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The breakdown of solid and liquid dielectric materials
subjected to strong electric fields is a problem of great prac-
tical importance which has received considerable theoretical
attention. Only recently, however, has theory been de-
veloped to the point where the breakdown field can be
predicted even approximately from fundamental physical
constants. Experimental data on the breakdown and time-
lag of l iquid carbon tetrachloride is given here and the
applicability of various theories discussed.

ELECTRIC VS. THERMAL TYPES OF BREAKDOWN

Above a certain temperature breakdown is caused by
thermal instability. An electric field of constant strength
established in a dielectric leads to dielectric losses which,
after some time, raise the temperature and produce a tempera-
ture gradient extending from the "hot-spot" through the
dielectric and electrodes to the surrounding ambient. The
system is stable thermally so long as the rate'of heat dissipa-
tion is greater than the rate of generation. A sufficient
increase in the field strength leads to instability and the hot-
spot temperature continues to rise until the dielectric is
punctured, whereupon the electrode voltage drops to zero
almost instantaneously. Still higher fields simply accelerate
the process. The breakdown field strength is the maximum
va lue which can be applied continuously without producing
instability anti breakdown, and, as indicated in Fig. I, must
fall off rapidly with an increase in the aml)ient temperature.
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T h e t h e r m a l b r e a k d o w n p r o c e s s is a n e s s e n t i a l l y slow one
s i n c e a field e x c e e d i n g the b r e a k d o w n v a l u e by a s m a l l
a m o u n t m a y r e q u i r e h o u r s t o p r o d u c e p u n c t u r e . F i n a l l y it
m a y be n o t e d t h a t this type of b r e a k d o w n d o e s n o t y i e l d a

\
\

\

Ambien/" Telnf~retere 7-

FIG. I. Temperature dependence for f ields of cons tan t s t r eng th .

t r u e m e a s u r e of d i e l e c t r i c s t r e n g t h s i n c e the e l e c t r o d e s a n d
the a m b i e n t p l a y a n i m p o r t a n t p a r t in the p r o c e s s .

E l e c t r i c type b r e a k d o w n , w i t h w h i c h this a r t i c l e is par-
t i c u l a r l y c o n c e r n e d , is f o u n d in the l o w e r t e m p e r a t u r e r a n g e s
b e l o w Tc in Fig. I. ( T c for g l a s s a n d NaC1 c r y s t a l a p p r o x i -
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Fro. 2. T i m e dependence f o r i m p u l s e fields.

m a t e s 200 ° C.) H e r e t h e c o n d u c t i v i t y a n d d i e l e c t r i c l o s s e s
a r e s m a l l , t h e r m a l i n s t a b i l i t y is n o t i n v o l v e d a n d the b r e a k -
d o w n f i e l d is l i m i t e d q u i t e o b v i o u s l y by o t h e r t h a n t h e r m a l
f a c t o r s . I n c r e a s i n g t e m p e r a t u r e t e n d s t o i n c r e a s e the b r e a k -
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down field u n l e s s the a d v e r s e i n f l u e n c e of i n c r e a s i n g m o l e c u l a r
s p a c i n g p r o d u c e s a n e v e n g r e a t e r d e c r e a s e .

T h e time f a c t o r in e l e c t r i c b r e a k d o w n is r e v e a l e d c l e a r l y
if i m p u l s e f i e l d s from a n i m p u l s e or l i g h t n i n g g e n e r a t o r are
a p p l i e d s u d d e n l y t o the e l e c t r o d e s . T h e e f f e c t is i l l u s t r a t e d
in F ig . 3. S l o w l y a p p l i e d f i e l d s , s a y t h o s e r e q u i r i n g more t h a n
25 m i c r o s e c o n d s , give b r e a k d o w n v a l u e s F b ' w h i c h v a r y b u t
l i t t l e a n d a p p r o a c h a s y m p t o t i c a l l y the c r i t i c a l v a l u e F~
w h i c h is the b r e a k d o w n s t r e n g t h for a s t e a d i l y a p p l i e d field
a n d r e p r e s e n t s the i n t r i n s i c e l e c t r i c s t r e n g t h of the dielectric.
If we a s s u m e t h a t b r e a k d o w n is a time c o n s u m i n g p r o c e s s
w h i c h b e g i n s only w h e n t h e i m p u l s e field has r e a c h e d t h e
v a l u e F ~ t h e r e m u s t be a n over-field Fb -- F~ a n d a t i m e - l a g
At in o r d e r t o c o m p l e t e the p r o c e s s . I m m e d i a t e l y t h e r e a f t e r
the e l e c t r o d e v o l t a g e d r o p s a l m o s t i n s t a n t a n e o u s l y t o z e r o .
A s the i m p u l s e field is a p p l i e d more a n d more r a p i d l y the o v e r -
field i n c r e a s e s m a r k e d l y w h i l e the t i m e - l a g d e c l i n e s b u t
s l i g h t l y . T h e t i m e - l a g a p p e a r s t o h a v e a v a l u e of a p p r o x i -
m a t e l y two m i c r o s e c o n d s .

