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ABSTRACT

When an insulator is exposed to high-energy ion
izing radiation, the electrical conductivity undergoes a 
marked increase. Utilizing the concept of a quasi Fermi 
level, the conductivity of a uniformly irradiated insula
tor at some uniform, constant temperature, T, can be 
written

0"r = e / W xp [(Pn ~ Po)/kT] +

p̂p0exp [(F0 - ?p)AT] (i)
where nQ and pQ are the electron and hole densities for
the unirradiated insulator, jj. n and are the electron
and hole mobilitie^, ?n and Fp are the electron and hole
quasi Fermi levels, and FQ is the thermal equilibrium
(unirradiated) Fermi level.

If the electrons are dominant in the conduction
process, i.e., if u )>> ll , the conductivity becomes' n ' P

Gr = Croexp(w/kT) (ii)

where (JQ = e f̂ n̂ 0 is the unirradiated conductivity and

vi



W = Pn - ?0 is the "shift" in the thermal equilibrium 
Fermi level-

Eq-(ii) has been compared with experimental data 
for AlgO^» BeO, ZrO, and ThOg exposed to reactor radia
tions at a power density of 6 kw/liter and for these 
materials there is good agreement between theory and ex
periment- »



lECRODUCHOB ' *I
It has been experimentally observed that when an 

insulator is exposed to high-energy ionizing radiation5 
the electrical conductivity, in general, undergoes a mark
ed increase, This effect has been observed for
electromagnetic radiation in the visible spectrum as well 
as for X- and gamma radiation, electrons, and other 
particles. It is customary to speak of the conductivity 
Induced by light as photoconductivity while processes 
involving higher energy radiation or charged particles 
are referred to as radiation induced (or bombardment 
induced'*2), .

The mechanism for the increase of the conductivity 
is similar for radiation of various types and energy al
though there are dissimilarities which may produce 
differences in the order of magnitude of the effects and 
their dependence on the intensity of the radiation field

13and the structure, and temperature of the insulator, Bube 
states that

Bombardment-induced conductivity is usually com
pletely analogous to photoconductivity in the 
same material; differences arise mainly from the 
fact that one high-energy particle [or photon] 
creates a number of secondary electron-hole 
pairs throughout the material, whereas each 
[light] photon absorbed gives rise to one elec
tron-hole pair at the site of absorption.

1



2
The following analysis is primarily concerned with 

the determination of the temperature dependence of the gam
ma radiation induced conductivity in polycrystalline 
insulators, specifically, metal oxides- However, the gen
eral results should be applicable to a wide class of 
organic and inorganic insulators exposed to gamma radi
ation or charged particles- Methods and concepts will be 
used which, strictly speaking, are only applicable to sin
gle crystals- These methods will be extended to the case 
of a polycrystal-

A detailed analysis of the properties of solids 
requires an accurate knowledge of the internal structure 
of the material being investigated- Knowledge of crystal 
structure is difficult to obtain even for a single, per
fect , polyatomic crystal« The problem becomes 
Insurmountable when a polycrystal, with its large number 
of defedts and impurities, is considered. Therefore, re
sults will have to be expressed in terms of experimentally 
determined bulk parameters.



ELECTRICAL CONDUCTIVITY

The electrical conductivity, CT , of an isotropic, 
homogeneous conductor is defined as

cr= 171/151 (i)

where J is the current density and E is the electric field 
intensity. If there are no thermal or carrier density gra
dients, the current density can be written'* ̂

7 “ I V PiV + 5 qnjnrnj (2)
where (n̂ ) is the density (number per unit volume) of 
the ith (jth) positive (negative) free charge carrier, 
qpi (qnj) is its charge, and vpi (v^j) is its drift veloc
ity in the direction of the applied field. If the 
conductivity is only due to positively charged holes and 
negatively charged electrons which both carry the unit 
electronic charge, e, the current density becomes

7 = e(pvp - nvn) (3)

where n and p are the free electron and free hole

3



densities, respectively. Therefore, the conductivity can 
be written

<r= elP% - m y
m

= e(p2 |v I 2 - 2npv •-vn + n2 |vn| 2.)* (4)

If v and v_ are oppositely directed, v • vM = -I v I I v I, p n 47 p n * n l 1 p*
and Eq.(4) becomes

<7 = e(p|vp| + n|7nl )
IEI

(5)

If the mobility, yU , is defined as the drift velocity per 
unit electric field, that is, if

yU*|7|/|Bl (6)

then the conductivity can be expressed in terms of the 
hole mobility, yU and the electron mobility, yu n, by

<J = e(nyu n + PyU ) (7)

Therefore, the problem of determining the electrical



5
conductivity of a given material under given conditions is 
reduced to that of finding the density of free electrons 
and free holes and their mobilities.



