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ABSTRACT

LUCALOX (trade name for poly-crystalline alpha-phase 
aluminum oxide made by General Electric) belongs to the group of 
metal oxide ceramics proposed for use as electrical insulators in 
nuclear thermoionic reactors.

A study was made of the effects of high temperatures and 
gamma radiation on the electrical breakdown of LUCALOX. Experiments 
were performed over a range of 300°K to 1300°K with and without an 
impressed photon field of 2(10)^ B/hour, in a vacuum environment Of 
less than 10”^ torr.

For temperatures below 450 K the electrical breakdown seems 
to be governed basically by mechanisms of avalanche formation of 
conduction electrons, while for temperatures above 450°K the elec
trical breakdown is basically determined by thermal mechanisms in 
which joule heating initiates breakdown. Over the entire tempera
ture range breakdown strength decreased as insulator thickness 
increased. A decrease in breakdown strength with gamma radiation 

was evident below 500°K. This effect increased as insulator thick
ness increased.

vii



INTRODUCTION

The development of nuclear thermionic reactors for thermionic 
conversion of heat to electricity has led to investigation of the ef
fects of high temperature and radiation fields on.the physical proper
ties of ceramic insulators. The requirements for successful operation 
of electrical insulating materials subject to the temperatures and gam
ma flux encountered in an operating reactor environment include low 
electrical conductivity and thermal coefficient of expansion, high 
thermal conductivity, and desireable mechanical properties at high 
temperatures and low pressures, e.g. thermal shock resistance.

A class of insulating materials which seems to fulfill these 
requirements is the metal oxide ceramics such as alumina, beryllia, 
thoria, and zirconia.

The effect of temperature on the electrical conductivity of 
these materials has undergone numerous investigations reported in the 
literature. Haidler (1964) and Dau (1965) conducted an investigation 
into the effects of temperatures and reactor radiation on the electrical 
conductivity of alumina. Bregar (1966j continued this study and also 
conducted a preliminary investigation of the effect of temperature 
and radiation on the electrical breakdown of beryllia. The available 
radiation fields were several orders of magnitude lower than that 
which would be encountered in a practical reactor environment and 
Bregar was unable to determine experimentally the effect that radiation



does have on dielectric breakdown of metal oxides in these higher 
radiation fields.

This author has intensified the investigation of dielectric 
breakdown of metal oxides through experimental determination of the 
effects of temperature on the dielectric breakdown of LBCALQX (the 
trade name of a high purity, polycrystalline, alpha-phase of alumina 
produced by General Electric) both with and without a gamma radia
tion field of approximately 2 x 10^ R/hour. In addition to a theore
tical discussion of breakdown strength at higher temperatures, similar 
to that given by Bregar for beryllia, a qualitative discussion of the 
more sophisticated phenomena determining the variation of breakdown 
strength with temperatures closer to ambient is included, and a com
parison with experimental results is presented.

Physical Properties of LUCALOX
Made of 99.99 per cent pure alumina, LBC^LOX is a polyery- 

sfalline material closely related to sapphire, which is single 
crystal aluminum oxide. The alpha-phase of AlgOg may be viewed as 
oxygen atoms in hexagonal close packing inside of which the aluminum 
atoms are enclosed. Each aluminum atom is surrounded by six oxygen 
atoms. The aluminum atom separates two regular triangles of dense 
oxygen atoms rotated 180° with respect to each other. The average 
distance between aluminum and oxygen atoms is 1.928 and between ox
ygen atoms is 2.5A. Being alpha-phase alumina, LUCALOX is trans
lucent, exhibiting a total transmissitivity of 0.9 throughout the 
visible range of light. LUCALOX is of very near theoretical density
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of 3.98 gm/cnf* and has a melting point of 2040°C.
Since LUCALOX has a dense polycrystalline structure, it is 

chemically resistant and impermeable to most gases. No permeation 
has been detected up to 1500°C for Cesium, Iodine, Mercury, Helium, 
Argon, or Nitrogen. The permeation rate for exygen at 1600°C is less

c 3 2than 10~ cm /sec/cm /torr. Thus, it is assumed that no significant 
amount of additional inqpurlty atoms accumulate in the crystal lat
tice during experimentation. Figure 1 shows the coefficient of 
linear expansion and the thermal conductivity as functions of tem

perature.
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THEORETICAL CONSIDERATIONS OF DIELECTRIC BREAKDOWN

