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The results of an investigation of prebreakdown phenomena in transformer oil, castor
oil, xylene and distilled water are presented. At voltages sufficient for breakdown, it
is shown that jonization by collision occurs during the statistical delay period, result-
ing, in a time of approximately 10-8 sec, in the production of electron avalanches and

small streamers. The latter do not always lead to cumulative breakdown, but are a
preparatory stage. It has been estgablished tha breakdown can occur when the streamer
am

current is greater than 5 — 8 x 10

It is also shown that in distilled water with highly inhomogeneous fields the break-
down mechanism depends cn the golarity of the point. If the latter is positive, then

during the statistical delay perio
is formed in about 5 x 107 sec.

a positively charged column of very small radius

IT is well known that both a definite voltage and

sufficient time are required before a discharge
can occur in a dielectric. The time interval be-
tween the application of a voltage, adequate for
breakdown, to the electrodes and the appearance of
a free electron, capable of initiating a cumulative
discharge, is usually called the statistical delay
time. It is virtually impossible to determine ex-
perimentally the moment at which such an electron
appears, and consequently, for experimental pur-
noses, the end of the statistical delay period is
taken to be the moment at which there occurs
either a noticeable voltage drop across the elec-
trodes or a cumulative increase in the electrode
current.

The question of what occurs in a dielectric dur-
ing the statistical delay time is of great interest.
To shed light on these phenomena we have per-
formed a number of experiments in liquids. The
results of these experiments are reported below.

In solid or liquid dielectrics, it is well known
that the energy of free electrons, moving under the
influence of an applied field, is dissipated in ex-
citation of oscillations in nearby atoms and mole-
cules, electronic excitation in these atoms and

molecules, molecular dissociation, and collisions
of the second kind 1:2. The dielectric, as it were,

hinders the development of discharges at low
field intensities. Another barrier to the develop-
ment of a discharge is the capture of free elec-
trons by molecules of the material3. It is reason-
able to believe that these processes depend on
the physico-chemical properties of the dielectric.
If ionization takes place during the statistical

1 A. von Hippel and G. Lee, Phys .Rev. 59, 824 (1941).

2 G. Hurd, Gen. Elec. Rev. 51, 26 (1948).
3 A. Von. Hippel, J. Appl. Phys. 8, 815 (1937).

delay period, but a cumulative discharge does not
occur, these physico-chemical properties should
have some effect on the character of the predis-
charge phenomena. The experiments reported here
indicate that such is the case: ,at least in certain

liquid dielectrics.
According to present-day ideas of the structure

of the amorphous phase, a liquid consists of sepa-
rate crystallite aggregates comprising several tens
of molecules in a group4. These gr oups, as might
be supposed, do not consist of rigidly bound mole-
cules but are constantly being dissolved and re-
formed. In certain liquids at least, there is some
justification for the assumption that ions of oppo-
site sign are contained in these crystallite groups.
This assumption is based on the experimental
finding that the electrical conductivity o of hep-
tane is very small at low field intensities. With
increasing intensities, however, there is a pro-
nounced rise in 0. It is believed5 that this increase
results from the destruction of electrically neutral
ion pairs by the externally applied field. It is
also possible to explain the increase in o on the
basis of crystallite ion groups.

It is well known that a wave function has a
strong maximum at any defect of a perfect crystal,
including those close to'the surface of the crystal.6
Consequently, it may be expected that extensive
trapping takes place at the boundary surfaces of a
crystal. In this connection it may be assumed that
the size of the crystallite aggregates, the stability
of the bonds, the nature of the levels, and various
other characteristics, pertinent to the formation and

‘p. P Kobeko, Amorphous Materials, Academy of
Sciences Press (USSR), 1952, p. 17.

5 K. A. Reiss, Ann. Physik 28, 325 (1937).
6 1. E. Tamm, Z. Physik Sowjetunionl, 733 (1932).
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maintenance of an electric discharge, should also
depend on the physico-chemical constitution of the
liquid.

The experiments were performed using the appa-
ratus shown in Fig. 1. The voltage from a pulse
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Fi1c. 1. Experimentai set-up

generator PG was applied directly to the sample
under observation S (diagram a). This voltage
was also applied, through a capacity divider, to the
vlates of a high-voltage oscilloscope which had
been calibrated for the measurements. Certain of
the experiments were performed using the scheme
shown in diagram b. In these cases an ohmic re-
sistance r was connected in series with the dis-
charge gap in order to limit the discharge current.

