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INTRODUCTION

STRONG—CURRENT pulsed discharges in gases have
been thoroughly studied during the past 10—15 years
both in connection with new methods of observing proc-
esses of very short duration and in view of the urgency
of their technical and scientific applications (the pro-
duction of high-temperature plasma for thermonuclear
reactions, pulsed light sources, high-voltage techniques,
metal working by electric erosion, switching apparatus,
etc.).

Various discharge applications have necessitated
specific research programs (for example, high tem-
perature and the associated problems of magnetic
plasma confinement in research on thermonuclear re-
actions; high light yield, compactness, controllability
and stability in research on pulsed light sources; in-
tense wear of electrodes in research on electric ero-
sion, etc.). The slanting of the extensive research
done in many laboratories towards specific aims has
led to the development of several independent and nar-
row physical disciplines dealing with strong-current
pulsed discharges in gases. The contact between these
disciplines, which is clearly insufficient at present, is
appreciably hindered by the large degree of fragmen-
tation of the published reports and by the almost total
absence of review papers. It is the aim of the present
article to bridge this gap somewhat by reviewing the
research done on the strong-current pulsed discharges
used in pulsed light sources. The need for such a re-
view has arisen also in connection with the develop-
ment of the problem itself. We consider in this article
pulsed discharges at pressures close to atmospheric,
at voltages from several hundred volts to several tens
of kilovolts, with discharge gaps ranging from several
millimeters (in inert and molecular gases at a pres-
sure of several atmospheres) to several tens of centi-
meters (inert gases in narrow tubes at pressures of
several hundred mm Hg). The discharges last from
1077 to 10~ 2 second; the energy discharged through the
gas gap ranges from 1073 to 10° Joules, and the dis-
charge repetition frequency is from individual pulses
to 104 cps.

Even in the case of a stationary arc, an approximate
mathematical calculation of all the characteristics is
possible only for particular individual discharges (for
example, see the papers by Ellenbaas-Heller and
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*The present review is a natural continuation of the review on
breakdown of gases at pressures close to atmospheric. [126]
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Schmitz [212] on discharges in long cylindrical tubes,
and also those of Schirmer and Friedrich [163-164] 54
others %], It would be even more difficult to consider
in general form all the physical quantities involved in
the strong-current stage of the pulse (spark) dis-
charge, which is characterized by a much larger num-
ber of parameters.

In this connection, the study of the strong-current
stage proceeded primarily via an experimental-
phenomenological investigation of the time variation
of individual physical quantities. The most important
research topics were: a) the electric parameters of
the discharge—gap voltage, current strength and den-
sity in the discharge, resistance (or conductance) of
the discharge channel; b) the expansion of the dis-
charge channel and the accompanying gas-dynamic
processes; c) the characteristics of the radiation from
the discharge—light intensity, brightness, spectral
composition; d) the processes near the electrodes.

The main data on the electric characteristics of
discharges were obtained by Rogowski and others 1%
82,84,156-159,161]  who determined the rate of ‘‘collapse”’
of the voltage in the gas gap and the current buildup;
by Laportel®J, Murphy and Edgerton(%14%] Abram-
son and Marshak[3,117-118,121,124,127,131] 513 yyl*fson[215],
who observed the existence of a finite resistance in a
pulsed discharge with a channel bounded by the wall of
the discharge tube, and who established the presence
of a limiting current density in bounded and unbounded
discharge channels; and by many other later workers
[1,6-8,20,24,51,67,80,91,134,142,173,219] b, studied the time
variation of all the electric characteristics (including
discharge power and resistance for various gap and
supply circuit parameters. Among the later group of
investigations mention can also be made of numerous

materials on the electric characteristics of commer-
cial flash lamps [4,5,10,77,120,129,133,141,154,184,205b ] Many

papers [6a,67,83,183,209,210,211,212 et al] deal with the elec-

tric processes in various circuits that include a spark
gap. In [119:121] a5 attempt was made at an approximate
combined calculation of all the parameters of a pulse
discharge in a tube during the time when the discharge
channel fills its entire cross section. Related to the
investigation of the electric characteristics of the
strong-current stage of a spark gas discharge are

the corresponding studies of pulsed gas discharges

occurring in the vapor of a metal wire exploded by an
electric cufrent [25,26,30,43,85,128,139,174,181,2147
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The expansion of the discharge channel was inves-
tigated in greatest detail by Mandel’shtam, Abramson,
Gegechkori, Drabkina, and Dolgov [2:31,32,63, 1161 ' yh
found an analogy between this expansion and a hydro-
dynamic explosion accompanied by a short-duration
release of a tremendous energy in a narrow plasma
channel, an increase in the volume of the heated gas,
and propagation of a shock wave. Taylor!!®] Drab-
kina[%%] shao Chi Lin'1%%J, Braginskiil!®], and Mor-
genroth, Hess, Kischel, and Seliger[”s] made a math-
ematical analysis of such a hydrodynamic process,
while many other authors '»21-222,49,54,65,67,708,71,79,80,
84,91,117,131,148,117-179,197,216] 5 coymulated much experi-
mental material on the velocity and character of the
expansion of the gas gap and the supply circuit, and
also disclosed specific deviations from the purely hy-
drodynamic picture, due to the instability of the chan-
nel.