T h e i m p o r t a n c e of t i m e - l a g is i l l u s t r a t e d in the t e c h n i c a l
a p p l i c a t i o n of d i e l e c t r i c m a t e r i a l s a s electrical i n s u l a t i o n .
N o t i n f r e q u e n t l y i n s u l a t i o n is s u b j e c t e d t o r a p i d l y a p p l i e d
f i e l d s , s i m i l a r t o t h o s e of F ig . 3, w h i c h o r i g i n a t e in s u r g e s
c a u s e d by l i g h t n i n g d i s c h a r g e s or t r a n s i e n t s a r i s i n g from
s w i t c h i n g c h a n g e s in c o n n e c t e d electrical c i r c u i t s .

BREAKDOWN OF LIQUID CARBON TETRACHLORIDE.

C a r b o n t e t r a c h l o r i d e was c h o s e n for s t u d y for a n u m b e r
of r e a s o n s . I t was felt t h a t the b r e a k d o w n v a l u e s of a l i q u i d
w o u l d be less e r r a t i c t h a n is u s u a l l y t r u e for s o l i d m a t e r i a l s .
F u r t h e r m o r e the s i m p l e m o l e c u l a r s t r u c t u r e , c o n s i s t i n g of
four c h l o r i n e a t o m s t e t r a h e d r a l l y d i s p o s e d a b o u t the c e n t e r
c a r b o n c o r e , was in i t s f a v o r , as well a s t h e f a c t t h a t i t s
D e b y e d i p o l e m o m e n t is z e r o . I t was t h o u g h t t h a t t h e ab-
s e n c e of the l a t t e r m i g h t p r e v e n t the i n t r o d u c t i o n of a com-
p l i c a t i n g effect .

T h e CC14 was p l a c e d in a t e s t - c u p c o n t a i n i n g two b r a s s
s p h e r e s of one inch d i a m e t e r s e t t o a s p a c i n g of .o635 cm.
T h e i m p u l s e g e n e r a t o r c o n s i s t e d of a .I25 uf. c o n d e n s e r
c h a r g e d t h r o u g h a rectifier t o 77.7 kilovolts. A t this p o t e n -
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t ial the condenser was discharged through a s p a r k gap in
series with a 1020 o h m non-inductive resis tance and a variable
inductance. Variation of the l a t t e r gave a wide control of
the rate of rise of potent ial over the resis tance whose t e r m i n a l s
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FIG. 3. Applied impulses and breakdown fields for CC14 in test cup.
Slowly applied impulses and breakdowns not illustrated:

No. 8--74o kv./cm, at 33 microseconds.
No. 9---755 kv./cm, at 56 microseconds.
No. Io--755 kv./cm, at 640 microseconds.

were connected across the tes t -cup. Seven of the ten impulses
used are shown in Fig. 3. The breakdown values are indi-
cated by circles. A cold-cathode ray oscillograph with the
film placed in the vacuum was used to observe the growth of
the impulses and the breakdown values Fb. A very slow
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i m p u l s e (No. IO) r e q u i r e d a d i f f e r e n t c i r c u i t in w h i c h the
77.7 K.V. c o n d e n s e r d i s c h a r g e d t h r o u g h a s p a r k - g a p i n t o a
p a r a l l e l a r r a n g e m e n t of a c o n d e n s e r , r e s i s t a n c e a n d t e s t - g a p .
All b r e a k d o w n s o c c u r r e d on the f r o n t of the i m p u l s e w a v e s so
t h a t the ra te of rise of v o l t a g e was n o t far from l i n e a r .