It has been stated in the literature that relatively
small variations of the voltage across the spark
gap are to be associated with the onset of stepped
leaders or jstreamers7'8 and that the production of
streamers causes a sharp drop in the voltage® even
within so short time as 4 x 10°° sec. Hence im-
pact ionization and the resulting production of
avalanches and streamers can be observed through
changes in the pulse amplitude as seen on the os-
cillographs.

In %é 2 are presented oscillographs recm;de.d
with scheme a (I-ITT) and scheme b (IV-VI) of Fig.
1. The period of the reference sinusoidal oscil-
lations along the abscissa axis in Oscillographs
Il is 5 x 107 sec. Explanatory data for these
oscillographs are given in Table 1.

" T. E. Allibone and J. M. Meek, Proc. Roy. Soc.
(London) 169A, 246 (1938); '166A, 97 (1938),

8N. A. Kaptsov, Electrical Phenomena in Gases and
Vacuum, GITL , 1950, p. 582.

9 F. Dunnington and H. J. White, Phys .Rev. 46,99, /
(1934).

Inspection of Oscillograph I reveals that the
statistical delay time in transformer oil was
greater than 30 usec. During this period there
was intense ionization by impact with resulting
avalanche production; this can be seen from
the nicks (1, 2, 3, 4) in the top of the pulse.
Similar results were obtained in the tests per-
formed in castor oil (Oscillograph II). In the
latter case it is worthy of note that a small aval-
anche was formed immediately after the applica-
tion of the voltage (1). During the statistical
delay time, which lasted for 50usec, three par-
tial discharges were recorded; as in the trans-
former-oil test, two of these occurred immediately

prior to the terminal discharge of the gap.

In the transformer-oil test, as can be seen from
Oscillograph I, the avalanches gpeared within
small time intervals (1-3.5 usec) and the cumula-
tive discharge was initiated within 3 psec after the
the last avalanche. It would seem that the aval-

anches prepare the way for the formation of the dis-
charge.

In the castor-oil test the avalanches appeared
at considerably longer time intervals (3.5-28 psec),
but again the cumulative discharge appeared within
3.5 psec after the last avalanche.

For strongly inhomogeneous fields, it appears
that ionization processes occur during the so-
called statistical delay time; these do not cause
direct breakdown but constitute a preparatory stage
in that ionization processes in the discharge gap
lead to the production of volume charges. From a
knowledge of the prebreakdown time (statistical
delay time) for strongly inhomogeneous fields it is
possible to ascertain the time during which impact
ionization occurs with the resulting production of
avalanches and small streamers. The latter pro-
cesses do not initiate a breakdown but act to set
the stage for it. It should be remembered that at the
same time there are processes taking place in the
dielectric which tend to inhibit the development of
a discharge. In the main, these same results were
found in the tests with homogeneous fields; a
typical case (transformer oil) is shown in Oscillo-
graph III of Fig. 2. At intensities of 315-350 kv/cm,
breakdown did not occur in spite of the fact that
the prebreakdown phenomena were relatively strong.
Almost immediately after the pulse reached its
highest amplitude (0.5 usec) 350 kv, nicks can be
seen in the top of the pulse; these are similar to
those which were observed in the tests with inhomo-
geneous fields. In certain cases the nicks appeared
somewhat later (2). A large number of rather weak
lines — short-term fluctuations in the voltage which
are indicated by arrows — can be seen in Oscillo-
.graph III. These all appeared within a time interval
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less than a microsecond. These small voltage
fluctuations are undoubtedly caused by electron

avalanches which result from impact ionization in
the oil. Small streamers, which are formed at the
very beginning, ionize the interelectrode gap and
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produce a number of relatively | ow-intensity aval-
anches with lifetimes less than 108 sec. Because
of the various electron-energy loss mechanisms
and electron capture in the potential within the
crystallites, a discharge did not occur.

FIG. 2. Oscillographs of the voltage behavior at breakdown and during the Rrebreakdown-period
in transformer oil, castor oil, xylene, and paper impregnated with transformer oil.

It has been shown experimentally that small elec-
tron avalanches in CCl,, mineral oil and certain
other liquids can also be produced in an almost
uniform ac field at very low field intensities (sev-
eral kilovolts per millimeter)10.

