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Abstract

ŽHigh values of electrical conductivity reported in several papers and ascribed to radiation-induced conductivity RIC,
y10 .with the magnitude of ionizing efficiency K exceeding 10 srGy V m and radiation-induced electrical degradation in

Ž .applied electric field RIED can not be explained within the framework of a reasonable physical model of bulk conductivity.
Owing to charge carrier recombination on traps the RIC is not so high as to restrict the application of dielectrics in fusion
reactors. The phenomenon of ‘bulk RIED’ is probably caused by surface contamination of dielectric materials during
irradiation testing. More important problems concerning electric charging of dielectrics under irradiation and subsequent
dielectric break-down are discussed. The radiation-induced dielectric break-down has been shown to occur in alumina
without applying the electric field. The electric charging as well as features of RIC and RIL in dielectrics are attributed to
the common mechanism of non-equilibrium charge carrier relaxation, namely, recombination on electron and hole traps. The
presented results on RIL in Al O based materials indicate local charge accumulation in the bulk of the materials caused by2 3

charge partitioning under irradiation. Electric charging and break-down are probably caused by charge partitioning in
dielectrics under irradiation rather than primary particle charge accumulation. q 1998 Elsevier Science B.V.

1. Introduction

ŽThe stability of the properties electrical, optical, me-
.chanical, etc. of dielectrics under long-term irradiation is

an important problem in designing the diagnostic systems
for fusion reactors. The materials based on BeO, MgO,
Al O , MgAl O , BN, Si N and AlN are either used or2 3 2 4 3 4

considered applicable in nuclear engineering. In fusion
reactor relevant conditions these materials have to with-
stand a fluence up to 1026 nrm2 and 1011 Gy, temperature
up to 7008C and a voltage gradient up to 6=104 Vrm.

The following phenomena have been reported to occur
Ž .in dielectrics under irradiation: a radiation-induced elec-

Ž . Ž .trical conductivity RIC , luminescence RIL and optical
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Ž . Ž .absorption and b radiation-induced degradation RID
Žconcerning all of the properties electrical, optical, me-

.chanical of dielectrics.
In recent studies the radiation-induced bulk electric

Ž .degradation of dielectrics in applied electric field RIED
w xwas observed with conflicting values 1–17 . However, in

this case a very complicated problem has arisen to extract
bulk material properties from the ‘material-facility’ sys-
tem. In this paper several well-known studies are reviewed
to show that the high values of conductivity in dielectrics

Žunder irradiation ascribed to RIC corresponding to the
magnitude of ionizing efficiency exceeding 10y10 srGy

.V m and RIED phenomena cannot be explained with the
help of a reasonable physical model of bulk conductivity
and the most probable cause of high conductivity values
reported in several papers was leakage currents affecting
the results of conductivity measurement under irradiation.

Other important problems are concerned with electric
charging of dielectrics under irradiation and subsequent
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dielectric break-down. In our opinion the electric charging
and break-down can be caused by electron–hole pair parti-
tioning and subsequent local charge accumulation in di-
electrics under irradiation rather than charge accumulation
from the deposited primary particles. To monitor the local
electric charging in Al O -based materials, RIL spec-2 3

troscopy is applied.

2. Electric measurements under irradiation

The increase of conductivity of materials due to RIC is
w xdescribed by the equation 1–3

sss qKRd , 1Ž .0

where s is the conductivity in the absence of irradiation,0
Ž .R is the ionizing dose rate and K ionizing efficiency and

d are constants depending on the material and irradiation
conditions. For undoped Al O , the magnitude of d is2 3

generally equal to 0.5–1, the magnitude of K varying in
y8 y14 w xthe range from 10 to 10 srGy V m 1–8 . It should

be noted that the values of K much exceeding 10y10

srGy V m can not be explained with the help of a
reasonable physical model, because these values contradict
the fact that the electron lifetime in the conduction band of
the tested dielectrics can not exceed 10y9 s.