T h e t e s t - c u p s p h e r e s w e r e p o l i s h e d a n d c l e a n e d with
f r e s h CC14 b e f o r e each t e s t s a m p l e was p o u r e d in. A f t e r
oscillographic r e c o r d s of the full test w a v e a n d t i m i n g w a v e
w e r e o b t a i n e d the s a m p l e in the t e s t - c u p was c o n n e c t e d a n d
oscillographic r e c o r d s of a p p r o x i m a t e l y f o r t y b r e a k d o w n s a t
one m i n u t e i n t e r v a l s with the s a m e i m p u l s e w e r e r e c o r d e d on
one f i l m . F o r each of the i m p u l s e w a v e s the m a x i m u m b r e a k -
down v a l u e was o b t a i n e d a n d is p l o t t e d as a c i r c l e in F ig . ,3.
T h a t r e p e a t a b l e v a l u e s of the b r e a k d o w n c o u l d be o b t a i n e d
is i n d i c a t e d by i m p u l s e s No. 4 a n d No. 5, w h i c h w e r e i d e n t i c a l ,
a n d a g a i n by N o . 6 a n d No. 7. T h e r e was no d i s c e r n i b l e
d i f f e r e n c e b e t w e e n t e s t s u s i n g e i t h e r c h e m i c a l l y o r com-
m e r c i a l l y p u r e CC14.

S t u d y of the b r e a k d o w n v a l u e s t o g e t h e r w i t h c o n s i d e r a -
t ion of t i m e - l a g i n d i c a t e s t h a t the a s y m p t o t i c or long t i m e
b r e a k d o w n f i e l d o c c u r r e d a t 42 K.V. W i t h a g a p l e n g t h of
• o635 cm. this g i v e s F = = 663,ooo v o l t s p e r cm. for the c r i t i c a l
field s t r e n g t h of CC14. T h e t h e o r e t i c a l c u r v e t h r o u g h the
b r e a k d o w n p o i n t s is d i s c u s s e d l a t e r u n d e r t i m e - l a g a f t e r
t h e o r i e s of b r e a k d o w n h a v e f i r s t b e e n c o n s i d e r e d .

OLDER THEORIES OF BREAKDOWN.

O l d e r t h e o r i e s of electrical b r e a k d o w n have been s u m -
m a r i z e d by S. W h i t e h e a d ? M o s t of t h e s e t h e o r i e s a r e n o t a b l e
c h i e f l y for t h e i r f a i l u r e t o p r e d i c t even the c o r r e c t o r d e r of
m a g n i t u d e , s e v e r a l in fact p r e d i c t v a l u e s of a b o u t IOs v o l t s
p e r cm. i n s t e a d of the o b s e r v e d v a l u e of a p p r o x i m a t e l y Io6
v o l t s per cm. C e r t a i n of the o l d e r t h e o r i e s a s s u m e d t h a t
b r e a k d o w n is due t o the i o n i z a t i o n of m o l e c u l e s by m o v i n g
ions c a r r y i n g the c u r r e n t . M o d e r n v i e w s of i o n i c c o n d u c t i o n
w o u l d m a k e it h i g h l y d o u b t f u l if ions c o u l d a c q u i r e the n e c e s -
s a r y e n e r g y or c o m p l e t e the p r o c e s s of b r e a k d o w n in the

1S. Whitehead," Dielectric Phenomena, III, Breakdown of Solid Dielec-
trics." (Benn.)
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t i m e t h a t is o b s e r v e d . T h e e v i d e n c e w o u l d seem t o i n d i c a t e
t h a t b r e a k d o w n s u r e l y is e l e c t r o n i c in c h a r a c t e r .

N o r c a n it be e x p e c t e d , a s yon H i p p e l 2 h a s p o i n t e d out ,
t h a t a n e x t e n s i o n of the t h e o r y of b r e a k d o w n of g a s e s w o u l d
p r o v i d e a s o l u t i o n for the c o n d e n s e d s t a t e s of l i q u i d s a n d
s o l i d s . I n g a s e s e l e c t r o n s a r e p r e v e n t e d from a c c e l e r a t i n g
a b o v e a c e r t a i n v e l o c i t y by i n e l a s t i c i m p a c t s with the a t o m s
in w h i c h the e l e c t r o n k i n e t i c e n e r g y is t r a n s f o r m e d i n t o
e x c i t a t i o n e n e r g y of the e l e c t r o n i c s y s t e m of t h e a t o m . A t
a t m o s p h e r i c p r e s s u r e , w i t h a m e a n - f r e e , p a t h of IO-4 cm.,
a b o u t 3 o , 0 o o v o l t s p e r cm., or 3 v o l t s p e r m e a n - f r e e - p a t h , is
n e e d e d t o c r e a t e c u m u l a t i v e ionization. O n l y b e y o n d this
v a l u e can w e e x p e c t b r e a k d o w n t o b e c o m e p o s s i b l e . E x t e n -
sion of this t y p e of r e a s o n i n g t o the c l o s e l y p a c k e d a t m o s p h e r e s
of l i q u i d s a n d s o l i d s w o u l d call for a b r e a k d o w n field of 60
m i l l i o n v o l t s per cm., a v a l u e s o m e 60 t i m e s too l a r g e .