Oscillographs IV-VI of Fig. 2 were also made
with uniform electric fields but using small spark
gaps and limiting of the discharge current. For
comparison purposes, tests were carried out on
condenser paper saturated under vacuum with
transformer (condenser) oil(Oscillograph IV). This
oscillograph was made using alimiting resistance
(see b, Fig. 1) of 3 x 106 ohms. The partial dis-
charges could not be seen when smaller values of
r were used. Two well-defined incipient discharges (1
and 2) can be seen. In both cases these were limited to
partial discharges because the formation of a com-
plete discharge was inhibited. It may be noted
that this type of oscillograph could not always be

105, Yamanka and T. Suita, J, Phys. Soc. Japan 8,
277 (1953).

reproduced in sibsequent experiments.

In the formation of a breakdown and the increase
of the current in the discharge gap, a definite vol-
tage appears across the resistance r. Since the
dominant resistance in the circuit is that of the
resistance r, the major part of the voltage drop
appears across this resistance when a breakdown
occurs. For a drop of 180 volts and r =3 x 10%hms
the current at the instant of discharge was approxi-
mately 6 x 10°° amp. With this current and the
given intensity of the applied field, a cumulative
breakdown can be cut off by inhibitory processes.

Oscillographs V in Fig. 2 were obtained in ex-

periments with xylene from which the volatile
component had been distilled off at a temperature
of 110-129°. These experiments were carried out
with steel spheres 11 mm in diameter, a gap of
0.2 mm and a limiting resistance of 5 x 10° ohms.

"The pulse voltage was increased gradually to the

value at which breakdown occurred, which was 7
% 105 kv/cm; at smaller intensities, however,
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numerous breakdowns were observed even before
the time at which maximum amplitude of the pulse
was reached. The current for partial breakdowns
a, . a, was roughly 5 x 10-° amp. This

type of partial breakdown was not observed in sub-
sequent experiments if r was less than 3 x 10
ohms. When the current is limited, a highly con-
ducting bridge is not always formed when the gap

charge column, the latter continues to break down
but at considerably lower voltages.

The appearance of partial discharges a; .. . a,
is an indication that impact ionization, with the
production of electron avalanches and possibly
streamers, takes place up to the moment of break-
down. Complete breakdown of the gap, however,
occurs only at a definite intensity of the applied

breaks down. After some deionization of the dis- field.
TABLE 1
Reference data for oscillographs in Fig. 2.
T 3.5
) v, W
g %_;8‘ i Q"J %_g % 'fl‘imﬁ irtl p.selc reguil;ed
. Liquid ; QO % Q0w or first avalanche to
% g 1qui Electrodes § gal gg & |appear after pulse
2 a “3)'8 3 ,fﬂ—o' E reached greatest am-
Q Asslnass | plitude.
l
I Transformer Negative (steel) point 50 — 19.5
(condenser) and brass plane
oil
I Castor oil Positive point 150 - 6.5
and plane
Transformer
i (condenser) Brass spheres (nickel- 10 - 0.5—3
oil plated) d = 62.5 mm
1V | Four layers of con- | 4¢10-2 308 at maximum
denser paper-total Steel sphere d = 11 mm amplitude
thickness 40p. Sat-  |and brass plane in trans-
urated under vacuum former oil
with condenser oil.
V| Xlene withvolatile Steel spheres 0.2 54103 v
fr action distilled d=11 mm
off at 110-129°.
Vi Vacuum dried ” 0.2 X108 .
castor oil.

In Fig. 2 VI are shown oscillographs obtained
in tests with vacuum-dried castor oil. The limiting
resistance was 5x 10® ohms. Inspection of these
oscillographs reveals that bre&kdown of a gap with
{ = 0.2 mmoccurred at about 480 kv/cm, but that
with a constant pulse the discharge began to form
at somewhat lower intensities (points [, and 12)-
In these partial discharges the current was 4 — 6
x 107 amp.

The data on current strengths in partial break-
down given here indicate that total breakdown can
occur for currents greater than 5 — 8 x 10°% amp.

insulator. The oscillographs in question were made
using the arrangement shown in Fig. 1 (scheme a)
and are shown in Fig. 3ywhile the explanatory data
are given in Table 2. The period of the reference
sinusoidal oscillations in OscillographsV and VI
was also 5 x 107 sec. The reproducibility of
these oscillographs was found to be excellent.