GENERAL MECHANISMS

It is a natural consequence of the quantum theory 
of atomic structure that the total energy of an electron 
in an isolated atom can have only one of an infinite set 
of discrete values, i.e., the energy is quantized. When 
two atoms are brought close together, the potential ex
perienced by an electron in one of the atoms is changed 
due to the presence of the second atom. Thus, if a partic
ular energy level in a single atom is designated as EQ, 
the presence of an additional identical atom will modify 
the energy levels such that there now will be two energy

i itlevels with different energies, EQ and EQ, where
t itEq = Eq = Eq. The total number of energy levels remains 

constant but the value of the energy is modified slight
ly in order to satisfy the requirements of the Exclusion 
Principle.

Similarly, if a large number of atoms are assembl
ed ouch as in a solid, the single-atom energy levels will 
be modified to form a quasi-continuous distribution of 
energy levels. Since the number of atoms in a solid is 
very large 10 ^  per crâ ), there will be a correspond
ingly large number of energy levels.

6



The Band Approximation

The above heuristic arguments provide a qualita
tive prediction of some of the expected features of the 
energy level scheme in a solid. The most general approach 
to determining the allowed energies of a system with k 
degrees of freedom entails solving the Schrodinger wave 
equation which can be written in the forra^’^

K )jf (ci'|ieeei ) = S \Jf (q ̂, . . . , q^) (8)

where H, the Hamiltonian operator, is

k ^2 .2
H = H  + V ( q 1  qk ) '

2 is the total energy of the system, V is the potential 
energy, q^ is the ith generalized coordinate, X is Planck• 
constant divided by 2/t, and m is the mass of an individual 
particle of the system. The wave function, \jf , is such 
that \jf \jj dq^.-.dq^ is the probability that the particle 
will be in the region dq^...dq^. Direct solution of the 
wave equation is obviously extremely difficult for a 
system with a large number of degrees of freedom in which 
the particles may interact frequently, such as the elec
trons in a solid.



A method which has proved to be highly successful 
in explaining many observed phenomena in solids is the 
so-called band approximation. A one-electron approach is 
utilized and it is assumed that the interaction among the 
electrons can be accounted for by an effective field. The 
properties of a single electron are calculated from the 
wave equation in the form

V 2 ^(r) + #  [3 - V(r)] ^(7) = 0 (9)

where the potential, V(r), is determined by the average 
force which an electron experiences in the presence of all 
the other electrons in the solid and 3 is the total energy 
of a single electron. The potential is usually assumed to 
be periodic with the periodicity of the crystal lattice.

An important consequence of the solution of the
wave equation for an electron in a periodic potential is
that the electronic energies are distributed in allowed

1 7bands which are separated by forbidden bands. These 
energy bands are, for a perfect crystal, non-localized; 
that is, the electron may be found anywhere in the crystal 
(By a perfect crystal is meant one in which the atoms of 
the lattice occupy fixed positions and there are no 
foreign atoms or atoms out of place.) The highest lying 
filled band is known as the valence band and the next



allowed band above the valence band is called the conduce 
tion band. The conducting properties of a crystal are 
determined by the occupancy of states in the conduction 
band because only those electrons in partially filled 
bands can take part in conduction processes due to the 
requirements of the Exclusion Principle. Thus, a material 
with an empty conduction band is an insulator. (No band is 
strictly empty or full because, statistically, there is 
always,a finite probability that a given state is O0cu= 
pied.) There can be no net current in an insulator under 
the influence of an external field unless electrons can 
acquire .enough energy from an external source to- be ex
cited across the band gap into the conduction band. If an 
electron is excited from the valence band into the conduc
tion band, the electron deficiency left behind, called a 
hole, behaves like a positive charge with the unit elec
tronic charge and is free to "move" under the influence of 
an external field.

In addition to the non-localized energy bands, 
there may be Localized energy levels within the band gap 
due to the presence of imperfections which disrupt the 
periodicity of the perfect lattice.

The band approximation will be assumed to be valid 
in all that follows.