In recent studies much attention was paid to the radia-
tion-induced electric degradation of dielectrics in applied

Ž . w xelectric field RIED 1,8 . The most significant RIED
Ž Ž ..considerable increase of s -component in Eq. 1 has0

been observed at the temperature of 400–700 K, applied
electric voltage exceeding 4=104 Vrm, high ratio of

w xionizing to displacive constituents of irradiation 1,2 . Con-
cerning the values of RIED presented in papers, a consid-
erable discrepancy takes place. In Al O , the electric2 3

conductivity increased up to 10y5–10y6 Srm under reac-
w x w xtor irradiation 1,9–11 or 2 MeV electron irradiation 12 .

w xNo RIED has been found in other papers 1,3,5–8,13,14 .
Similar values of the conductivity ascribed to RIED were

w xobserved at different irradiation conditions 9–12 .
Both RIC and RIED magnitudes were reported to in-

w xcrease with the dose 15 , i.e. the assumed bulk degrada-
Žtion a possible cause may be electrical contact degrada-
w x.tion 15 results in an increase of the electron lifetime in

the conduction band. However, taking into account a pos-
sible increase of trap concentration due to degradation, this
lifetime should decrease.

The conductivity increase which has often been at-
tributed to RIED was also observed at the temperatures
exceeding the upper limit for RIED reported in the papers
w x1,2 . In-core measurements of conductivity of Al O sin-2 3

gle crystals and ceramics were carried out under neutron
17 2 Žflux of 7=10 nrm s, the ionizing dose rate g-irradia-

. Žw x .tion being equal to 70 Gyrs 8 , reactor BR-10 . The
temperature of the samples at the maximum power of the

reactor was 850–900 K and the applied voltage was
1.1=105 Vrm. The RIC in Al O samples was found to2 3

be 4=10y11 Srm. At the initial stage of the irradiation a
substantial increase of the conductivity up to 10y5 Srm

Ž .was temporarily observed Fig. 1 . Similar values regis-
w xtered in Refs. 9–12 following irradiation at lower temper-

atures were ascribed to RIED.
ŽThe measurements of RIC in pyrolitic BN foils of 40

.mm thickness were carried out under 7 MeV proton
16 2 w xirradiation with the flux of 1.3–2=10 prm s 8 . The

experimental set-up provided measurements at the ionizing
dose rate of 5=103 Gyrs and ionizing dose up to 108 Gy
under normal conditions in an applied electric field up to
2.5=106 Vrm, the temperature of a sample not exceed-
ing 370 K. The pyrolitic BN electrical conductivity does
not exceed 10y10 Srm, the initial value being equal to
10y12 Srm. Also, the irradiation with the dose of about
2=1020 and 5.8=1019 prm2 in the applied electrical
field of 2.5=106 Vrm does not change the electrical
conductivity and its value remains at the initial level of

y12 w x4=10 Srm 8 .
According to these measurements the coefficient K in
Ž . y14 y13Eq. 1 was equal to 2=10 and 6=10 srGy V m

for BN and Al O , respectively. This value can be ex-2 3
w xplained 8 assuming the full particle energy transmitted

into electron–hole pair formation and taking the band gap
equal to 8 eV for BN and 9 eV for Al O , the electron2 3

lifetime in the conduction band equal to 10y13 and 10y11

Ž .s caused by trapping at the temperature up to 1000 K and
y4 2 Ž .the electron mobility equal to 10 m r V s .

w xIt was pointed out in Refs. 1,4,8,13,16 that the cause
of high conductivity values reported in several papers was
leakage currents affecting the results of conductivity mea-
surement under irradiation. In the RIC measurements the
leakage currents due to gas ionization, g-photoeffect and
surface contamination may arise. The formation of amor-
phous carbon and hydrocarbon layers on the surface of
dielectrics can increase the surface conductivity and pro-
duce electrical behaviour that is similar to ‘bulk’ RIED
w x w x4,8,13,17 . In Ref. 15 the cause of apparent RIED in
ceramics was attributed to radiation-enhanced diffusion of
atoms from electrodes. The formation of conducting layers
on the surface of Al O single crystal and ceramic speci-2 3

w xmens has been studied by optical spectroscopy 8 . The
bands 1650 and 1610 cmy1 in IR-reflection spectra were

Ž 2 .ascribed to the phase containing C5C sp -hybridization
w xbonds in their structure 8 .