MODERn T H ~ O R ~ S OF BR~A~:DOW~.

M o d e r n t h e o r i e s of b r e a k d o w n , t h a t is of the c r i t i c a l f i e l d
s t r e n g t h or the i n t r i n s i c e l e c t r i c s t r e n g t h F~, h a v e b e e n
s t i m u l a t e d in p a r t by the c a r e f u l b r e a k d o w n e x p e r i m e n t s on
the a l k a l i - h a l i d e c r y s t a l s r e p o r t e d by v o n H i p p e l 2 a n d in
p a r t by his p r o p o s a l of a m e c h a n i s m n o t p r e v i o u s l y c o n s i d e r e d
w h i c h c o u l d r e s t r a i n t h e m o t i o n of the e l e c t r o n s t h r o u g h the
c r y s t a l a n d p r e v e n t t h e i r acceleration. O n e of t h e s e t h e o r i e s
h a s b e e n d e v e l o p e d b y S e e g e r a n d T e l l e r 3 (and l a t e r m o d i f i e d
s l i g h t l y 4) a n d the o t h e r by F r 6 h l i c h .5

Both t h e o r i e s are r e s t r i c t e d t o m a t e r i a l s like the a l k a l i -
h a l i d e s w h i c h a r e i o n i c t y p e c r y s t a l s . In N a C I , for i n s t a n c e ,
the i o n i c c o n s t i t u e n t s a r e N a + a n d C I - a r r a n g e d a l t e r n a t e l y
t h r o u g h o u t the c r y s t a l . CC14, it m a y be a s s u m e d , is i o n i c
in c h a r a c t e r also w i t h t h e c e n t r a l c a r b o n core c h a r g e d t o f o u r

2von Hippel, "Electric Breakdown of Solid and Liquid Insulators," J. o f
App l i ed Phys. , 8, Dec. I 9 3 7 , p. 8I5. "The Electric Breakdown in Gases and
Solid Insulators," Ergeb. d. Exakt . Na turwi s s , x4, I935, p. 79.

3 Seeger and Teller, "On the Electrical Breakdown of the Alkali Halides,"
Phys . Rev., 54, Oct. I, I938, p. 515•

4 Seeger and Teller, Phys . Rev., 58, Aug. I, I94o, p. 279. (The formula in
Reference 3 is modified slightly.)

5Fr~Shlich, "Dielectric Breakdown in Solids," Repor t s on Progress i n Phys i c s ,
VI, 1939, p. 4 II, of the Physical Society (London).
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positive units, having yielded one electron to each of the
four chlorine atoms or ions. The breakdown formulas de-
veloped by Seeger and Tel ler and by Fr6hlich, with minor
modifications, may at once be applied to the evaluation of
F~ for CC14.

The mechanism proposed by yon Hippel ~ assumes that
the dielectric contains a certain number of electrons, at least
partially free from molecular binding, which move u n d e r the
influence of an electric field and excite vibrations of the
positive and negative ionic constituents of the dielectric.
For field strengths below the breakdown value an energy
balance is reached by which the energy abstracted from the
field by the electrons is completely absorbed by the ionic
oscillators and the electron velocity is held to a relatively
low value. The ionic oscillators therefore present a "resist-
ance" to the free mot ion of the electrons and prevent the i r
acceleration. The critical field strength F~ is reached when
the "resistance" is a maximum and the ionic oscillators are
absorbing energy at the maximum possible rate and the
electrons achieve the i r maximum steady value of velocity.
Stronger fields, it is assumed, can drive the electrons across
the maximum resistance point and accelerate them unt i l they
acquire energy sufficient for ionization. Ionization in this
case implies the release of an electron from the negative ion.
The onset of ionization, it may be supposed, is merely the
beginning of breakdown and that the period of time-lag is yet
required before the voltage across the electrodes collapses
and breakdown is complete.