General Effects of Irradiation

When an insulator is exposed to ionizing radia
tion, electrons are excited from the valence band into 
the conduction band leaving free holes in the valence 
band. Once freed, the electron traverses the solid and is 
scattered frequently by the lattice atoms or by defects 

- in the crystal structure until it recombines with a free 
hole either directly or via a recombination level lying
in the band gap. A free electron or hole may also be tempo
rarily trapped* that is, it may be captured by a localized 
level from which it has a higher probability of being 
thermally re-excited than of recombining.

Upon irradiation, the conductivity will change by 
an amount Sex , where

5cr = e 5 ( n ^ n + p

= e(. /j.n &n + n + /xp <5 p + p <5// ) (10)

In general, the mobility is usually only a function of the
material and its temperature. However, it has been ob
served that for very high charge carrier densities, inter
carrier scattering can occur with a resultant decrease in 
the m o b i l i t y .  Assuming that the mobility is not



11
affected by radiation, i.e., 6yucn = <5yup = 0,

&0" = e ( y u n 6 n + / x p <Sp) ( 1 1 )

The quantities and <$p are called the excess carrier
densities. If we denote nQ and pQ as the carrier densities 

’ without irradiation (under "dark" conditions), the conduc
tivity during irradiation, (Tr» can be written

CTr = e [/-ln (no + <5n) + /^p^o + 6p)] (12)

Por highly insulating materials, nQ<£ 6n, pQ<C 6 p. Thus,

a r = e C yw n < 5 n +  yup Sp) (13)

J



QUASI FERMI LEVEL ANALYSIS

Due to the difficulty of determining explicit 
relationships between temperature and the mobilities of 
charge carriers liberated by ionizing radiation in in
sulators, a method of expressing the induced conductivity 
in terms of the normal conductivity utilizing a single 
parameter is suggested by the so-called quasi Fermi level
analysis which has been applied to semiconducting crystals

20for non-equilibrium, conditions.
The density of electrons, n0, in the conduction 

band for the case of thermal equilibrium (no external 
irradiation) is given by

no = / f0(E)g(E)dE (14)
Ec

where g(E)d3 is the number of states per unit volume with 
energy between E and E + dS and E^ is the energy at the 
bottom of the conduction band. The upper limit of inte
gration is correct for overlapping conduction bands or for 
the case in which the probability of occupancy becomes 
vanishingly small within the lowest non-overlapping con
duction band. The Fermi-Dirac function, fQ(E), is the 
probability that a state with energy E is occupied,

12



where PQ is the thermal equilibrium Fermi level. Similar
ly, the density of holes in the valence band, pQ, can be 
written

%  ,
P0 = / [1 - f0 (B)jg(B)dB (16)

where Ev is the energy at the top of the valence band and

1 - f0(E) = 1

exp[-(E - FQ)/kT (17)

is the probability that a state with energy E is unoccu
pied, i.e., a state in the valence band is occupied by a 
hole. If |E - E0|^> kT and E /» ?Q in the range of integra
tion of Eq.(14), then

n = exp(P /kT)/ exp(-B/kT)g(B)ctE (18a)
° ° Ec

If, in addition, |E - kT and E < FQ in the range of
integration of Eq.(16),

Ev
Po = exp(-F0/kT)/ exp(E/kT)g (E )dE (18b)



14
?ermi-Dirac statistics do not apply to systems 

which are not in thermal equilibrium, i.e., there does 
not exist, in general, a unique Fermi level which charac
terizes the system. Therefore, the concept of a single 
Fermi level to describe the density of electrons in the 
conduction band and holes in the valence band is not 
applicable to the case of an insulator exposed to radia
tion. However, under steady state conditions, we can 
define electron and hole quasi Fermi levels, Fn and F^, 
respedtively, such that

nr = •Z" fn (E)g(E)dB (19a)
Sc
V  iPr = / [1 - fp(E)J g(E)dB (19b)

where nr and pr are the electron and hole densities, 
respectively, for the non-equilibrium, steady state 
(irradiated) case, and

fn (B) - 1exp [(E - Fn )/kT + 1
(20a)

f (E) = --- =------   s------ (20b)
p exp[-(E - F )/kT + 1P

If |E - FI kT over the range of integration of the



above integrals, where P is the appropriate quasi Fermi 
level, and if E ^ Fn and E F^ over the ranges of inte 
gration of Bqs. (19a) and (19b), respectively,