The conducting layer deposition rate depends on exper-
w ximental conditions. It was pointed out 4 that under irradi-

ation in an applied electric field, the deposition of ionized
molecules and radicals on the surface accelerates. The
hydrocarbon dissociation on the oxide material surface is
noticeable at the temperature higher than 500 K. At higher
temperature the oxygen mobility in oxides increases, accel-
erating the oxidation of hydrocarbons and amorphous car-
bon. These reactions determine the upper temperature limit
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w xFig. 1. Electrical resistance of Al O single crystal specimen under reactor irradiation at 850–900 K versus irradiation time 8 . R and R2 3 0 s

are the volume and surface resistance, respectively.

of conducting layer existence on the surface. The condi-
tions for RIED observation correspond to conditions neces-
sary for the formation of a conducting surface layer due to
hydrocarbon deposition.

3. Radiation-induced charging and electric break-down
in dielectrics

Radiation-induced dielectric break-down is necessary to
consider using ceramics under prolonged irradiation. The

radiation-induced dielectric break-down has been shown to
occur in alumina. The alumina plates were exposed to
electron irradiation from a Sr–Y-source in air at room
temperature without applying the electric field. The dose
of electrons with the energy exceeding 1 MeV was 3=1015

erm2, flux was about 109 erm2s. During prolonged irra-
Ž 6 .diation 34 days;3=10 s dielectric break-down oc-

curred. Visible craters had appeared on the surface of the
samples. The depth of the break-down region is equal to
0.8 mm.
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According to the study on radiation-induced dielectric
w xbreak-down in several dielectric materials 18 , the ob-

served break-down traces are evidence that the motion of
electron avalanche occurred from the bulk to the surface of
the materials under both electron and proton irradiation.
Hence, accumulation of charged primary particles in the
bulk of dielectrics was not responsible for charging, proba-
bly, due to RIC. However, irradiation causes charge parti-
tioning by means of electron–hole pair formation with the
efficiency of about 105 pairs per 1 MeV of primary

Žparticle energy the precise value depends on the dielectric
.and primary particle . Therefore, it can be proposed that

the electric charging and break-down are caused by charge
partitioning and subsequent local charge accumulation in
dielectrics under irradiation rather than primary particle
accumulation.

The electric charging is responsible for certain features
of RIC and RIL in dielectrics during irradiation and it is
caused by the specific mechanism of non-equilibrium
charge carrier relaxation predominating up to a dose rate
of 1012 Gyrs, namely, recombination on electron and hole

w xtraps 19 . According to this mechanism, RIL intensity is
proportional to the rate of electron trapping.

RIL related to F- and Fq-centres in Al O is caused by2 3

charge carrier trapping and subsequent re-charging of in-
w xtrinsic oxygen vacancies 19 . The concentration of oxygen

vacancies arising under irradiation is much smaller than
the initial vacancy concentration before irradiation. One

Ž q .can conclude Fig. 2, dose dependence of F -band that
the rate of electron trapping on oxygen vacancies in Al O2 3

Žsingle crystals under 8 MeV proton irradiation flux 1.5=
16 2 .10 prm s is constant, which is in agreement with the

re-charging kinetics in steady state under irradiation. How-

q ŽFig. 2. Dose-dependent intensities of F - and F-centre bands 330
.and 415 nm, respectively of RIL of Al O single crystal irradi-2 3

ated with 8 MeV proton at a flux of 1016 prm2 s.

q Žever, the rate of electron trapping on F -centres Fig. 2,
.dose dependence of F-band slowly increases with the

dose, which is caused by increase of Fq-centre concentra-
tion. The increase of Fq-centre concentration is a response
of negative charging in the microregions of the bulk of
material due to charge partitioning in proton tracks. The
density of negative charge excess has been estimated to be
about of 104–106 Qrm3. Taking into account this charge