T H E S E E G E R - T E L L E R FORMULA A N D CCh.

The Seeger-Teller ~,4 theo ry calculates the energy absorp-
tion of the ionic oscillators per centimeter of electron mot ion
in the direction of the field in t e r m s of the ra t io of the elec-
t r on ' s kinetic energy to the energy quantum of the oscillator.
This yields

d W
e f - -

d s h k' k le7

I 2 i V - - [ @- 2 ( 5 ~ ..2 - - • ) 1 / 2
• - - l o g - - -

2 x 2.v - - I - - 2 ( x2 - - x ) 1/~'
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in w h i c h x = ½mv2/hv. The variable part of this equat ion is
plot ted in Fig. 4 and has a max imum v a l u e of .9T at x ---- 1. 7.
The critical field value then is

I ' 8 2 r 2 e m ~ ( I I ) ( k k ) 1 / 2
F~ - h k' k (e.s.u.). (2)

In this equat ion the electronic charge is e = 4.8 X IO-1° e.s.u.,
the electronic mass is m = 9.03 X IO-28 g. and P l a n c k ' s
cons tan t is h = 6.55 X IO-"7 erg-seconds. Aside from t h e s e
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Resistance of oscillating ions as a function of electron velocity.

values it is necessary to know v, the frequency of the absorp-
tive oscil lators, k, the dielectric cons tan t for long wave-
lengths (the static value) and k' , the dielectric cons tan t o r
square of the index of refraction for s h o r t wave-lengths be-
tween the infrared and ultraviolet regions.

For CC14 we m a y take u = 22.85 )~ 1012, corresponding
to a wave-length of z3 . I3~ = I3 . I3 X zo-4 cm., and a
q u a n t u m hu = . I496 X IO-12 ergs , equivalent to .094 electron-
vol t s . The max imum steady velocity that an electron could
acquire'would then be given by 1.7 t i m e s this value, equivalent
to .z6 electron-volts . At this frequency the~four chlorine
negative ions vibrate as a unit in opposi t ion to the vibration
of the quadruply charged carbon posit ive ion. According to
M a r v i n 6 infrared light of this frequency is almost completely

6 Marvin, "Transmission and Dispersion of Liquid Chlorides," Phys. Rev.
(I), 34, I912, P. I6I.
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a b s o r b e d , a n d from his e v a l u a t i o n of the i n d e x of r e f r a c t i o n in
the near i n f r a r e d the v a l u e of k' = 2 . o 8 6 is o b t a i n e d , k, a t
24 ° C., is g i v e n by M o r g a n a n d L o w r y 7 a s 2.23. S u b s t i t u t i n g
t h e s e v a l u e s a n d m u l t i p l y i n g by 3oo the c a l c u l a t e d critical
v a l u e is F~ = 262,ooo v o l t s per cm., w h i c h m a y be c o m p a r e d
with the test v a l u e of 663,ooo v o l t s per cm.

I n a p p l y i n g E q u a t i o n 2 the " e f f e c t i v e m a s s " m* of the
e l e c t r o n i n s t e a d of the o r d i n a r y m a s s m s h o u l d be u s e d . A
c o n d u c t i o n e l e c t r o n in a s o l i d or l i q u i d d i e l e c t r i c is not " f r e e "
but i s s u b j e c t t o a p o t e n t i a l e n e r g y field v a r y i n g p e r i o d i c a l l y
w i t h the m o l e c u l a r s p a c i n g . In s u c h a n a t m o s p h e r e the
effective m a s s m a y be s e v e r a l t i m e s a s l a r g e as the o r d i n a r y
m a s s . U n f o r t u n a t e l y c a l c u l a t i o n s of this r a t i o are v e r y
d i f f i c u l t a n d so far are n o t c o n v i n c i n g . If the d i s c r e p a n c y
b e t w e e n t e s t a n d c a l c u l a t e d v a l u e s of F , is a s c r i b e d t o this
c a u s e we o b t a i n the r a t i o

m* 6 6 3 , o o o
m 2 6 2 , 0 0 0 2"54'

w h i c h c o m p a r e s f a v o r a b l y with the s i m i l a r v a l u e s for the
a l k a l i - h a l i d e c r y s t a l s for w h i c h the t h e o r y was o r i g i n a l l y
d e v e l o p e d .

