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An electron-optical chronograph has been used to study the initial stages of channel expansion
in sparks in oxygen and nitrogen (at pressures up to 10 atm), in deuterium (13 atm) and in
hydrogen (up to 20 atm) produced by discharging low-inductance capacities of 30 and 6300 upf.
The maximum rate of rise of the current is of the order of 3 x 10!2 amp/sec, the calculated
peak current approximately 103 amp, and the calculated current density 108 — 10° amp/cm?.
The initial expansion of the spark channel is due to a cylindrical shock wave which propagates
at a velocity up to 6 x 108 cm/sec in nitrogen, up to 8 x 10® cm/sec in hydrogen and up to

7 x 10® ¢cm/sec in deuterium (in the last case the temperature at the shock wave front is
approximately 8 ev). The calculated temperature in the spark channel in hydrogen is ap-

proximately 22 ev.

1. INTRODUCTION

ACCORDING to contemporary ideas, the develop-
ment of a spark discharge in a high-density gas
takes place in two stages. The first state is ter-
minated when the discharge gap is bridged by the
electron-photon streamers which are formed in
this gap. The second stage starts with the flow
of a high current through the conducting bridge
which has been formed; this current causes in-
tense Joule heating of the gas in this bridge, trans-
forming it into a brightly emitting, thread-like
channel. It has been known for a long time that
rapid channel expansion starts as soon as the
channel is formed and that the channel boundaries
remain clearly defined throughout the expansion
process. The expansion of spark channels has
been studied by a number of authors,! 1 who have
generally used high-speed cameras with rotating
photographic films or mirrors. The cameras
used in these investigations provided continuous
recording with a time resolution up to 3 x 1078
sec.

In the work cited above, particularly that of
S. L. Mandel’shtam and his colleagues,!*3:5~7 it has

been shown that the initial expansion of the spark
channel, which is characterized by the highest
velocity, is due to the propagation of a shock wave
in the gas. This shock wave causes preliminary
heating and ionization of the gas which is drawn
into the channel. It has been found that the initial
velocity of propagation of the channel is very sen-
sitive to the inductance in the discharge circuit,
increasing as the initial current derivative (dI/dt),
increases. For this reason we have undertaken an
investigation of the initial stages of channel expan-
sion in a discharge circuit with a higher value of
dI/dt than has been available to the workers in the
work indicated above.

2. DESCRIPTION OF THE APPARATUS
Discharge Circuits

a) Disc capacitor. Two discs, 7 cm in diameter,
separated by a distance of 1 mm in the gas being
studied, form a 30-uuf capacitor. The spark always
occurs at the center of the discs, because of the
presence of a point there (Fig. 1a). The period of
the natural oscillations of this discharge circuit
is determined by observation of periodic variations
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in the emission intensity of the spark and is found
to be 2 x 10? sec. An additional check is provided
by measurement of the wavelength of the radio
wave produced by the discharge; this check shows
qualitative agreement with the results of the op-
tical measurements of the oscillation period. The
total inductance of the circuit, as computed from
the period of the natural oscillations, is 3 cm.

b) Coaxial capacitor. In Fig. 1b we show a low-
inductance coaxial capacitor of the type suggested
by Fischer!! which has been developed for the pres-
ent work. The spark occurs between point 3 and
the lower plate 4. The capacitance is 6300 uuf and
the total inductance of the discharge circuit is 7 cm.

Method of Observation

In addition to using a camera with a rotating
mirror, we have employed an electron-optical
chronograph'? which, in principle, permits a time
resolution of approximately 10 " sec. In the pres-
ent case the time resolution was approximately
10719 sec and was completely adequate for the pur-
poses of this investigation.

“ “ “ 11 Mcs

FIG. 1. Discharge circuits.

The image of the spark 1 (cf. Fig. 2) is pro-
jected by the objective lens 2 on the input photo-
cathode 4 of a multistage electron optical image
converter (EOC). A narrow slit 3, is located in
front of the photocathode; this slit isolates a short
section of the channel image. The electron image
of this portion of the channel is swept in time by
the deflection plates 5, 6, to which is applied an
alternating voltage at frequencies of 5, 11, and
21 Mc/sec (in certain experiments 1 Mc/sec).
The sweep is along the longitudinal dimension of
the channel. The time-swept image of the expand-
ing spark channel passes through several stages
of electron-optical amplification;!%!4 the intensi-
fied image on the output luminescence screen’ can
then be photographed with a conventional camera
8. In order to obtain good photographs we have
used a pulsed spark supply and the EOC. In Fig. 2
we also show the voltage pulse which produces the
image of the spark on the output screen at the ap-
propriate time.