Applying an electric potential across a crystalline insulator 
produces an electric current in the material due to the action of the 
acceleration force of the electric field on electrons in the crystal 
lattice. If in a given volume of insulator, this electric potential 
increases beyond a certain value, the flow of energized electrons will 
become so great that a cattostrophic change in the crystal structure oc
curs and the correct of electrons flows through the insulator. The 
voltage corresponding to this critical electric potential is termed 
the breakdown voltage and, hence, determines the.dielectric strength of 

the insulator.
Various theories of dielectric breakdown developed by Zener,

. tuvon Hippel, Frolich, and Paranjape have been widely reported in the 
literature. These theories are applicable to "perfect" crystals in 
the neighborhood of room temperature and below. At these low and 
intermediate temperatures the fundamental physical phenomena bringing 
about electrical breakdown are not yet clearly understood. No one 
theoretical mechanism adequately explains the breakdown process 
(0'Dwyer 1964) and moreover, the combination of mechanisms may change 
considerably with only small changes in experimental conditions, either 
externally or in the properties of the dielectric itself. It is these 
variables which contribute to the disagreement which often exists be- 
tween theory and experiment, and between the results of different ex-



perimenfcs.
O 1Dwyer (1964) classifies experimentally determined types of 

breakdown as falling into three general categories (based predominant
ly on experiments with the alkali halides).
1. Intrinsic breakdown occurs at room temperature or lower and is a
very insensitive function of size and geometry of the specimen and of
the material and configuration of the electrodes. Hence, the term in
trinsic; regarded as being characteristic of the dielectric only at a 
given temperature.

2. Avalanche breakdown, related to intrinsic breakdown, predominates 
above room temperature and is predominant in thin specimens. The mag
nitude of the breakdown field strength is usually quite high and is de 
pendent upon specimen thickness. The few electrons in the conduction 
band in a high electric field gain sufficient energy to remove other 
electrons from lattice ions and the rapid increase in current causes 
an "electron avalanche” to take place. Under a steady field, however, 
the time for breakdown to build up is subject to considerable statist*! 

cal variation.
3. Thermal breakdown occurs at high temperatures. The breakdown 
field strength depends on the geometry of the specimen and on the mat
erial and configuration of the electrodes. Electrode arrangements for 
which heat can more readily be conducted away will generally result in 
higher breakdown field strength. The thermal breakdown strength is 
very sensitive to the time of application of the electric field, be
ing much larger for applied voltage pulses of very short duration.



Electrical Conductivity of LUC&LOX
Any study of dielectric breakdown of an ionic insulator must 

include a thorough understanding of the temperature dependent electri
cal conductivity of the material in question. Electrical conductiv
ity is the principal mechanism causing the failure of the insulator.

The quantum mechanical band theory of solids, applied to an in
sulator, describes a series of allowed electronic energy bands which 
are completely occupied by electrons up to a certain energy level, and 
empty thereafter. An insulator is distinguished from a semiconductor 
only by the width of the forbidden energy region between the highest 
filled energy level, the valance band'-and. the lowest allowed empty 
energy level, the conduction band. Theoretically, this gap is about 

10 e¥ for MIGAMX. Seal insulators at finite temperatures, however 
may have isolated energy .levels or electron traps in the forbidden 

band due to the influence of vacant lattice sites, interstitials, arid • i 
lattice incongruencies encountered in a polycrystalline structure, such 
as LBCALOX.

The dependence o:£ the electrical conductivity of alumina on 
temperature and radiation was studied by Haidler (1964) and Dau (1965).. 
They considered the effective conductivity as a combination of ionic 

(positive and negative ions) and electronic (electrons and holes) con
ductivity. Since electrical conductivity is proportional to the number 
of charge carriers multiplied by the mobility, the temperature dependence 
of the ionic conductivity is determined by the temperature dependence of 

the ionic mobility.



U = constant (T) * exp -E
koT

(1)

where

E * activation energy of diffusing ions.

The 1/T dependence is exceeded by the exponential dependence and

<f = constant exp -E
k0T

(2)

When a small concentration of impurity ions is present, ionic conduc
tivity will be represented by an additional term, dependent on impur
ity,. ionic mobility, and the effective electrical conductivity can be 
represented by

(3)d(T) ■ (Si exp ■-Er + dg exp ~^2"

V . V .

where

6l* 62 " constants.
EjL “ activation energy associated with lattice ions. 
£2 ■ activation energy associated with impurity atmns

For simplicity, the results of Haidler's investigation with 
aIpha-alumina allow the following approximation to measurements

.7d(T) » 6.3(10) exp -5500 + 7.3 exp [-22000 (ohm-cm)
T L  T  .

-1

(4)



The temperature dependence of the electrical conductivity of alpha- 
alumina obtained by Haidler (1964) is shown in Figure 2.

Dielectric Breakdown at intermediate Temperatures 

It was stated above that the classification of dielectric 
breakdown into intrinsic, avalanche, and thermal breakdown corresponded 
to experimentally determined characteristics, the theoretical classif
ications of these breakdown processes, distinguished from each other by 
their fundamental assumptions, suffer from a great deal of overlap.

In all theories of intrinsic breakdown, calculation of the 
energy transfer from an accelerated conduction electron to the lattice, 
is of central importance. An increase in the number of conduction 
electrons is -viewed as a sudden occurrence following a situation in 
which a steady state is obtained.

