly linear when plotted against V (see
Fig. 5). However, there is a zero voltage current. This
current is due to the fact that unequal amounts of the
beam electrons are in effect deposited on the two opposite
sides of the sapphire crystal (see Fig. 2). As mentioned in
the previous section, the data given in the top curve of
Fig. 3 correspond to values which have been corrected
for zero-voltage currents.

In the post-irradiation measurements, the Io-V curves
tend to be linear initially, then become nonlinear after ex-
tensive irradiations. At still higher doses, the Io-Vcurves
again approach 1inearity. Figure 6 illustrates this effect
for three doses. Whereas there was no dramatic increase
in the positive direction at 200 V, there was an increase
of a factor of 10 in the negative direction for one of the
curves. The data given in the lower curve of Fig. 3 corre-
spond to values which are linear (first quadrant in the Io
V curves}.



49 RADIATION-INDUCED ELECTRICAL DEGRADATION IN. . . 15 517

40 ? ?

Al 203 (SIOFM)

(x10 )
- T=773K

clI E
t=0.85mm

18
2.0x10

0

~ is1.3x10 r

Z'.
I— 0 —...

UJ
CL
Ct

D

-200
l

0
VOLTAGE (V)

200

FIG. 5. Current-voltage (I- V) curves during electron irradia-
tion at -4@A/cm at three different stages of irradiation.

C. Defect characterization: TEM,
optical absorption, and magnetic resonance

FIG. 7. Transmission electron micrograph showing high
density of dislocations in an area previously subjected to Rad-
E-T.

The one characteristic difference between regions sub-
jected to Rad-E-T and the (shielded) regions not subject-
ed to Rad-E-T was the dislocation density, as character-
ized by TEM. The dislocation density in the former was
enormous, averaging —10 dislocations/cm . However,
this distribution was highly nonuniform, such that in
some regions the density was orders of magnitude higher
than the average. Many low-angle grain boundaries and
high density of dislocations were observed in the concen-
trated r'egions (see Figs. 7 and 8). On the other hand, the
average dislocation density around the peripheral of the
sample, which was shielded from direct electron bom-
bardrnent and not subjected to electric field, was
significantly lower: these dislocations were so rare that
they were extremely difficult to find, but they did exist.
To the best of our estimate, the overall average disloca-
tion density in this shielded region was of the order of, or
less than 10 cm . This magnitude is comparable to
what is expected in virgin crystals.

Optical-absorption and electron paramagnetic reso-

nance (EPR} techniques were used to determine the pres-
ence of point defects in the crystal after it underwent
RIED. There was no visible coloration in the crystal,
and no optical-absorption bands associated with well-
known lattice vacancies were observed in the range of
700-190 nrn. There was increasing scattering as the
wavelength decreased, due in part to the rough sample
surface after the removal of the Pt contact. However, the

sample was too thin to permit additional polishing. Like-
wise there was no observable room-temperature EPR sig-
nal attributable to known point defects, such as the anion
vacancy with one electron (the F+ center}.

The lack of coloration also suggests the absence of Mie
scattering from particles with dimensions smaller than
the wavelength of visible light. Indeed, transmission elec-
tron microscopy (TEM) investigations confirmed that
there were no observable precipitates. Both the central
region of the sample exposed to the electron beam, as
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FIG. 6. Post-irradiation current-voltage (Io-V) curves at
three different stages of irradiation.

FIG. 8. Transmission electron micrograph of a low-angle
boundary of dislocations in an area previously subjected to
Rad-E-T.
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well as the sheltered region, were imaged by TEM. The
absence of precipitates in the present study is in marked
contrast with the previous study suggesting the presence
of precipitates. Precipitates in MgO and other oxides
were known to be formed without irradiation and
without an electric field at significantly higher tempera-
tures () 1700 K) in a reducing or inert atmosphere.
If it is assumed that precipitates exist in the earlier Rad-
E-T experiments, then it appears that they are formed at
a significantly lower temperature (773 K) but in the pres-
ence of an electric field and electron radiation. One is
then led to the conclusion that either an electric field, or
radiation, or both can serve as a reducing agent.

The reason for the discrepancy of the absence or pres-
ence of precipitates between the present and the previous
studies may be that the present experiment was per-
formed in air, whereas the earlier work was in vacuum.
It is believed that because of the oxygen partial pressure,
air serves as an oxidizing agent which effectively coun-
teracts the reducing effect of an electric field, or radia-
tion, or both. Vacuum, on the other hand, behaves more
like a reducing environment.