3. RESULTS

Examples of photographs obtained with the dis-
charge circuit shown in Fig. la are given in Figs. 3
and 4. In most of the photographs obtained there is
a periodic variation in the emission intensity from
the spark channel caused by the natural oscilla-
tions of the discharge circuit (period approximately
2x10 %sec). In hydrogen (Fig. 3) these brightness
variations are observed over the entire range.of
initial pressures which has been studied, 2 — 20 atm.
In nitrogen, the periodic variations in brightness
are clearly visible at pressures above 6 atm (Fig.4);
at 6 atm they become weak, and at 4 atm or below
cannot be observed at all.

Many cases in which the channel splits into two
parts have been observed in nitrogen. In agreement
with observations which have been published earlier
by other authors, we have observed a noticeable re-
pulsion between the two channels which result from

FIG. 2. Diagram of the apparatus.
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FIG. 3. Expansion of a spark channel in hydrogen at a
pressure of 12 atm. Time is plotted along the abscissa axis
while the spark diameter is plotted as the ordinate.

FIG. 4. Expansion of a spark channel in nitrogen at a
pressure of 8 atm.

splitting. Many cases have also been observed in
which channel expansion is not completely symmet-
ric.

The general pattern of channel expansion and the
order of magnitude of the expansion velocity in oxy-
gen are the same as in nitrogen.
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The highest expansion rate is observed in the
first quarter of the natural oscillation period of
the discharge circuit (7). This rate is estimated
by dividing the channel radius at approximately
7/4 by the elapsed time from the beginning of the
expansion process. It should be noted that with
identical initial discharge conditions (gas pressure
and gap length) the initial expansion rates vary by
a factor of several times in individual cases. Spe-
cial photographs of the entire channel, which were
taken with slit 3 removed and with no sweep show
that the channel is usually twisted and kinked and
that the emission intensity is not uniform over the
channel. . The spread in the observed expansion
rate is apparently due to the fact that images of
widely different portions of the channel reach the
slit 3. In considering this spread we may note
that in our measurements physical significance is
to be given to only the highest observed value of
the initial expansion rate, which is determined
with an accuracy of 10%.

In nitrogen (sweep frequency 11 Mc/sec) the
observed expansion velocity is as high as 6 x 108
cm/sec. In hydrogen a faster sweep is used
(21 Mc/sec); hence, in determining the rate of
expansion we use a value of the channel radius
corresponding to an earlier time, specifically,
7/8. In this case, the highest measured expansion
velocity in hydrogen is found to be 8 x 10% cm/sec.
In deuterium (initial pressure 13 atm) the highest
measured velocity is 7 x 10® cm/sec.

Comparative data obtained in investigations of spark channel expansion by different authors.

Lit Electrical parameters of the discharge circuit Spark parameters
itera- 0 : Initial rate of
ture . Period of the natural Maximum cur- ] ¥
refer- | Capacitance dI/dt),, amp/se oscillations of the G Pressure rent density, expansion o
ence C, uF Current, amp ¢ o amp/sec discharge circuit, usec as atm amp/cm? ui%scé:;?::é'
[2] -— 104--108 1010% Aperiodic pulse, Air 1 2.7.104 2
t = 10—1000 A
ir
[*] — 500 109—1010% Aperiodic pulse, Nitrogen 1 3-10 0.93
trise =10.2258 Oxygen i g '}8:
t, = 10— Hydrogen .
fall y £ 1 7108 9%
[°] |0.0035—0.25 | 10¢—10° 108-—1010x 0.5+30* Air 3 3
Hydrogen 1 6108 4
Argon 1 3
[®] — 200 109—1010+ Rectangular Hydrogen | 105—106* 10*
pulse, 4-10
[ 7 2.65.10° 5. 1010% 30 Air L 7.104 3
Argon 9.10% 9
Hydrogen 2.10% 2
[*] 132 2.108 11012 A7x Air 1 9.10¢ 20
Present 0.00003 103 3.1012 0.002 Oxygen 60
work Nitrogen 10 108—10? 60
Hydrogen 20 80
Deuterium 13 70
0.0063 10* 20100 0.04 Hoogen 1 107 25