The theories of avalanche breakdown treat the problem after the
manner of an electrical discharge in a gas. These theories consider 
the conditions in which a few electrons starting at the cathode can 
cause an avalanche of electrons of sufficient size to destroy the in
sulating properties of the dielectric. The theories of avalanche 
breakdown attempt to describe the behavior of the conduction electrons 
as in intrinsic breakdown theories and then to describe the breakdown 
criterion in terms of the thermal properties of the lattice.

In an ionic crystal a few electrons will always be in the con
duction band. If these can gain enough energy from the field to ion

ize negative ions of the lattice, the number of free electrons will in
i' „crease rapidly. Frohlich (1937) and Frohlich and Paranjape (1956) dis-
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tinguish two extreme cases for the establishment of critical equili
brium of the electron distribution at high field strengths. The "low 
energy criterion considers the collisions between conduction electrons 
and lattice vibrations as the principle mechanism acting to stabilize 
the electron distribution. Alternatively, the "high energy" criterion 
considers that collisions among conduction electrons themselves and 
between conduction electrons and electrons in shallow traps are more 
frequent than electron-lattice collisions.

Neglecting the effect of the lattice field on the conduction 
electron, the current density per electron of energy E in volume V 
due to the field F is (Loeb 1939)

j(E) - eFn(E) M E )  - e2F t(E) (5)
N(E)V mV

where the mobility is
//(E) - 1 t(E) m

The relaxation time £(E) is defined as the time in which the component 
of the momentum of the electron in the direction of the applied field 
is reduced to the e ^  part, and hence is proportional to the average 
time between collisions. The energy A transferred per second from the 
field to the electron, is given by (Frohlich 1937)

A - j(E)FV - e2F2 C(E) (6)
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where

1 -%  = constant E
%0

At each collision, the energy hV is transferred to the lat
tice with a probability qt or absorbed with a probability qa . The 
energy B transferred to the lattice is then

B = hV (qt - Ra) •

HFrohlich obtains the form

where
E “ ionization energy,

F* = critical value of electric field.

Substituting Equations (6) and (8) into Equation (9) yields
%

FgL ” constant (log T )
2

1 + 2
"hV /koT

(7)

B = constant E (g)

The condition for breakdown is that

A(E*,F*) - B(E*) (9)

(10)
-1

where the subscript EL means electron-lattice interaction.

For a field Fj, <  F the only electrons which can make a net 
energy gain from the field will be those whose energy is greater than 
the ionization energy (on the average). The breakdown field F*, shown



12
diagramatically in Figure 3, is the field for which collision ioniza
tion from the valence band cannot be balanced by recombination. If the 
applied field exceed F*, the high energy electron resulting from a re
combining collision is not able to lose its energy to the lattice, thus 
negating the effect of the recombining collision as a means of removing 
electrons from the conduction band.

dE
dt

A(FleE)

B(E)

E*

Figure 3. Average Rate of Energy Gain From the 
Field and Energy Loss to the Lattice.

The "high energy" criterion of Frohlich and Paranjape (1956) 
takes into account that for large electron densities, electron-elec- 
tron collisions will be the principle mechanism in determining the dis
tribution, and not electron-lattice collisions. The electron density 
will be that for which the electron-electron collision relaxation time 
becomes shorter than the electron-lattice collision relaxation time.

The electron density applicable to the "high energy" criterion 
is assumed to be sufficient to force a Maxwellian distribution of con-
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ductlon electrons. The critical field strength is then that for which 
the distribution cannot attain a finite temperature for which equili
brium will exist between the energy gain from the field and the energy 
loss to the lattice by the conduction electrons, as shown in Figure 4.

A(F2>F|e,T,T0)
dE
dt

Figure 4. Average Rate of Energy Gain From the 
Field and Energy Loss to the Lattice 
Vibrations in a Maxwellian Distribution.
Lattice Temperature T , Electron Temper
ature T, Critical Temperature T*.

As the critical field strength predicted by the "high energy" 
criterion is approached there is an accumulation of electrons in the 

high temperature tail of the Maxwellian distribution. If the temper
ature of the insulator is raised high enough, a sufficient number of 
electrons could cross the forbidden energy gap, causing the insulator 
to take on characteristics of an intrinsic semiconductor. When this 
occurs, the charge carrier concentration can be given by (Haidler 1964)
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(11)

Eg=energy of top of forbidden gap, 
Ef-Fermi energy.

Making the approximation that Eg * Eg/2 (Ziman 1963) leads to

(12)

If the above mechanism results in a sufficient number of electrons 
with energies equal to or greater than the ionization energy, collision 
ionization will become significant, triggering an electron avalanche. 
Seitz (1949) observed pre-breakdown currents measured in alkali halides 
which suggest that electron avalanches occur at fields lower than that 
required to produce breakdown and grow rapidly in magnitude as the 
breakdown field is approached. The variation in breakdown field with 
temperature is then determined by the density of conduction electrons 
which results in the "critical" avalanche that brings about breakdown. 
This condition is approximated by Equation (12).

the avalanche formation process. If the conduction electron density 

becomes too high, electron-electron collisions will prevent electrons 
from attaining ionization energy, and avalanche formation will not con

tinue. The added energy from the field must then go into increasing

Dielectric Breakdown at High Temperatures 

0®Dwyer (1964) puts a limit on the range of applicability of
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the thermal energy of the insulator and a gradual transition to ther
mal breakdown occurs.