Alz03 has been studied using different types of radiations.
In order to understand the mechanism of RIED, results
from the previous studies are placed in perspective with
results from the present studies. Three sets of data are
available (see Table I): two are from the electron irradia-
tions already discussed using dc electric fields, ' and the
third is from neutron irradiation. The electron irradia-
tions were both carried out using Van de Graaff accelera-
tors, and the neutron irradiations were carried out in a
fission reactor, which generates both neutrons and y rays.
All three studies observed substantial enhancement in
conductivity at critical doses. We shall assume that all
three observations are due to RIED.

In order to compare RIED incurred by electrons and
neutrons, the results are converted to the number of par-
ticles penetrating per unit area, be it electrons or neu-
trons. The results are illustrated in Fig. 9. The neutron-
irradiation data were reported in terms of days in the
reactor at full power, which can be converted to n/cm'
for neutron energy)0. 1 MeV. The earlier electron-
irradiation data' were reported in Gy unit, which can be
converted to e/cm; for 1.8-MeV electrons, the conver-
sion factor is 2.4X 10 ' Gy e ' cm . '

IV. MECHANISMS LEADING TO RIED

In this section various considerations which have im-
plications on the mechanisms leading to RIED are dis-
cussed. The understanding of the mechanism of RIED is
important, not only from a fundamental point of view,
but primarily because it will permit the discrimination of
the roles of the various particles in the fusion environ-
ment. In this section we present experimental results and
phenomenological evidence that the mechanism leading
to RIED is due to the roles of electrons and holes created
during the irradiation, rather than due to elastic col-
11slons.

The effect of Rad-E-T on the electrical properties of a-

A. Cross-section considerations

A comparison of the cross sections for these irradia-
tions in causing RIED provides a reliable way to deter-
mine whether the process is due to atomic displacements
by elastic collisions (also known as a knock-on process),
or due to roles played by electrons and holes created dur-
ing irradiation. The goal of the present section is to com-
pare the relative eKciency of electrons versus neutrons in
causing RIED, thereby providing a one-to-one compar-
ison between electrons and neutrons. Figure 10 plots the
normalized conductivity, o /cro, against e/cm, or n/cm,
for four of the curves shown in Fig. 9. The choice of oo

TABLE I. Sample characterization and conditions under which Rad-E-T experiments were per-
formed.

Dose rate
(X 10' cm s ')
Total dose
(X10"cm ')
RIC
(Q cm)
Electric field
(Vycm)
T (K)
Sample source

Orientation
Total impurity
{pprn)
Sample geometry
(rnm)

Hodg son
(e )

0.12

0.28

1.65 X 10-'

1300 (dc)

773
Single

Roditi-Union
Carbide

not reported
—10 ('7)

5X5X1

Zong
et al.
(e )

2.5

3.2

2.9X10-'

2120 (dc)

773
Single

SIOFM

20-50

174X0.85

Shikama
et al. (1st)
(y) (n')

1.2 34

100 2820

6.5 X 10

5 (ac)

600-630
Single

Kyocera

~IIE
1000

8/X 1

Shikama
et al. (2nd)

(y) (n')

2 2 150

91 6300

1.19X 10

5000 (dc)

770-800
Polycrystalline

Kyocera

Polycrystalline
5000

8$X0.5
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FIG. 9. Electrical conductivity vs electron or neutron dose in

A1203 (a) during electron irradiation, Hodgson, Ref. 1; (b) post-
electron-irradiation, Hodgson, Ref. 3; (c) during electron irradi-
ation, Zong et al. , present study; (d) post electron irradiation,
Zong et al. , present study; (e) ionizing y dose in reactor in

equivalent e/cm, Shikama et al. , Ref. 2; and (f) neutron dose
with E &0. 1 MeV, Shikama et al. , Ref. 2. The electron dose
rate for (c) is a factor of 20 as intense as that for (a). The
equivalent e/cm for ionizing y dose rate in (e) is about the same
as the electron dose rate in (c).
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FIG. 10. Normalized conductivity, o /o. o, against e/cm or
n/cm (a) electron irradiation, Ref. 1; (b) electron irradiation,
present study; (c) equivalence of ionizing radiation in reactor, in
e/cm, Ref. 2; and (d) neutron irradiation with neutron E & 0. 1