The lower two oscillographs in I of Fig. 3 are
for cases in which breakdown did not occur. These
give an indication of the length of the applied
pulse (343 psec from maximum to half amplitude).
In the other pulses, in which breakdown did

Several other predischarge processes were ob-
served in the distilled water experiments. For a
voltage pulse this liquid may be assumed to be an

take place ,the length of the pulse is found to be
shortened. This results from the fact that during
the predischarge period there is an uninterrupted flow



PREDISCHARGE PHENOMENA IN LIQUIDS

of the ever-increasing prebreakdown currents which
prepare the gap, soto speak, for breakdown. Since
the form of the pulse remains the same, the dura-
tion of all these pulses in I of Fig. 3 should also be
the same. These prebreakdown processes in dis-
tilled water have also been observed with homo-
geneous fields!l. It is evident from examination

of the oscillographs in Fig. 3 that a more rapid
decay of the pulse is to be associated with higher
amplitudes, i.e., a greater current flows across the
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spark gap during the prebreakdown time. In a paper
which has been published earlier, the assumption
has been made that electrons which move from the
negative point into the region of smaller field in-
tensity are captured by water molecules and form

volume charges during the formative lag period;

these charges lead to an increase in the field inten-
sity and are responsible for the cumulative break-
down 2.

In addition to the ionization processes, the point,

Fi1G. 3. Oscillographs of the voltage behavior at breakdown and during the prebreakdown period

in distilled water.

itself, can act as an electron source }3-15, It

follows from Oscillographs I -III of Fig. 3 that

the magnitude of the overvoltage plays arelatively
small role in the general dynamics of the cumulative
discharge. The length of the formative lag period,
however, is strongly affected by the length of the
spark gap; this lag is decreased in a pronounced
way when the gap is reduced. For example, with
agap spacing of 100 mm and maximum amplitude

U =77 kv for the applied pulse, the formative lag

11 E. Bal gin, J. Exptl. Theoret, Phys. (U.S.S.R.)
25, 738 (1953;.

13 D. W. Goodwin and K. A. Macfadyen, Proc. Phys.
Soc. (London) B66, 85 (1953).

14 T, J. Lewis, Proc. Phys. Soc. (London) B66, 425
(1953).

15 Bragg, Sharbaugh and Crowe, J. Appl. Phys. 25,
382 (1954%.

period before breakdown occurs is 202 psec; with
a gap of 150 mm, however, and the same value of
U, the time lag is 423 psec. This large difference
may be attributed to the length of time required

for electrons and negative ions to travel to theposi-
tive electrode.

With a high intensity field, it may be assumed
that inpact ionization occurs within a region of radiusR |
during the prebreakdown period. This process
leads to the production of electron avalanches;
simultaneously, however, electron capture is tak-
ing place, especially in the region R, > R ;. Thus
avalanche production should occur in accordance
with the well-known relation

n = nyexp {Sl(cx—al) dx} for x <Ry,

0

12 1, E. Balygin, J. Tech. Phys. (U.S.S.R.) 24, 338
(1954).
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where, as usual, o is the number of
ionization events per centimeter

of path length due to one electron and «, is the
number of electron attachments in the path length.
In the region R, > R _, electrons due to incipient
avalanches wilf be captured by water molecules
or at the surfaces of the crystallites. The rate

at which this process proceeds is proportional to
the average number of capture centers K and the
number of electrons n “in an avalanche. Thus we

I. E. BALYGIN

since n”=n when x = R|. Hence, the avalanche
is attenuated; on the other hand, the negative
ions with captured electrons, moving toward the
anode, form an ever-increasing field up to the
moment at which breakdown occurs.

In the case of a positive point and plane, an
altogether different kind of effect is observed in
distilled water. At threshold voltages, it can be
seen from Oscillographs IV of Fig. 3 that the drop
in the amplitude of the pulse does not occur. The

can write decay of the voltage becomes noticeable only
in strongly overvolted gaps (d, Oscillograph V).
dn' |dx = — pn'k and This decay may be called the initial (prebreak-
down) stage in the development of the breakdown.
Immediately afterwards there is a second stage
n'l=ne PECG—R) for x>R,, — a sharp drop in the voltage (a, Oscillograph
IV and V). The third stage is characterized by a
TABLE 2
Reference data for oscillographs in Fig. 3
. 1 E | | |
v O g X ' Volt
=9 Maxxmum}_wh?C:gViﬁtageFormative Statistical de-
Oscillo- Electrodes § 2; p‘#sede ““collapse” lag period lay time in
graph % 0 _(g} airgpk:rtu occurred in usec pusec
No. 228 in kv. I
I'andll| Negative steel point
and brass plane
P 150 60—132 | 25,5—34.0 | 423—348 —
11 " 100 | 77—115 | 30—43 |202—180| —
wv—rI Positive steel point
and brass plane 150 53—185 39—125 0—10 | 184—0