Applying an electric field to an insulator results in joule 
heating. The heat is partly stored in the crystal lattice and partly 
lost by thermal radiation and thermal conduction. This process can be 
described by a general heat balance equation (Bregar 1966),

Sy(T) dT = H0 + v 2A <f(T) - B grad(kT) - C(T^-T 4) - D(T4-Tr) (13)
dt d

where
C (T) jdT = time rate of change of thermal energy in 

dt
insulator,

Cy(T) = heat capacity per unit volume,
H = initial heat content of insulator,
V^A d(T) ■ rate of energy transfer to crystal lattice

d
in the form of joule heating due to electric 
field,

V * electric field potential,
6(T) * electrical conductivity,
d = thickness of insulator,
A = cross-sectional area of portion of insulator

through which current passes at breakdown,
B grad(kT)=heat conducted from hottest part of insulator 

at electrode to bulk temperature of insulator, 
k = thermal conductivity.
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T ■ temperature of insulator at electrode,
C(T^-T^) ” heat radiated from hottest part of insu

lator into the surrounding insulator 
material,

T0 ■ bulk temperature of insulator,
D(T^-T^) * heat radiated from surface of insulator into

environment,
Tg = temperature of environmental medium,

B,C,D = geometrical and physical constants.

Approximate analytical solutions of Equation (13) are only 
possible for the simplest of boundary conditions. A complete solution 
would g ive T as a function of both time and position, all of which is 
not required. Only the temperature of the hottest part of the insu
lator need be considered in obtaining a solution. The field potential 
corresponding to this temperature will then be the critical potential, 
above which a dielectric breakdown may occur.

In Equation (13) the heat content of the insulator Hq can be 
expressed in terms of measurable parameters, at the same time elim
inating the reservoir temperature T^, which is not easily determined. 
Considering the case with zero electric field, V=0, T=T^, dT/dt«0,

and grad(kT)*0. Hence,

and

Cy(T) dT = V2A d(T) - B grad(kT) - (C+D)(t4-T^) (15)
dt d



The stability criteria can be examined by defining
17

Heat input « I(T) = VZA <y(T)
d

Heat loss - L(T) - B grad (kT) + (C+D) (T4-Tq)

(16)

(17)

The functional dependence of I(T) and L(T) is shown graphically in 
Figure 5. As the field potential increases, I(T) is magnified cor
respondingly. The highest potential allowable for which equilibrium 
can be maintained is that value for which I(T) is tangent with L(T). 
At this point in the joule heating process, I(T) ■ L(T) and

51-0dt

Here dT/dt is a minimum and hence
_d
dT*

dT
dt

=*>0
T*

(18)

(19)

which implies that dl(T) - dL(T).
dT dT

The simultaneous solution of Equations (18) and (19) determines 
the critical temperature T* and, from this, the critical potential V*, 
beyond which a dielectric breakdown can occur. From Equations (15) and 

(18)

(v*)2 A d(T) L
4 4B grad (k#)+ (C+D) (T*-T0) (20)

It should be noted that the initial temperature is not necessarily 
the melting point of the insulator, but in fact may be much lower. 
For steady state thermal breakdown, 0 1Dwyer (1964) assumes that
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Cv(T)dT „ 0 (21)

dt
and for the other limiting case, impulse thermal breakdown, he ignores 
the heat loss due to conduction and radiation. Figure 6 is a schematic 

representation of the solutions for the various cases.

I(T) unstable (V2>V*)L(T)
f(T)

I(T*) critical (V*)

I(T) stable (V^V*)

Temperature
T*T,o

Figure 5. Comparative Temperature Dependence of Heat 
Input I(T) and Heat Loss L(T) with Voltage 
as a Parameter.
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Figure 6. Schematic Diagram of Various Cases of 
Thermal Breakdown:
1. No Breakdown, F<F*.
2. Steady State Thermal Breakdown.
3. General Case of Thermal Breakdown, Eq. 15.
4. Impulse Thermal Breakdown.
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Effect of Radiation on Dielectric Breakdown 

The decrease in breakdown strength in insulators during ir
radiation is caused by the increased electrical conductivity which is 
due primarily to the gamma photons exciting electrons from the valence
band into the conduction band (Deu and Davis 1963). The total conduc
tivity then consists of ionic and impurity conductivity plus the contri
butions of electronic conductivity due to the radiation field and can 
be represented by (Dau 1963)

6 (T,P) “ 6 (T) + dr(T,P) (22)

where
d (T,P) = total conductivity as a function of 

temperature and radiation, 
d (T) * conductivity without radiation

field.