MeU, in n/cm, Ref. 2.

is based on the last conductivity measurement prior to
the increase in conductivity signifying the onset of RIED.
Even though curves (a) and (d} include RIC, and curve (b)
does not, the magnitudes are correctly represented. The
necessary condition is that the RIC contribution was con-
stant. Comparing curves (a), (b), and (d} in Fig. 10, it is

apparent that it requires 10 -10 as many neutrons to
cause RIED as one electron. This is an indication that
RIED is dominated by the roles played by electrons and
holes, rather than by knock-on displacements of indi-
genous ions. ' ' If the RIED were caused by an elastic
collision process, neutrons would have been much more
efficient than electrons. Therefore we conclude that in a
fusion enuironment, it is the y rays with the ensuing
Compton electrons that cause the RIED.

B. Elastic collisions by 1.8-MeV electrons

Electrons with an energy of 1.8 MeV dissipate most of
their energy in a crystal almost exclusively by ionization.
Elastic collisions do occur but they constitute only a very
small fraction of the energy loss. The critical dose for
RIED to take place was reported to be —1 X 10' e/cm
in the earlier study, and a factor of 10 higher in the
present work. These are small doses in terms of the abili-
ty of 1.8-MeV electrons to create sufficient displacements
by elastic collisions to cause RIED. There are four fac-
tors that need to be considered: (1) elastic collisions by
1.8-MeV electrons in the oxides create negligible amounts
of defects with order higher than monovacancy (see Refs.
14 and 15); that is, most of the defects produced are
monovacancies. (2) A large fraction of the point defects
created by elastic collisions from 1.8-MeV electrons do
not survive thermal annihilation (due to interstitial-
vacancy recombination} at 300 K or higher, especially in
sapphire, as we shall see in the next section. (3) The
range of 1.8-MeV electrons in sapphire is -2.3 mm, indi-
cating significant attenuation such that most of the dam-
age is created in their initial paths. (4) The growth rate
of the defect concentration with dose becomes strongly
sublinear. Taking these four factors into consideration,
we estimate that no more than 10' vacancies/cm can
survive. This range of values is consistent with our post-
mortem nondetection of anion vacancies, either by opti-
ca1 absorption or by magnetic resonance techniques —the
1atter being much more sensitive. It is highly unlikely
that such small concentrations of vacancies can be re-
sponsible for RIED. Therefore we conclude that elastic
collisions are not the primary mechanism.

C. Radiation damage in sapphire

In this section our discussions shall be based on the as-
sumption that RIED is a radiation damage problem.
Whether it is indeed a radiation damage problem or not
is questionable and remains to be seen.

Each class of solid-state material is identified with its
characteristic radiation damage mechanism. There are
basically two types of mechanisms: those involving the
collision of the incoming particles with the nuclei of the
indigenous host (knock-ons or elastic collisions}, and
those involving the interaction of the incoming particles
with electrons of the host ions (comtnonly referred to ion-
ization, photochemical, or radiolysis process}. ' Both
processes can displace indigeneous ions. The radiation
damage processes in metals and semiconductors are
known to be primarily due to elastic collisions, except
where hydrogen is involved. ' ' In insulators, both
mechanisms can prevail, depending in general upon the
type of crystals: halides or oxides. Halide crystals are
generally characterized by ionization-induced displace-
ments of halide ions. ' Radiation damage in oxides
such as MgO and A1203 are identified with elastic col-
lisions, except in the ionization-induced-
displacements of substitutional protons and deute-
rons. In oxide crystals, the resulting defects by elas-
tic collisions are primarily associated with oxygen ions.
Certainly cations are also displaced, but the resulting in-
terstitials quickly recombine with vacancies. ' Oxygen
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ions are displaced, but generally only a small fraction sur-
vives subsequent interstitial-vacancy recombinations.

Even though the surviving point defects produced in

Alz03 are due to elastic collisions, the experimental re-
sults on RIED, in conjunction with the temperature
dependence of radiation damage of insulating crystals in
general, would lead one to believe that the mechanism
leading to RIED is not associated with elastic collisions:
The concentration of radiation-induced point defects de-
pends on two factors, production ef6ciency and thermal
stability. We shall discuss the production and thermal
annihilation for defects produced by (a) elastic collisions,
and (b} an ionization process.