*This quantity is not given in the cited work; it is computed on the basis of other data reported in the paper.
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The discharge circuit shown in Fig. 1b has been
used to investigate the expansion of a spark chan-
nel in nitrogen and hydrogen at pressures from 1
to 18 atm. The maximum initial expansion veloc-
ity in nitrogen was found to be 2.5 x 10® cm/sec
and the maximum in hydrogen, 6 x 10 cm/sec.

4. DISCUSSION OF THE RESULTS

Comparative data for the parameters of dis-
charge circuits used by various authors and values
of the observed expansion rates are given in the
table. The data given for the present discharge
circuits are computed from the known capacity,
the period of the natural oscillations, and the
breakdown voltage; ohmic resistance is neglected.

The table shows that in spite of its low capacity
and simplicity of construction, the first discharge
circuit used in our work provides the highest ini-
tial current derivative and the highest initial chan-
nel expansion rate. Comparison of the initial chan-
nel expansion rates for our first and second dis-
charge circuits, and of our data with the data of
other authors, emphasizes the dependence of the
initial expansion rate on (dI/dt),.

In the present experiments the shock waves
have not been recorded by the Teller method.

Only the brightly illuminated region of the dis-
charge was photographed. For this reason it was
not possible to observe experimentally the time

at which the shock wave breaks away from the
channel. However, there is little doubt that the
initial stage of expansion, which is the only one
for which we estimate velocity, precedes this
breaking away. If we assume that in this stage

the boundary of the luminous region is a shock
front and compute the temperature from the meas-
ured expansion rate, then, as is shown below, the
temperature in the shock front is found to be suffi-
cient for total ionization of the gas drawn into the
discharge channel. Thus, in the present case we
are not dealing with the mechanism considered by
Mandel’shtam et al.%:® in which the shock wave
breaks away from the channel because of the in-
adequate conductivity in its front.

On the other hand, simple estimates show that
in our experiments the current and the magnetic
field of the plasma itself are inadequate to con-
strict the channel by the pinch mechanism. This
effect as has been observed in high-current dis-
charges by Komel’kov and Parfenov.!?

For total ionization of the gas in the shock front
the temperature in the front in hydrogen is given
by the following expression:!®
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Tt = 3.95 (D)9 1% [1 — (9-10%/D)

+/ 1+ 2@ 10y |, (1)
where Tt is the temperature in the shock front in
ev and D is the velocity of the shock wave in
cm/sec.

According to (1) a wave velocity D = 8 x 10 cm/
sec corresponds to Tf = 3.5 ev. In deuterium the
velocity of the shock wave, 7 x 108 cm/sec, corre-
sponds to a temperature Tf = 8 ev.

The gas ionization for the obtained values of
temperature and high pressure at the front of the
shock wave can be estimated by the Saha equation;
it is found that essentially all of the gas is ionized.*

It is also interesting to estimate the tempera-
tures and densities of sparks in hydrogen on the
basis of a hydrodynamic analysis of the spark
channel; this theory has been given by Drabkina®
and developed by Braginskii.l” Applying Eq. (3.13)
of reference 17, we obtain a channel temperature
T, = 22 ev and a channel density ng = 3 x 10%
cm™3. It should be noted that the formulas in ref-
erence 17 are known to apply for sparks with low
initial pressures; strictly speaking, this applicabil-
ity has not been demonstrated in the present case.
Nonetheless, it is interesting to compare the tem-
perature which has been obtained with the data re-
ported by Fischer,!! who has estimated the temper-
ature of a spark channel in helium at a pressure of
35 atm from the spectral distribution of the radia-
tion and finds a value T, ~ 25 ev.

In conclusion the authors wish to thank E. K.
Zavoiskii for valuable comments and continued
interest in this work and S. I. Braginskii and S. L.
Mandel’ shtam for many valuable comments and
discussions.
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