relatively slow drop in the voltage (b, Oscillograph
IV) and the fourth by a slight increase (c, Oscil-
lograph IV), It is assumed that in the first stage
a positive streamer column is formed which propa-
gates from the anode to the cathode. In the effec-
tive short-circuiting of the electrodes due to this
column, the current increases and the voltage
““collapse’” occurs. It is evident that the magnitude
of this “‘collapse” depends on the amplitude of
the applied pulse; this is apparent on inspection
of the curves in Fig. 4 (U, . . . U6) which have
been drawn from Oscillographs IV-VI of Fig. 3.
After a time,which is taken as zero in Fig. 4,
there is a pronounced drop in the amplitude of the
pulse (beginning of breakdown). In the absence

of an overvoltage, the first stage of the development
of the discharge remains invisible because of the low
intensity of the process and the ‘“collapse’’ seems
to occur suddenly. It would seem that the for-
mation of a positively charged column occurs dur-
ing the predischarge period, which as we have indi-
cated, is called the statistical delay. In oscillo-
graphs IV, this time is 184 and 52 psec. Judging
from the size of the ‘“‘collapse”’, which is very
small, it appears that the radius of the column is
also very small. When the amplitude of the applied
pulse is increased, this radius increases and there
is a corresponding growth in the ““collapse” U,

. Ug of Fig. 4. In the third stage the radius
d the column grows slowly because of photoioniza-
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FIG. 4. Curves showing the decay of the voltage in the
formation of a discharge in distilled water (positive
point and plane); [/, — 84; U, = 44; U3 =34; U, =22;
U5= 16; U6= 12 kV

tion and thermal ionization. During this stage the
temperature of the column increases and gas is
produced;  this process is terminated with an
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“‘explosion’” and the ejection of liquid11, At

this point molecules of non-ionized liquid pene-
trate the column, the current diminishes, and there
is a corresponding increase in the voltage (fourth
;;age; A of Fig. 4 and C of Oscillograph IV, Fig.
It is evident from Oscillographs V and VI of
Fig. 3 that even in the case of a very large over-
voltage (3.5 times) a relatively long time (about
5 psec) is reguired for the formation of the posi-
tive column which short-circuits the electrodes.
During this period, as may be seen from the nicks
in the front of the pulses in Oscillographs VI,
small streamers are formed; these do not start
breakdown but cause a certain amount of ioniza-
tion in the gap. The development of the filamen-
tary positive column from the positive point also
*depends on random factors. This is seen in Os-
cillographs IV of Fig .3 in which breakdown occurs
after a lag of 184 psec in one case and 52 psec
in the other although the amplitude of the applied
pulse was the same in both cases. ‘

Translated by H. Lashinsky
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Energy Spectrum of the Penetrating Farticles of Extensive
Cosmic Ray Showers
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The depth-intensity curve of penetrating shower particles absorbed in lead and rock
of water equivalent of 3.7, 5.9, 27, 65.5 and 148 meters has been measured. The stud-

ies are carried out at an elevation of 400 meters above sea level.

On the basis of

the resulting path lengths, the integral energy spectrum of penetrating shower parti-
cles is found in the form of a power function. This function has the form E =, where

¥y =0.62 £0.05 (for the energy interval from 5 x 108 to 3 x 1010 ev).

NVESTIGATION of the characteristics of pene-

trating shower particles is essential in con-
nection with the mechanism of generation of exten-
sive cosmic ray showers that is proposed by a group
of Soviet students working under the guidance of
Skobel’tsyn }*%. According to their idea, the for-

I'D, V. Skobel’tsyn G. T. Zatsepi d V. V. Mi
. V. , G. T. . V. Miller,
Phys. Rev. 71, 315 (1947). pin an e

2p.v. Skobel’tsyn, Dokl. Akad. Nauk SSSR 67, 45
(1949),

3 D. V. Skobel’tsyn, Dokl. Akad. Nauk SSSR 67, 225
(1949),

* G. T. Zatsepin, Dokl. Akad. Nauk SSSR 67, 993
(1949),

maion of an extensive atmospheric shower appears
to be the result of a nuclear-cascade process in
which the main role is played by nuclear-active and
penetrating components. The latter carry the major
part of the energy of the whole shower, and deter-
mine the significant characteristics of the shower,
its spatial structure , and the energy balance among
its different components.

To this day, studies of the nature of extensive
cosmic ray showers furnish the only key to under-
standing the interactions of high energy (of the
order of 10'° - 1018 ev) particizes with matter, and
those physical processes whichaccompany these
interactions. From this point of view, investiga-