The term dr (T,P) is given by Dau as

d (T,P) - P G exp f- W (T)3/2 (23)
ko TL J

where
P ■ constant proportional to the radiation 

dose rate in Roentgens per hour,
G a constant independent of temperature and 

radiation field,
W ” ionization energy of electrons in traps.



Electrons excited to high energies by the photon field lose 
their energy and some fall into electron traps. The probability that 
these electrons will return to the conduction band by thermal excita* 
tion is proportional to exp 1

■JL'
koTj

3/2The additional (T) temperature dependence accounts for the 
electron mobility in the lattice and is not measureably dependent on 

field strength (Dau 1965).



EXPERIMENTAL PROCEDURE

General
The methods most widely used for determining breakdown voltage 

have been to surround the test specimen with an insulating liquid or 

gast, such as oil or an inert gas with only two electrodes making dir
ect contact with the test specimen. However;, due to the high temper
atures involved in the course of this experiment, it was necessary to 
use a vacuum as a dielectric "shield" surrounding the test sample.

c5 * ".0This vacuum was normally of the order of 10 bo 10 torr.
The LUCALOX test samples were in the form of thin discs, 3/4 

inch in diameter, ranging from one to five mils thick. The LUCALOX 
discs were ordered pre-ground to the specified thicknesses from the 

General Electric Company.
The test disc to be used was cleaned in trichloroethylene, 

rinsed in methanol, and dried in air before being placed between the 
electrodes. The bell jar was then placed over the test assembly and 
evacuated. The specimen was heated to the desired temperature and the 
voltage to the cathode was slowly increased until the breakdown occured. 
Due to the high internal impedance of the Spellman d.c. high voltage 
power supply used, breakdown was characterized by a sharp drop in out
put voltage. The vacuum assembly was then brought to atmosphere, a 

new portion of the test disc was moved beneath the cathode and after 
evacuation of the test assembly, the breakdown proceedure was repeat
ed.

22



A similar procedure was followed while testing under an im
pressed gamma field, with the exception that the breakdown voltage 
was monitered remotely- The gamma field was produced by 1 MeV elec
trons from a Radiation Dynamics Incorporated electron accelerator 
striking a gold target and producing photons with a mean energy of 80 
to 100 Ke¥. A field of 2 x 10^ El/hour was present four inches from 
the gold target. This value was taken from measurements made by Britt 
(1966) determining the variation in radiation field with distance.

Electrode Assembly 
The basic design philosophy employed in the geometry of the 

electrode assembly was to avoid any sharp corners or protrusions in 
construction of the various parts of the assembly. With the high 
d.c. potential applied across the electrodes, the accumulation of 
electric field lines at sharp edges or points would be a serious 
problem since an intense localization of field lines would easily re
sult in a premature discharge to the nearest point at ground potential 

The design of the electrode assembly used is shown in Figure 7 

This design successfully prevented the problem of premature discharges 
and arcing.

The point to plane geometry of the electrode was chosen to 
provide for better stability of the test disc between the electrode 
and to provide a uniform heat source to the test disc. This arrange

ment does not complicate the electric field geometry since by electro
static image theory, the field lines are identical with those between
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two point electrodes separated by a distance equal to twice the 
distance between the point cathode and plane anode. Accordingly, the 
voltage potential will be divided by twice the disc thickness when 
computing the electric field strength (volts/cm) since the cathode sees 
a virtual point anode an equal distance below the real plane anode.

Heater Assembly
The heating assembly consisted of a 1000 watt incandescent 

lamp filament inserted into the hollow niobium cap and supported by 
three electrically isolated molybdenum wires attached to the exterior 
of the niobium cap. To obtain the high temperatures desired, the 
filament was heated and an electric potential was applied between the 
filament and the niobium cap. The electrons emitted from the fila
ment were accelerated into the positively charged niobium, heating it 
by electron bombardment. The acceleration potential was typically 
from 1000 to 1800 volts with a current of 200 to 300 mi11lamps. For 
temperatures up to about 880°K the filament itself was sufficient heat 
source and E. B. heating was not used. Appendix A gives a graph of 
heater power requirements versus temperature with zero acceleration 
potential.

Three 600 volt, 300 milliamp power supplies were used to sup
ply the E. B. heating assembly throughout most of the experiment.
These are shown in Figure 8, a schematic representation of the elec
trical circuitry. Due to the 300 milliamp current limitation, the 
maximum temperature obtainable was around 1100°K. A single high vol
tage power supply was therefore designed to give 2000 volts at 2 amps. 
With this supply, temperatures of up to 1300°K were obtained.
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Temperature Measurements

Because the specimen temperature was an important parameter in 
this study, care was taken to obtain meaningful temperature measure
ments « The time and manner in which each measurement was made with 
respect to the breakdown of the LUCALOX disc was controlled to insure 
a relative continuity of temperature measurements.