(a) Elastic collision: For defects produced by elastic col-
lisions, such as those in the oxides, the production rate is
essentially independent of the temperature; that is, the
production process is not thermally activated. The sur-
viving defects, however, depend on the thermal stability
of these defects, decreasing with increasing temperature.
In the case of sapphire, thermal annealing also creates ag-
gregate point defects at the expense of monovacancies,
but nevertheless there is a net loss of defects. Therefore,
for defects produced by elastic collisions, increasing the ir
radiating temperature cannot result in a higher concentra-
tion ofdefects.

(b} Ionization: For defects produced by an ionization
mechanism, such as in the alkali halides, the production
eSciency increases with temperature that is, the pro-
cess is thermally activated. The surviving defects pro-
duced by an ionization mechanism also depend on the
thermal stability, and decrease with increasing tempera-
ture. Similarly, aggregate defects can be created thermal-
ly, but again there is a net loss of point defects. There-
fore, for defects produced by an ionization mechanism, in
creasing the irradiating temperature can result in an in
crease of defect concentration One c. oncludes that any
observed increase in the concentration of defects with ir-
radiating temperature is indicative of an ionization pro-
cess.

Evidence is now provided in support of the argument
that for defects produced by elastic collisions, a higher ir-
radiation temperature cannot result in a higher concen-
tration of defects. Experimental results from tempera-
ture dependence of neutron and electron irradiations are
given as follows.

Neutron irradiation without an electric f'Eeld: Results
from experiments on neutron irradiations of A1203 and

MgO crystals performed at two different temperatures
indeed demonstrate that for defects produced by elastic
-collisions, irradiation at a higher temperature results in a
lower surviving defect concentration. Optical-absorption
measurements were performed after neutron irradiation
on A1203 and MgO samples to monitor the surviving
anion vacancies. The results are shown in Figs. 11, 12,
and 13. In a11 three cases, neutron irradiations at higher
temperatures, in spite of a higher dose, resulted in lower
concentrations of anion vacancies. The mechanism asso-
ciated with the production of these defects has been
unambiguously identified with that of elastic collisions. '

Electron irradiation without an electric geld: The
threshold energy for elastic-collision displacements due
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FIG. 11. Absorption coeScient vs wavelength for two
neutron-irradiated A1&03 crystals from UCC, one irradiated at
320 K (top curve), and the other at 480 K (bottom curve). The
polarizer was oriented parallel to the c axis. The absorption at
205 nm is due to the two-electron anion vacancy (F center), and

that at 258 nm due to the one-electron anion vacancy (F+
center) (see Refs. 24-26).
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FIG. 12. Absorption coefBcient vs wavelength for two

neutron-irradiated A1203 crystals from UCC, one irradiated at

320 K (top curve), and the other at 480 K (bottom curve). The

polarizer was oriented perpendicular to the c axis. The absorp-

tion at 205 nm is due to the F center, and that at 258 nm due to

the F+ center (see Refs. 24-26).

to electron irradiation in sapphire is reported to be -0.3
MeV, ' corresponding to -55 eV for the displacement
of oxygen ions. Based on this value, the theoretical cross
section for the displacement of oxygen for 1.8-MeV elec-
trons is 8 b. Knowing the theoretical cross section (o),
the fraction of the sublattice ions (l},n /n) can be calculat-
ed for a given dose (b,P), using the equation b, n /n =o b,P.
Using the critical dose of 1.3X10' e/cm (using the
value of Ref. 1), a maximum displacement of 1 ppm of
0 ions would have occurred when RIED began to take
place. (Using our critical dose of 1.3X10' e/cm~ the
value would be 10 ppm. ) Theoretically obtained values of
hn /n, or o, are always higher than their experimentally
obtained counterparts, because the equation assumes zero
interstitial-vacancy recombinations, and no energy at-
tenuation as the electron penetrates the crystal. It is un-
realistic to expect zero interstitial-vacancy recombination
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FIG. 13. Absorption coefficient vs wavelength for two
neutron-irradiated MgO crystals grown at the ORNL, one irra-
diated at 320 K (top), and the other at 480 K (bottom). The ab-
sorption at 250 nm is due to both the F and F+ centers (see
Refs. 14 and 23). An absorption coefficient of 20 cm ' corre-
sponds to -1.0X 10' anion vacancies per cm' (see Refs. 14 and
15).