CO
n = exp(P /kT)/ exp(-E/kT)g(E)dEEc

EvPr =' exp(-P At)/ exp(E/kT)g(E)dE

Dividing Eqs. (21 a) and (21b) by Eqs. (14) and (16), 
respectively, yields

n / n 0 = exp [(Fn - Pq)At] (22a)

P/P0 = exp [(P0 - Pp)AT] (22b)

The validity of Eq.(22) is only dependent on the 
above assumptions concerning the relative magnitude of E 
and is in no way based on any assumptions about the den
sity of states function, g(E). Thus, the density of 
carriers for the irradiated case is determined by the 
"shift" in the equilibrium Fermi level provided that the
intensity of radiation is not so great that the Fermi
levels are shifted to within a fev/ kT of the band edges.
A schematic of the Fermi levels is shown in Pig. 1.

(21a)

(21b)
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HOLE QUASI FERMI LEVEL

VALENCE BAND

Fig. 1 Quasi Fermi Level Schematic
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The quasi Fermi levels can be written in terms of 

the equilibrium Fermi level, FQ,

Pn = ?o + kT ln(ni/no) (23a)

?p = - kT ln(pr/p0) (23b)

The difference between the electron quasi Fermi level and
the hole quasi Fermi level is

Fn - Fp = kT ln(nrpr/n0p0) (24)

Therefore, the two quasi Fermi levels will coincide only 
if the product of the carrier densities under irradiated 
conditions is equal to the product of the carrier den
sities under equilibrium conditions.

The electrical conductivity for the uniformly 
irradiated insulator is obtained by substituting the 
expressions for the carrier densities, Eqs. (22a) and 
(22b), into Eq. (7)

°r = e{/>nnoexp [(Fn " Po)/kT] +

^ pP0=xp [(Fo - Fp)/kT]j (25)



18
If one of the carriers is dominant in the conduction proc
ess, i.e., if yU n >̂ fJ- p (this is usually the case), then 
the irradiated conductivity is approximately

crr = e [(Pn - P0)At] (26)

However, ®yU. nnQ is merely the unirradiated conductivity,
CTq. Therefore

a r = cr0exp(wA$) (27)

where W is the absolute value of the shift in the Ferrni 
level.

Comparison of Theory With Experiment

For a given imperfect crystal at some uniform 
temperature T and under specified conditions of uniform 
irradation there will be a corresponding pair of quasi 
Fermi levels which determine the density of free charge 
carriers. Each member of a set of similar (but not iden
tical) crystals will correspond to a pair of Fermi levels 
which, in general, will be different from the Fermi levels 
of all the other members of the set due to localized struc
tural differences. Therefore, the above analysis is, 
strictly speaking, only applicable to single crystals.



However, if it is assumed that a set of similar crystals 
(a polycrystal) can be characterized by an average pair of 
Fermi levels and if Mfav = W is independent of temperature 
or is only slightly dependent on temperature, a plot of 
In CTp/CT0 versus 1/T should yield a straight line with 
slope W/k. An additional assumption which was previously 
stated was that one of the carriers (electron) was dom
inant in the conduction process.

Values of O T/ d 0 at various temperatures were 
calculated from experimental measurements of QT^ and CT0 
for polycrystalline AlgO^1*^, and BeO, ThOg, and ZrO^^ 
exposed to reactor radiations at a reactor power density 
of 6 kw/liter. In Figures 2-5 curves of In O^/cro versus 
l/T are shown in the temperature range where ionic conduc
tion is believed to be negligible. For each set of data 
the best straight line has been drawn through the points 
and the values of W in the equations which appear in the 
figures were calculated from the slopes of these lines.
In' general, there is good agreement between theory and 
experiment. The slight deviation from linearity at higher 
temperatures is due to the increasing influence of the 
ionic conductivity. It should be emphasized that, in gen
eral, the values of W for a particular material will be 
different for different conditions of irradiation, i.e., 
W(I1) / W ( I 2 )i where I is the radiation intensity.