T h e t h e o r y as o u t l i n e d a s s u m e s t h a t t h e e l e c t r o n m o v e s
in the field d i r e c t i o n . If h o w e v e r the e l e c t r o n is f o r c e d o n
the a v e r a g e t o m o v e a t s o m e a n g l e w i t h the f i e l d (say 45 °)
the c a l c u l a t e d v a l u e of F ~ c o u l d be r a i s e d by the s e c a n t of the
a n g l e ( s a y ¢2) a n d the b u r d e n p l a c e d on the m a s s r a t i o
rn*/m r e d u c e d a c c o r d i n g l y . E v e n t u a l l y this t h e o r y will h a v e
t o be m o d i f i e d t o p r o v i d e a n e s t i m a t e of the t e m p e r a t u r e d e -
p e n d e n c e of b r e a k d o w n .

THE FR(')HLICH FORMULA AND eel,

T h e F r 6 h l i c h t h e o r y ,~ t h o u g h s i m i l a r in m a n y r e s p e c t s t o
the S e e g e r - T e l l e r t h e o r y , differs in one u n d e r l y i n g p o i n t of
g r e a t i m p o r t a n c e a n d far r e a c h i n g c o n s e q u e n c e s . In the
S e e g e r - T e l l e r t h e o r y the e l e c t r o n s are r e s t r i c t e d t o v e l o c i t i e s
c o r r e s p o n d i n g t o a b o u t .16 e l e c t r o n - v o l t b u t in the F r 6 h l i c h
t h e o r y it is a s s u m e d t h a t t h e i r velocities a n d k i n e t i c e n e r g i e s

7 Morgan and Lowry, 3". Phys. Chem., 34, I93O, p. 2385.
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are m u c h l a r g e r a n d c o r r e s p o n d t o s e v e r a l electron-volts.
If the k i n e t i c e n e r g i e s E of this g r o u p lie b e l o w a c e r t a i n c r i t i c a l
v a l u e E c the e n e r g y r e c e i v e d in f a l l i n g t h r o u g h the field F
is e n t i r e l y a b s o r b e d by the i o n i c oscillations a n d t h e y a r e
p r e c l u d e d t h e r e b y f r o m g a i n i n g f u r t h e r e n e r g y . H o w e v e r
E c "~ I / F so t h a t E c d e c l i n e s as the field s t r e n g t h is i n c r e a s e d .
T h e c r i t e r i o n for b r e a k d o w n t h e n t a k e s the form t h a t the
field m u s t be i n c r e a s e d t o the p o i n t w h e r e E , h a s f a l l e n t o
the v a l u e I , the p o t e n t i a l e n e r g y r e q u i r e d t o i o n i z e the n e g a -
t ive ion by r e m o v a l of i t s e x t r a e l e c t r o n .

T h e f o r m u l a for the c r i t i c a l field s t r e n g t h then t a k e s the
form

7r2e(rnh) I/~ (k - k ' ) v~/~

f ~ = 21/3 Cl, MI

[ l o g 4 2 (e . s .u . ) . (3 )× k h~ ] I + h.,'/~,r _ I

I n a d d i t i o n t o the v a l u e s p r e v i o u s l y a s s i g n e d ,

a.u = 5.45 × lO-8 cm. ( A v e r a g e s p a c i n g b e t w e e n CC14 m o l e -
c u l e s )

I - hc _ (6.55 X IO-27) ;( (3 N I010) = 8 . 6 2 X [0-12 ergs
~k0 2 2 8 0 X IO - s

--- 5.42 electron-volts.
( I o n i z a t i o n p o t e n t i a l e n e r g y )

X0 is the l i m i t of a b s o r p t i o n o c c u r r i n g for X < X0.

2413h2
E 0 = = 1 . 2 6 2 X IO-12 e r g s

3 2 m a . 2

--= .794 electron-volts.

log hv = 2.12

kl = 1.37 X lO -16 e r g - s e c o n d s per d e g r e e ( B o l t z m a n n con-
s t a n t )

[ 2 ] 1 / ' = I ' ° 2 5 ( T e m p e r a t u r e d e p e n d e n c e f ° r
I -I- 6hJ,/k,T __ I T = 300 ° a b s . ) .