in radiation damage in solids.
An experiment was performed to estimate a realistic

cross section, or the survival rate of anion vacancies in

a-Alz03 at room temperature for 1.8-MeV electron irra-
diation. Irradiation at room temperature was performed
on a crystal from Union Carbide Corporation. The sam-

ple was placed in an irradiating chamber cooled with run-

ning water such that the temperature of the sample was
maintained at 293 K. The total dose was —1X10'
e/cm, which is a factor of 3 greater than that used for
the present RIED experiment and more than 30 times
greater than that used in Ref. 1. The well-known F band
(anion vacancy with 2 electrons) at -205 nm was not ob-
served. This means that no more than 0.05 ppm of oxy-
gen vacancies were produced for this enormous dose.
This value translates into an experimental cross section of
5X10 b, as compared to a theoretical value of 8b; that
is, less than 1% of the oxygen vacancies survives thermal
annihilation. To ascertain that it was not the irradiation
facility that was responsible for the lack of defects ob-
served, an MgO crystal was irradiated in the same facili-
ty; a large concentration of oxygen vacancies was ob-
served.

Thus irradiation with energetic electrons produces low
concentrations of oxygen vacancies in a-Alz03 at room
temperature by elastic collisions. We know that the con-
centration of defects produced by elastic collisions cannot
increase at higher irradiating temperatures. Therefore if
the problem is indeed due to radiation damage by elastic
collision, in order to incur substantial damage at 773 K in
the crystal of Ref. 1, or in the present study, it is neces-
sary to impose another mechanism which is much more
efficient —perhaps radiation damage by ionization.

D. RIED by y rays in reactor

Reactor irradiations were performed by Shikama
et al. The data from his second experiment will be used
for comparison, since those experimental conditions more

closely resemble the two electron-irradiated Rad-E-T
studies (see Table I). The background y dose rate at the
Japan Materials Test Reactor of Oarai Research Estab-
lishment of the Japan Atomic Energy Research Institute
was reported to be -5.3X10 Gy/s at full power. This
y dose can be converted into the equivalent 1.0-MeV
electron dose. The conversion factor is 2.4 X 10
Gye 'cm for the broad vicinity of 1-MeV y rays. '

Shikama's results are shown in Fig. 9(e) and Fig. 10(c).
The RIED in the reactor began to occur at 2 days full
power, which translates into 4X 10' e/cm . The ionizing
component of the reactor epithermal neutrons (4.7X10~
Gy/s) is small in comparison with that of the reactor y
radiation. ' The two sets of electron Rad-E-T curves are
shown as (a} and (b} in Fig. 10 for comparison. Two dis-
tinctions become apparent. First, the ionization from the
y rays from the reactor, curve (c), is not as efficient as
that from electrons, but is within a factor of 10 of the
present study. Second, the growth rate of the conductivi-
ty in curve (c}is not as rapid. There are possible explana-
tions: In the first instance, the reactor study was based
on polycrystalline material, whereas the present work
was based on a single crystal. There is some evidence
that polycrystalline materials may be more resilient to
RIED than single crystals. If this factor is considered,
curve (c) could be surprisingly consistent with the present
result, curve (b}. In the second case, the reactor data en-
compass RIC, since these conductivity measurements
were all performed in the reactor during full power
operation. This additional component will tend to render
an otherwise RIC-less slope less steep. The dose rate for
our experiment (2.5X10' ecm s ') is very similar to
the ionizing dose rate from y rays (equivalent to
2.2X10' ecm s '}. In fact, the slopes of the two
curves during irradiation, labeled (c) Zong (e, RIC) and
(e) Shikama (y, RIC) in Fig. 9, are similar. Therefore we
can tentatively conclude that curves (b) and (c) in Fig. 10
are consistent with one another, given that one is based
on a single crystal and the other on polycrystalline ma-
terial.

K. Energy dependence measurement

The strongest argument for the involvement of elastic
collisions in the RIED of sapphire during Rad-E-T was
the reported strong energy dependence of the electron ir-
radiations on the electrical degradation. ' In this study,
1.8-MeV electrons resulted in conductivity increase
whereas 0.3-MeV electrons did not. The lower energy
electrons correspond to the threshold energy below
which no displacement of oxygen ions occurs by elastic
collision. * The author therefore concluded that elastic
collisions are necessary in the electrical breakdown.