Therefore, the values of W which appear in the following 
figures only apply to a reactor power density of 6 
kw/liter= W will "be expected to increase with increasing 
radiation intensity until saturation is reached. If the 
radiation intensity is sufficiently great' so that the 
previous assumptions about the relative magnitude of the 
Fermi levels have been violated Bq. (2?) is no longer 
valido
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a/CTo = exp (0.39 A t )

0

1

20
1/T oK " 1x104

Pig. 2 Comparison of Theory With Experiment 
AlgO^ Exposed to Reactor Radiations
Power Density = 6 kw/liter



CT/CXo = exp(0.29/kT)
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Pig. 3 Comparison of Theory V/ith Sxperinent 

BeO Exposed to Reactor Radiations
Power Density = 6 kw/liter
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Op/ CTo = exp(0.47A t )

—r- 
4020 25 30

1/T
35

°K”1 x 104
Pig. 4 Comparison of Theory With Experiment 

ZrOg Exposed to Reactor Radiations
Power Density = 6 kw/liter
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<7/0; = exp(0 • 36/kT)

20 2515 35

1/T °K~1 x 104
Pig. 5 Comparison of Theory With Experiment 

ThOg Exposed to Reactor Radiations
Power Density = 6 kw/litcr



REFERENCES

1 o Clary J. Bau and Monte V, Davis9 "The Electrical 
Conductivity of Alumina at Temperatures in a Reactor 
Environment", Nucl. Sci. and Eng, 9 2J_, 30=53 (1965) .
2. William B. Haidler, "A Study of the Electrical Conduc= 
tivity of Alumina at High Temperatures and in a Radiation 
Field", PhD dissertation, University of Arizona (1965).
5. Gary J. Dau, "Radiation and Temperature Influences on 
the Electrical Conductivity of Alumina", PhD dissertation, 
University of Arizona (1965).
4. B. M. Vul, "The Effect of Gamma Radiation on the Blec= 
trical Conductivity of Insulators", Sov. Phys,-Solid 
State, 3, 1644=1650 (1962).
5. 1. F. Fowler, "X-ray Induced Conductivity in Insulating 
Materials", Proc. Royal Soc. (London), 236A, 464-480 
(1956).
6. J. P. Fowler, "Conductivity Induced hy Radiation in 
Polycrystalline Cadmium Sulphide and Polyethlene", Nature, 
183, 1112=1113 (1959)
7. 0. J. Wintle, "Radiation-Induced Conductivity in Insu
lators", Brit. J, Radiology, 33, 706=707 (i960).
8. William C. Schiev© and Martin A. Pomerantz, "Tempera
ture Dependence of Electron-Bombardment-Induced 
Conductivity in MgO", Phys. Rev., 106, ,432=43.4 (.1957).
9. William C. Schiev© and Martin A. Pomerantz, "Tempera
ture Dependence of Electron-Bombardment-Induced 
Conductivity in MgO. II", Phys. Rev., 122, 808—814 (1961).
10. R. A. Berger et al, "Transient Radiation Effects" 
GA-4164 (1963).
11. G. B. Burns et al, "Transient Radiation Effects", 
GA—3178 (1962).



12, Albert Rose, "Phenomenological Theory of Photoconduc
tivity®, Paper in Photoconductivity Conference-1954, John 
Wiley, New York (1955). "* ..
13 - Richard H, Bube, Photoconductivity in Solids, John 
Wiley, New York (196071 ~~~ " "
14o Wo Ehrenberg, Electric Conduction in Semiconductors 
and Metals, Oxford, London (1958), —
1 5 o John Co Slater and Nathaniel H, Prank, Introduction 
to Theoretical Physics, McGraw-Hill, New York ( 1 9 3 3 ) o

16. Stanley Raimes, The Wave Mechanics of Electrons in 
Metals, Interscience, New York (1^61)~
17. Charles Kittel, Introduction to Solid State Physics, 
2nd Ed., John Wiley, New York (1956),
IB, Bo G, Wikner and J. Pereue, "Interelectron Scattering 
in Quasi-Intrinsic Germanium and Silicon", Phys. Rev.,
131, 1466 (1963).
19o Joachim Appel and Ralph Bray, "Effect of Hole-Hole 
Scattering on the Mobility of p—Type Germanium", Phys, 
Rev. , JI27, 1603 (1962),
20o William Shockley, Electrons and Holes in Semiconduc
tors, D. Van Nostrand Co., New York (1950). " *”
21, John P. Bregar, Monte V. Davis, and William. E, 
Anderson, "Experimental Results on the Effects of High- 
Radiation Fields on the Electrical Conductivity of Metal 
Oxides'", Paper to be published in Trans. Amer. Fuel,
Soco, Winter Meeting (1965)»