S u b s t i t u t i o n of t h e s e v a l u e s a n d m u l t i p l i c a t i o n by 3oo g i v e s
F , --- 198,6oo v o l t s per cm. c o m p a r e d with the t e s t v a l u e of
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663,000 v o l t s p e r cm. C o n s i d e r a t i o n of the d i r e c t i o n a l field
e f f e c t m i g h t r a i s e this v a l u e by ~ .

T w o c h a n g e s h a v e b e e n made in F r 6 h l i c h ' s f o r m u l a . In
his form " a " is the d i s t a n c e from the plus t o the m i n u s ion
in t h e a l k a l i - h a l i d e c r y s t a l s . I /2a3 t h e n e q u a l s the n u m b e r
of p a i r s of ions per c u b i c c e n t i m e t e r . F o r CC14 this v a l u e is
e q u a l t o I/aM3 w h e n c e " a " is r e p l a c e d by a u/21/~. )to s h o u l d
be the w a v e l e n g t h c o r r e s p o n d i n g t o the. f i r s t a b s o r p t i o n
m a x i m u m in the u l t r a - v i o l e t b u t this v a l u e d o e s n o t s e e m t o
a p p e a r in the l i t e r a t u r e a n d the l i m i t of a b s o r p t i o n , s a s o m e -
w h a t h i g h e r v a l u e , h a s b e e n u s e d i n s t e a d a n d y i e l d s a c o r r e -
s p o n d i n g l y h i g h e r v a l u e of F~.

I t is b e y o n d the s c o p e of this p a p e r t o criticize e i t h e r
t h e o r y critically. B o t h , it will be n o t e d , p r e d i c t the c o r r e c t
o r d e r of m a g n i t u d e w i t h o u t the u s e of a r b i t r a r y c o n s t a n t s ,
r e l y i n g i n s t e a d on v a l u e s w h i c h a r e d e t e r m i n a b l e e x p e r i -
m e n t a l l y w i t h o u t too m u c h difficulty. An i n t e r e s t i n g c r i t i c a l
d e f e n s e of each t h e o r y is g i v e n in a pair of p a p e r s by F r 6 h l i c h 9
a n d by S e e g e r a n d T e l l e r .1°

TIME-LAG.

B r e a k d o w n o c c u r s in a f in i te t ime only w h e n the a p p l i e d
field e x c e e d s the c r i t i c a l b r e a k d o w n v a l u e F , . T h e e x c e s s
v a l u e r e q u i r e d for s l o w l y a p p l i e d f i e l d s is s m a l l , a n d the b r e a k -
down v a l u e Fb a p p e a r s t o be c o n s t a n t from a b o u t 25 t o Iooo
m i c r o s e c o n d s or m o r e . B u t w h e n the ra te of v o l t a g e a p p l i c a -
t ion is h i g h the a p p l i e d field F~ can rise well a b o v e the c r i t i c a l
v a l u e d u r i n g the time in w h i c h the o v e r a l l b r e a k d o w n is b e i n g
d e v e l o p e d . T h e t r u e t i m e - l a g , m e a s u r e d from the time p o i n t
w h e r e the s l o w l y a p p l i e d field c r o s s e s the c r i t i c a l b r e a k d o w n
v a l u e F® p r o v e s t o be 2.3 m i c r o s e c o n d s . A s the f i e l d of the
i m p u l s e w a v e is a p p l i e d t o the e l e c t r o d e s more a n d m o r e
r a p i d l y the t i m e - l a g d e c r e a s e s a t a slow r a t e . See At in F i g s .
2, 3, 5 a n d 6.

F o r F~ > F , the e l e c t r o n s p a s s over the top of the "re-
s i s t a n c e " c u r v e , e n c o u n t e r a r a p i d l y d e c l i n i n g r e s i s t a n c e ,

8 Henrici, Zeit. f. Phys., 77, I932, P. 35.
9 Fr6hlich, "Dielectric Breakdown in Ionic Crystals," Phys. Rev., 56, Aug.

15, I939, P. 349-
10Seeger and Teller, "Remarks on the Dielectric Breakdown," Phys. Rev.,

56, Aug. I5, 1939, P. 352.
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accelerate and in a period of a b o u t zo-I~ seconds acquire the
(approximate) 5 electron-volts of ene rgynecessary for ioniza-
tion of the CI- ion and move through a distance of approxi-
mately I3o molecular spacings.

Presumably the time-lag period of approximately lO.6
seconds is a measure of the time required to complete the
breakdown process, and in view of the shortness of the ioniza-
tion time we may assume that the phenomenon is highly

Cothode
FIG. 5.

u?

r = tdn 0< ~ /

kY

7"
Anode Time

Relation of field strengths and growth of streamer.