A Chromel-Alumel type-IC thermocouple approximately % inch 
from the cathode was used to measure the temperature of the disc. 
Readings were taken from a Biddle-Gray millivolt potentiometer, com

pensating for the room-temperature reference junction. Above 500°K 
the thermocouple readings were corrected to more accurate micro- 
optical pyrometer Readings by the equation

Y - 3/5 X - 100 (24)

where
Y = difference between pyrometer and thermo

couple reading in G,
©X = thermocouple reading in 0.

Equation (24) was constructed from a linear fit to data obtained from 
pyrometer and thermocouple readings. The linear approximation is shown 
in Appendix B.

The surface of the niobium cap gradually became pitted with 

successive breakdown measurements because of the heat transferred to 
niobium metal from the electron avalanche at breakdown. Thus, it was 
necessary to periodically grind and polish the niobium cap in an ef-
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fort to remove most of the smaller pits. The deeper pits could not be 
completely removed by grinding and their presence is believed to have 
been the cause of some of the spurrious breakdown values obtained dur
ing the experiment.



RESULTS AMD DISCUSSION

Dielectric Breakdown Without Irradiation
The temperature dependence of the electric field strength for

LUGALGX is shown in Figures 8 through 12 for all thicknesses tested.
A tabulation of experimental results is included in Appendix C.

Mo attempt is made to normalize equation (10), the Frohlich
"low energy" prediction, shown in Figure 13, since the criterion gives
eonsistantly high values of breakdown field (O'Dwyer 1964) by virtue* of
its ignoring the additional "avalanche forming prowess" of conduction
electrons due to electron-electron collision. The point to empha-

11

size in cosq>aring the data with the predictions of Frohlich"s theory is 
their less sensitive dependence of breakdown field on temperature.
This points out the importance, in this temperature range, of the in
creasing number of thermal defects (e.g., vacant lattice sites and 
interstitial ions) which tend to reduce the relaxation time at a fast
er rate than that predicted, resulting in a much faster rise in break
down strength with temperature.

The temperature dependence of Equation (12) in Figure 13 cor

responds approximately to the experimental data below 450°K. Seitz®s 
(1949) condition that the breakdown is the culmination of electron 
avalanches growing in magnitude to some critical density, gives a reason
able qualitative agreement. However, the probability of radiative re
combination with the lattice via successive transition in shallow 
traps is ignored and, the effect of thickness on breakdown strength

29
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must be inferred since Equation (12) does not take this into account. 
For longer breakdown path length the critical field should be lower 
since the increased volume is a source for greater avalanche densities. 
This is supported by the experimental results.

For temperatures above 450°K, joule heating of the lattice 
results in a predominance of thermal breakdown, given by Equation (20), 
reapeated here for convenience

(v*)2 * *4 4B grad (kT ) + (C+D)(T -T^) (20)A d(T) [

The above function and its derivatives, obtained by Equation 
(15), are trancendental in T*, the temperature of the dielectric 
under the stress of the applied field, when equated to each other as 
prescribed by the conditions of criticality (inplied by Equations (18) 

and (19).

I(T*) - L(T*) (25)
I'(T*) - L'(T*) (26)

By solving for T* as a function of T0 by numerical iteration on 
a digital computor, the critical voltage V* can be calculated from
either Equation (25) or Equation (26). In order to determine T*, the
constants B, C, and D of Equation (15) were determined as an initial 
estimate so that the numerical computations could be carried out*

By consideration of the equation of an electric field between 

two points,
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q2
E(r)cx ----   (27)

(r2 + d2)3/2 
4

where
r =* radial position on mid-plane between 

two points, 
d =* distance between two points.

it can be shown that for a uniform field, approximately 90 per cent
of the field lines pass through a cylindrical area of radius d. This
permits the approximation that the volume of the cylindrical "slug” of 

3dielectric, rfd , directly beneath the cathode is at the temperature T, 
while the surrounding material is at a bulk temperature T0.

All heat conduction is radial, i.e. out of the slug into the 

disc, since no heat is conducted- into the vacuum. Assuming a linear 
temperature gradient over a radial distance d,

B grad (kT) « 2 ird k(T) (T-T0) (28)

where
dK{I2. dl . 
dr ^  dr

The thermal conductivity in Figure 1 was plotted as a function of
(1/T), giving a straight line. Using the slope-intercept method,

k(T) for LUCALOX was found to be

k(T) - -0.264 + —  (watt - cm - cm”2 - °K”1). (29)
T
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The heat radiated out of the dielectric obeys the Stefan- 

Boltzmann law,

I  -  tfCT4 ( w a t t - c m - 2 - 0^ 1)  • (30)

where
d - Stefan-Boltzmann constant,
C - emissivity of LUCALOX.

Since two terms are considered, heat radiated from the surface 
of the dielectric "slug" into the environment and heat radiated ra
dially from the "slug" into the surrounding dielectric.

(C+DMT4-^) = <5C( 7(d2 + 2 7(d2)(t4-T^)

Evaluating the constants and using Equation (4) for 6(T)

leads to

F* = V* ■ constant< 
2d

1
d?