Ž .excess and the projected range of protons 0.2 mm , the
size of track vicinity where this charge excess arises, is
about 10–100 nm. This evaluation is in agreement with the

Ž .size of track vicinity )10 nm , where trap re-charging
occurs during 8 MeV proton irradiation of Al O single2 3

w xcrystals 19 .
Charge partitioning in tracks and trap re-charging cause

kinetic charging of the regions with structural irregularities
Ž .grain boundaries, clusters, stacking faults, inclusions ow-

Ž .ing to increase of the local trap concentration N x in
these regions and the difference in charge carrier mobility.
The charge density can be written as

E2N xyu` Ž .
yc < u <Q x ; e du , 2Ž . Ž .H 2Exy`

where the magnitude of c depends on material and temper-
ature. Radiation-induced kinetic charging on irregularities
is an efficient mechanism of the initial charge accumula-
tion causing electric break-down in dielectrics under irradi-
ation.

Also, the increase in the intensity of the RIL band of
Cr 3q in ceramic Al O with the dose is caused by an2 3

excess of positive charge in the grain bulk and negative
charging at the grain boundaries. On increasing the dose of

Ž 16 2 .8 MeV proton irradiation flux 3=10 prm s the RIL
3q Ž . 3qintensity of Cr -band 690 nm in ceramic Al O :Cr2 3

has been observed to increase. The increase is equal to
11% at the end of irradiation, the intensity of the similar
band in single crystal Al O :Cr3q being constant.2 3

The difference in the dose dependence of the Cr3q-band
in these materials is due to different contributions of
luminescence of structural constituents, subsurface regions
and the bulk of the materials. In optically transparent
single crystals the main contribution is the luminescence in
the bulk. In ceramics the main contribution is the lumines-

Žcence of subsurface regions layer thickness similar to
.grain size of 1–10 mm . Moreover, chromium ions on

grain boundaries are inactive in the corresponding spectral
Ž .range 690 nm owing to changing the position symmetry.

The elementary process of luminescence occurs after trap-
ping an electron by a Cr4q ion

eqCr 4qs Cr 3q sCr 3qqhn .Ž .excited

Cr 4q ion formation is controlled by hole trapping on Cr 3q

ions, which is recompensed by Cr2q ion formation during
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electron trapping on Cr 3q ions. The positive charged
Ž .regions especially, bulk of grains giving contributions in

the RIL of ceramics result in the increase of a Cr 3q-band
owing to an enhancement of Cr4q ion concentration. The
magnitude of charge density does not exceed 102 Qrm3,
because the associated electric field is less than the electric

Ž 8 .break-down strength 10 Vrm . The constant intensity of
the Cr 3q-band of the RIL in single crystal Al O :Cr3q

2 3

indicates general electric neutrality of the bulk of the
material.

4. Conclusion

High values of conductivity reported in several papers
Žand ascribed to RIC corresponding to the magnitude of

y10 .ionizing efficiency exceeding 10 srGy V m or RIED
cannot be explained within the framework of a reasonable
physical model. Owing to the re-charging of the initial
charge carrier traps the RIC is not so high to restrict the
application of dielectrics in fusion reactors. The phe-
nomenon of ‘bulk RIED’ is probably caused by surface
contamination of dielectric materials during irradiation
testing.

More important problems are connected with electric
charging of dielectrics under irradiation and subsequent
dielectric break-down. The radiation-induced dielectric
break-down has been shown to occur in alumina without
applying the electric field. The electric charging as well as
features of RIC and RIL in dielectrics are caused by the
common mechanism of non-equilibrium charge carrier re-
laxation, namely, recombination on electron and hole traps.

The presented results on RIL in Al O based materials2 3

indicate local charge accumulation in the bulk of the
materials caused by charge partitioning under irradiation.
Electric charging and break-down may be caused by charge
partitioning in dielectrics under irradiation rather than
charge deposition by primary particle accumulation.
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