This conclusion is not justified. The range of 0.3-MeV
electrons is much smaller than the thickness of the sam-
ples, which was 1 mm. Whereas the 1.8-MeV electrons
fully penetrated the sample, the 0.3-MeV electrons did
not. Figure 14 shows the range in g/cm (left ordinate)
and in mm for sapphire (right ordinate) vs the energy of
the irradiating electrons. The range of 0.3-MeV electrons
in sapphire is 0.21 mm, which is only one-fifth of the
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sample thickness. The conductivity of the sample during
Rad-E-T was governed predominantly by the portion of
the sample which was not irradiated. Regardless of how
conducting the irradiated portion became, no substantial
increase in conductivity through the bulk of the sample
could occur. Therefore, no meaningful conclusion could
be deduced from this experiment.

V. CONCLUSIONS

The present study addresses two fundamental ques-
tions. First, what is the defect associated with RIED.
Second, what is the mechanism leading to RIED?

On the first issue, we depend in large part on the post-
mortem characterization of the sample after subjected to
Rad-E-T. Three types of defects are discussed: (a)
radiation-induced point defects, (b) second phase, and (c)
dislocations.

(a) Radiation induced -point defects, or vacancies: It is
highly unlikely that even a large concentration of vacan-
cies (for example, —10' anion vacancies cm ) will give
rise to large increase in electrical conductivity, because
the ground-state wave functions of the electronic states
for these vacancies are compact. Our results showed that
RIED occurred in the absence of vacancies ((10'
cm ), as monitored by optical-absorption and magnetic
resonance techniques. It is highly unlikely that the opti-
cal absorption reported in Ref. 3 as the I'+ center (oxy-
gen vacancy with one electron) has been correctly
identified; the basis for our argument will be presented in
a later publication.

(b) Second phase: In general, it is unlikely that precipi-
tates will lead to RIED. The population of precipitates
in the refractory oxides, if they exist, are low —typically
no more than —10' cm, as monitored by TEM.
Earlier studies in MgO at high temperatures (-1473 K),
with a moderate electric field but in the absence of radia-
tion, demonstrate that electrical breakdown can occur
without precipitates being formed. Likewise, in the
present study RIED occurred in a sample with no precip-
itates. Therefore we conclude that a second phase is not
a prerequisite for RIED.

Kinetic Energy (MeV)

FIG. 14. Range vs energy of irradiating electrons [After
Katz and Penfold, Rev. Mod. Phys. 24, 28 (1952)]. Range of a
A1203 (in mm) is scaled on the right.

(c) Dislocation: There appears to be a correlation be-
tween the RIED and the preponderance of dislocations
produced during Rad-E-T. In the shielded region (unir-
radiated and without an applied electric field) the disloca-
tion density averaged —10 cm . This level of disloca-
tion density is consistent with that found in virgin high-
quality sapphire crystals. On the other hand, in the de-
graded region, which had been subjected to Rad-E-T, the
dislocation density was exceedingly high. The disloca-
tions were concentrated in high-density regions, but were
estimated to have an overall average density of —10
cm . The observation of dislocations during Rad-E-T
clearly indicates that RIED is a bulk effect, notwith-
standing recent concerns on surface contamination.
Therefore we conclude that the primary defects associated
with RIED are dislocations generated during Rad E T. --
However, we are not in a position to conclude whether
dislocations are the cause or the consequence of RIED.

On the second issue, the implication of whether the
mechanism leading to RIED is due to elastic collision or
ionization are technically very important. In a first-
generation fusion device, the particles of concern for
ceramics are a, y, and neutrons. The a particles are
trapped at the first wall and are not expected to come in
contact with the various ceramic components. A mecha-
nism based on elastic collisions would indicate that neu-
trons would be the primary concern in causing RIED
during the operation of a fusion device. If indeed both
ionization and elastic collisions are necessary for RIED,
as suggested in a previous study, then in order to
suppress this catastrophy it is desirable to delay the pro-
cess with the lower cross section, i.e., elastic collision. In
brief, if displacements from elastic collisions are a prere-
quisite for RIED, then suppressing the role of neutrons
would be the aim for any effort to diminish RIED. How-
ever, the results of the present study lead to our second
conclusion, i.e., RIED is caused primarily by the charge,
or ionizing properties, of electrons and holes generated dur
ing electron irradiations, and not by elastic collisions with
the energetic bombarding electrons, resulting in displace
ments of indigenous ions Therefor. e in any fusion envi-
ronment, it is the y rays which are primarily responsible
for RIED. The technology involved in the safeguard
against RIED therefore assumes a different complexity.