5.6(10)8-8.4(10)51 (T*-T^)+24.3(T*^-T4) 
T* j d

L
exp !-5500 

L T* j
1 + 1.16(10) exp

L

-220001 
T* j

(31)

^ % 

r (KV/CM)

(32)
for temperatures greater than 450°K.

The dependence of breakdown strength given by Equation (32) 
is shown in Figure 13. Curves 1 and 2 are corrected to the value for 
breakdown strength for the 0.030 cm disc at 1000°K. This results in 
curve 2 falling well below the observed values. However, since these 
results can only offer a qualitative comparison with any degree of 
certainty, the curves can be considered as giving an estimate of the 
relative range of values into which breakdown strength should fall
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for all Intermediate thicknesses above 450°K - 500°K. The experi
mental data does lie roughly within this range. The eccentricity of 
curves 1 and 2 for the heat balance model between 500°K - 800°K pos
sibly results from an overestimation of the importance of heat loss by 
thermal radiation. The (T^) dependence of Equation (32) supersedes 
the linear heat conduction term by two or three orders of magnitude. 
Accounting for this overestimation would tend to linearize the tem
perature dependence of the model between 500°K - 800°K which would 
result in a closer approximation to the experimental results. At tem
peratures over 800°K radiative heat transfer predominates (due to the 
inherent translucence of LUCALOX) and there is a better correlation 
between theory and experiment. Figure 14 shows the general shape of 
the data plots for various thicknesses of LUCALOX superimposed on one 
another for comparison. As the thickness increases, there is a notable 
decrease in the peak breakdown field, as expected. The variation in 
breakdown strength at 300°K is not appreciable, and, in fact, is indis

tinguishable from the scatter in the data for all thicknesses at 300°K. 
This indicates that the dependence of breakdown field on thickness is 
becoming weaker, which implies that the breakdown process is approach
ing an intrinsic nature. Hence, intrinsic breakdown may be predominant 
to temperatures in excess of 200°K in LUCALOX. As a comparison, 0*Dwyer 
(1964) concludes from experimental results on breakdown of alkali hal
ides that intrinsic mechanisms dominate the breakdown process up to the 
range of 50°K. A possible reason for the difference is that the lower 
ionization energy of alkali halides, roughly 5 - 7  eV, enables avalanche
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breakdown processes to predominate at a lower lattice temperature and, 
likewise, thermal breakdown processes will become important at a lower 
temperature, around 400°K in the alkali halides (Andreev 1958).

It should be noted that the value of 450°K chosen as the 
"division" between avalanche and thermal breakdown is better termed 
an estimation of the range of transition between predominance of 
avalanche and thermal mechanisms. That these two mechanisms enhance 
one another over a considerable temperature range, is implied by 
Figure 14. This situation becomes more pronounced as the thickness 
increases, which is indicated by a gradual broadening of the curves 
with increasing thickness. The theoretical prediction that thermal 
breakdown is also dependent on thickness is in agreement with values 
of breakdown strength obtained for various thicknesses at higher tem
peratures (ca. 1100°K in Figure 14).

An analysis was made of the change in breakdown strength for 
different thicknesses at several temperatures. Figure 15 shows that 
the most sensitive dependence occurs at 450°K, which agrees with that 
predicted previously. The magnitude of change in field strength per 
unit increase,in disc thickness is shown in Figure 16. The sharp peak 
also indicates that field strength is most sensitive to change in 
thickness throughout the transition region between avalanche and ther
mal breakdown. Figure 17 is a three dimensional surface which is a 
function of breakdown field, temperature, and disc thickness. Figure 17 
is a combination of Figures 15 and 16, with temperature the added axis.
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Dielectric Breakdown with Irradiation 

The effect of photon irradiation on breakdown strength is seen 
in Figures 9 through 12. For disc thicknesses of the order of 0.03 cm 
the decrease in breakdown strength is slight and cannot be accurately 
determined because of the scatter in the data. For 0.058 cm thick 
discs the breakdown strength is decreased by 16% at just over 400°K. 
For 0.076 cm discs the relative decrease is about 25% over a range 
of 400°K to 600°K.

Equation (23) predicts the radiation induced conductivity to

be

dr(T,P) - 3.7(10)~14 exp i (T)3/2 (ohm-cm)**1 (33)
T !

J
incorporating the numerical results of Dau (1965). The effect this 
radiation induced conductivity has on the theoretical prediction of 
the heat balance model (Equation 32) is shown in Figure 13.
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Error Analysis

The temperatures obtained by correcting the thermocouple 
reading to a more accurate pyrometer reading at higher temperatures 
are higher than the bulk temperatures of the LUCALOX disc. The 
optical pyrometer actually sees a temperature closer to that of the 
niobium anode due to the transparency of LUCALOX. To compensate for 
this the temperature readings were reduced according to the following 
formula:

Tbulk “ Topt [l - 5<10>*5 Topt • (34)
Equation (34) applies to temperatures in excess of 800°K. The bulk
temperatures were obtained by measuring the resistivity of the LUCALOX
discs and computing the corresponding temperatures from Figure 2.