~re~kdo.Jn

complex. Lacking detailed knowledge it is not unreasonable
to suppose that the time-lag is the period required for the
growth of a positive space-charge streamer which is built up
in a tremendously large number of steps, each b u i l t in a very
short period of time.

This process of streamer construction should begin at
the anode, at least in the case of a uniform field, because of
the abil i ty of the a n o d e readily to remove the products of
ionization in the form of the ionizing electrons as well as the
electrons removed from the C1 ions. The positive ion
streamer becomes in effect a needle-like extension of the a n o d e



Mar., I 9 4 3 . 1 DIELECTRIC ~'IIATERIALS. 2 7I

into the dielectric. The convergence of the field around the
pointed head of the s t reamer increases the probability of
further ionization in this region and the streamer grows
rapidly but in a series of steps in the general direction of the
cathode un t i l the dielectric is punctured. Conceivably the
s t reamer may grow in a zig-zag path with the direction t aken
by each step being determined by local conditions. Some
of the photographs of the breakdown process obtained by
von Hippel 2 tend to support this view of the mechanism.

1200

~'~Y. IO00

tC 800

FIG. 6.
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Relation of time-lag to breakdown lield.

Let us assume that the time required to bui ld each step
is proportional to the time required for an electron passing
over the top of the resistance curve to acquire its ionization
energy. The steps are then bui l t progressively more rapidly,
par t ly because the applied field Fa is increasing and par t ly
because the actual field F~ from cathode to streamer head is
increasing even more rapidly as the distance D -- S in Fig. 5
decreases.

Here Fe(D -- S ) = FoD and F, = F,o + rt with r equal
to the rate of growth of applied field F,,. The rate of growth
of the streamer is proportional to F~. Then, if C is a constant,

dS D D
d--[ = CFe = C D----7-~ Fa = C D ~ ( F~ + rt)

VOL. 235, XO. 1407--11
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a n d

g i v i n g

.D (D - S)dS = CD (F~ + rt)dt,
~--0 t 0

- - = C D F ~ + At At
2

= CD½(F~ + F~)At.

T h e b r e a k d o w n v a l u e of the a p p l i e d field Fb a n d the time are
then d e p e n d e n t on each o t h e r t h r o u g h the s i m p l e r e l a t i o n

D
½(F~ + Fb),St - 2C - c o n s t a n t , (4)

w h i c h is c o n s t a n t for a n y g i v e n g a p s p a c i n g D. A c c o r d i n g t o
E q u a t i o n (4) the t i m e - l a g is i n v e r s e l y p r o p o r t i o n a l t o the
m e a n of the c r i t i c a l a n d b r e a k d o w n field s t r e n g t h s .

T h e c o n s t a n t is d e t e r m i n e d from the l i m i t i n g c o n d i t i o n ,
for s l o w l y a p p l i e d f i e l d s , t h a t Fb = F® = 6 6 3 , 0 0 0 v o l t s per
cm. a n d the o b s e r v e d t i m e - l a g is &t = 2. 3 X IO-6 s e c o n d s .
F i n a l l y , for CC14 the t i m e - l a g e q u a t i o n b e c o m e s

(663,000 + Fb)At = 3.05, (5)

w h i c h is p l o t t e d in F i g s . 3 a n d 6.

SUMMARY.

E x p e r i m e n t a l d a t a o n the e l e c t r i c a l b r e a k d o w n of l i q u i d
c a r b o n t e t r a c h l o r i d e i n d i c a t e , f i rs t , t h a t m o d e r n t h e o r i e s of
b r e a k d o w n m a y be a p p l i c a b l e t o a wide r a n g e of d i e l e c t r i c
m a t e r i a l s p r o v i d e d t h e i r m o l e c u l a r c o n s t i t u t i o n is i o n i c , a n d
s e c o n d , t h a t the t e c h n i c a l l y i m p o r t a n t t i m e - l a g f o l l o w s a
s i m p l e rule in i t s d e p e n d e n c e on over-voltage.

T h e o p p o r t u n i t y is t a k e n t o e x p r e s s a p p r e c i a t i o n of h e l p -
ful c o m m e n t s r e c e i v e d from Professors A. yon H i p p e l , E.
T e l l e r a n d R. J . S e e g e r .