VI. SUMMARY AND CLOSING REMARKS

The goal of the present study is to obtain a better fun-
damental understanding of the mechanisms of RIED and
the defects involved, particularly because of its important
technological implications. The experimental conditions
in our work were similar to the previous investigations
using electrons, ' but not identical. Both studies subject-
ed sapphire to Rad-E-T (concurrent applications of elec-
tron radiation, electric field, and elevated temperature),
and the magnitudes of the parameters were similar. On
the other hand, there were several notable differences.
First, the present experiments were carried out in an arn-
bient atmosphere (air), whereas past experiments were
performed in vacuum. ' Second, our dose rate was about
a factor of 20 higher. Third, the present irradiations
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were carried out to a dose which was a factor of 10
higher. Fourth, there could have been a crystal orienta-
tion difference. Fifth, the sources of the sapphire crystals
were different.

The basic observation of the earlier electron experi-
ments has been confirmed, namely, that at some critical
electron dose during Rad-E-T the electrical conductivity
increases rapidly. However, there were some differences.
First, the critical doses differed by a factor of 10. Second,
in the earlier work it was reported that the crystal be-
came dark, and that the coloration was related to the
presence of precipitates. The crystal in the present study
was colorless, suggesting an absence of Mie scattering
and devoid of precipitates. TEM observations confirmed
the absence precipitates. The different results are prob-
ably due to the presence or absence of oxygen surround-
ing the samples during Rad-E-T. The oxygen partial
pressure is important in determining the defect structure
and stoichiometry of metal oxides. ' We propose that
during Rad-E-T at 773 K the vapor pressure of oxygen is
higher than that of aluminum, resulting in a net reduc-
tion process. The lack of precipitates in the present study
indicates that RIED can occur without the presence of a
second phase. Third, in the present work, irradiations
were carried out beyond the dose at which the conduc-
tivity increased rapidly in the earlier work. In the previ-
ous work, the conductivity beyond that point was not re-
ported, and the author assumed that the conductivity
would increase until the sample suffers an electrical
breakdown. The electrical conductivity in the present
study, in fact, saturated at a value about 10 higher than
in the virgin state. There was no indication that the con-
ductivity would increase further at still higher doses, at
least up to 1.4X 10' elcm .

There are two main conclusions in the present study.
First, the primary defects attending RIED are disloca-
tions. We deduce that it is unlikely that radiation-
induced vacancies, or a second phase, play an important
role in RIED. Second, the mechanism leading to RIED
is due to the charge of the electrons and holes created
during irradiation, rather than due to displacements of
indigenous ions by elastic collisions with the energetic
bombarding electrons.

Since a guard ring was not used, and the conductivity
was measured in air, some stray leakage currents may
have been included in the post-irradiation conductivity
value. This is evidenced by the relatively large values
found for preirradiation conductivity in the present study

(as well as in those experiments performed in vacuum, as
reported in Refs. 1 —4 and 12), when compared with re-
cent results on sapphire by Wi11 and Janora, where a
guard-ring technique was used in a vacuum maintained at
10 torr. On the other hand, the present experimental
setup eliminates other related problems. First, the peri-
phery of the sample was not subjected to Rad-E-T and
therefore would not experience RIED. Secondly, the ex-
periment was performed in air, so that no contamination
from chemical decomposition of vacuum oil by electron
irradiation would be deposited at the sample surface.
Furthermore, the conditions employed herein realistically
simulate some environments in which insulators are ex-

pected to function in future advanced energy devices.
Therefore the present results are of interest to the fusion
community dealing with these materials problems.

It is interesting to note that the factor of 10 difference
in the critical dose for RIED in the two electron-
irradiation experiments suggests that there is at least one
variable, as yet unknown, which may help to extend the
useful life of ceram. ics under Rad-E-T.

Finally, the present study demonstrates unambiguously
that there can exist extensive damage to the bulk crystal
during Rad-E-T. Nevertheless, recent investigators con-
clude that in their experiments the increase in conductivi-
ty was a result of radiation-induced surface contamina-
tion. ' Regardless of the final outcome, the implica-
tions of their studies could well add another important
dimension to electrical degradation in ceramics during ir-
radiation.
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