The variation in the temperature of the thermocouple reference 

junction (room temperature) was assumed to be t 5°. Accounting for the 
inherent error in the thermocouple the total uncertainty in the temp
erature measurements is (Continental Sensing, Inc. 1963) t 8°K for 
T < 580°K, and + 6°K+0.757. reading for T >580°K.

The Spellman High Voltage Power Supply used for the voltage

breakdown measurements was calibrated to within t 4% of full scale 
reading. Because of the difficulty of interpolating the actual point 
at which breakdown occured, the total uncertainty in the observed 
breakdown voltage is estimated to be t 15% of reading.

Special notice was taken of the exact thickness of each disc 
tested and different data symbols were used for each in order to keep
the scatter in breakdown readings as systematic as possible.



C0NCLUSI08S

From the results and discussion of this experiment the 
following statements can be made:

1. The breakdown criteria change considerable with relatively 
small changes la the conditions of the experiment, such as 
impurity coBtent, condition of electrodes, field asymmetry.

2. At intermediate temperatures the breakdown field increases 
with increasing temperature and decreases with increasing 
thickness. Equation 12, describing the dependence of breaks 
down field on the electron avalanche density, gives the best 
temperature dependence for breakdown strength. This indicates 
that the breakdown process in this temperature region may be, ; 
in general, avalanche breakdown, although a clear indication 
of either avalanche or intrinsic processes cannot be obtained 
from the experimental evidence and theoretical interpretations 
presented. It is therefore concluded that several mechanisms 
must be taken into account to adequately explain the breakdown 
process.

3. For sufficiently high temperatures, apparently above 450°K 
in LUCALGX, the breakdown process is thermal in nature and 
the breakdown field decreases with increasing temperature 
and insulator thickness.
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In a photon field of approximately 2(10)* E/hour the break
down strength of LUCALGX is decreased. This affect is small 
for the thinnest specimens but increases as the specimen 
thickness increases.
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BREAKDOWN FIELD WITHOUT GAMMA IRRADIATION 

LUCALOX Disc 0.030 cm Thick

300
337
370
407
429
440
485
514
525
550
600
650
720
800
900
1000
1120

LUCALOX Disc 0.

T <0K)

300
385
407
414
424
445
470
525
562
600
695
716
781

F (KF/CM)
147 
177 
197 
279 
328 
197 
191 
182 
260 
191 
173 
156 
156 
121 
104 
69 

. 75

cm Thick

p m / m )

179
224
242
224
273
293
224
188
196
256
152
146
108
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0.055 cm Thick - continued 

t (%)______________  r (wr/CM)
800 162
804 125
900 81
917 77
1054 67

LOCALOX Disc 9.058 cm Thick

T C°K)____________________ g (gy/CM)
300
385
407
414
450
470
525
562
606
715
781
804
900
917
1054
1100

179
224
242
224
179
224
188
196
269
152
152
108
125
81
77
67

LUCALOX Disc 0.076 cm Thick

f c°k)_________ f m / m )

300 151
309 177
385 164
422 210
448 164
588 200
620 203
700 118
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0.076 cm Thick - continued

T (°K) f ( m / m y

732 210
760 187
800 140
845 150
900 100
1000 94
1060 74
1100 55

LBGALOX Disc 0.081

T C°K)

cm Thick 

F (KF/CM)

500 127
650 155
730 123
783 117
850 93
900 103
950 50
1000 55
1086 43

LUCAtOX Disc 0.087 cm Thick

T (°K) F (KF/CM)
550 167
740 109

;; 808 86
1000 46

LUCSLOX Disc 0.094 cm Thick

t (°k). ' f ( m / m y
760 150
890 90
1100 42
1220 32
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BREAKDOWN FIELD WITH GAMMA IRRADIATION 

LOCALOX Disc 0.028 cm Thick

F (CT/CM)
125
144
144
161
250
179
197
386
197
144
250
232
179
232
144
132
130

LUCALOX Disc 0.030 cm Thick

T C°K) __________    F (Ky/CM)
300 154
344 178
367 164
404 178
434 295
435 260
457 322
459 260
469 250
474 295
484 197
534 230
564 214
570 250

T ( K)
300
337
361
372
442
471
484
499
511
522
529
537
557
660
663
686
738
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0.030 cm Thick - continued

T (°K) F (KV/CM)
631 178
636 178
686 178
703 148
715 148

LUCALOX Disc 0.058 cm Thick

T (°K)_________. F (Ky/ca#

300 182
313 147
324 227
356 209
358 191
475 200
479 209
500 191
523 209
552 200
608 182
614 164
748 110
790 100

LUCALOX Disc 0.0761 cm Thick

T (°K) F (KM/CM)

300 138
336 151
378 151
392 151
429 158
510 145
523 131
562 131
600 151
660 135
760 138
670 118
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