The characteristics of the radiation from the dis-
charge were obtained by Laporte and his co-workers
[86,88-90,95] Edgerton et al(3437:3%], Bogdanov and
Vul’fson[1% 141 Marshak et al [121,122,125,131,207,208]
Mak (193 and many others [“7’“9’172’1%’213], who in-
vestigated the radiation from a discharge bounded
by a discharge tube, and also Vul’fson, Charnaya,
and Lubin [187,188,190,215,217,218] 514 yanyukov, Mak,
Muratov et al [107:193-205] " who investigated the radi-
ation from an unbounded discharge and demonstrated
the existence of a limit on its brightness. Many spec-
tral and temporal characteristics of bounded and un-
bounded discharges were obtained by Mandel’shtam,
Sukhodrev, et al. [112_“6’192], Glaser [64'67], Fischer

[45-50a]  prypge] [59-621 Crag%s, Meek, et al.[27-29,110]
and many others [%11,18,73,76-T6D, 104,111,131, 135, 1412-143,

150,160, 162,180, 185,2052, 2132 ] _

Phenomena on the electrodes of a pulsed discharge
were investigated by Froome [%-%] somerville,
Blevin et al. [12’52’”5_”9], Raiskii [151’152], Zimin (1691
Mandel’shtam, Sukhodrev, and Shabanskii [“4’“6’121],

Zingerman (113, Hermoch (") | Zizka (2201 | and
others [15,33,97-99,100,148,131,206]

II. ELECTRIC CONDUCTIVITY OF DISCHARGE
CHANNEL
2.1. Qualitative Picture
At the present time there are two approaches to de-

termining the electric characteristics of a pulsed dis-
charge.* The first L6a,67,82,183,209-212] g principally

*In addition to the conductance of the channel and its proper-
ties as an electric circuit element, one can mention also other
electric characteristics of the discharge, such as the controlled
and uncontrolled ignition voltage and the discharge-quenching volt-
age, the delay in the occurrence of the electric current, and the
conditions for the deionization of the gap. In the present review,
however, we consider only the conductance of the channel, since it
is connected with the development of the physical notion of the
discharge as a whole. Other electric characteristics are of con-
siderable interest from the technical point of view and are dis-

cussed in the specialized literature on pulsed lamps (see, for ex-
ample, [10,68,77,10l,131,132,154,196,219])‘
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a mathematical analysis of the variation of the elec-
tric quantities in a circuit containing a spark gap,

for a specified time variation of the impedance of the
spark-gap channel. The second is a direct physical
investigation of the processes that determine the elec-
tric conductance of the gap in the gas. In view of the
emphasis on physics in the present review, we con-
sider in detail the second approach to the problem.

As shown in [128] the buildup of the current den-
sity during the course of breakdown is due to a series
of avalanche-like processes which go into action suc-
cessively one after another at an ever increasing
speed: these processes are impact ionization by the
electrons (« ionization), interactions between «
and T ionizations (secondary processes at the cathode),
effect of a planar space charge on the @ and T' ioni-
zations, interactions between the o ionization, photo-
ionization in the gas itself and the space charge con-
centrated in the streamer head, etc. A longitudinal
electric gradient is established in the plasma
channel produced behind the head (or between the
heads in the case of simultaneous development of
a streamer from the anode to the cathode) in the
ionized gas.* This gradient is equal to the ratio
of the potential difference across the gap (after sub-
tracting the voltage drops between the heads and the
corresponding electrodes; these drops constitute the
electrode voltage drops after the channel has grown
to the entire length of the gas gap) to the length of
the channel. If the discharge power supply has suffi-
cient capacity (low resistance and inductance of the
discharge circuit and large supply capacitor) to per-
mit the potential difference on the gap to exceed by
many times the sum of the electrode voltage drops,
then the most intense avalanche, which is character-
istic of the highest ionization in current density, will
occur in the channel under the influence of the appre-
ciable longitudinal electric gradient. In view of the
considerable degree of excitation and ionization of the
gas in the channel and because of the large simulta-
neous influence of many particles on one another, the
various elementary interactions between the atoms,
ions, electrons, and photons, can no longer be con-
sidered separately in this stage. It becomes meaning-
ful to speak here of a general resultant thermal ioni-
zation of the gas or some sort of analog of this ioniza-
tion in the case of incomplete thermal equilibrium. The
avalanche produced in the channel by the longitudinal
electric gradient consists of thermal ionization of the

*On going from a diffuse to a contracted discharge structure,
more than one channel may be seen to develop in some cases[?¢],
This obviously is a consequence of the simultaneous occurrence
in several regions of the diffuse discharge of conditions that are
statistically favorable for the initiation of streamers. The presence
of ““twin’’ channels may distort somewhat the gas-dynamic picture
of the expansion of the discharge string. However, one should not
expect in this case an appreciable difference in the physical prop-
erties of the processes or in the electric and optical characteristics
of the discharge.
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gas, an ionization that increases under the influence
of the energy dissipated in the channel and the electric
power developed by the discharge. This power in-
creases in turn as a result of the increased current
density resulting from the increasing ionization.

This avalanche process can be clearly visualized
by considering the mathematical expression for the
current density j (which multiplied by the electric
gradient yields the power dissipated per unit volume),
the degree of thermal ionization x,*and the electric
gradient E

= 0.75ne} 2AE. "
ékTm
I
0.9 5850 21
x =27 T3/4 - T’
}/1’—’” VPo ‘ (2)
1
dl 1 ¢
El:UO—Ue—LW—Rb[—_C—,‘\)Idt‘ 3)

Here n —number of gas atoms (neutral or ionized)
per cubic centimeter, e, and m ——charge and mass
of the electron, k —Boltzmann’s constant, T —aver-
aged gas temperature, which we assume approximately
equal to the electron temperature, A —electron mean
free path, p, —initial gas pressure, Vj —ionization
potential, I —distance between electrodes, Uy —initial
voltage on the supply capacitor, C —its capacitance,
Ue —sum of the near-electrode drops in the discharge,
I —current in the discharge, L and Ry external induc-
tance and resistance of the discharge circuit, t —time.

Expression (2) shows how fast the degree of ioniza-
tion increases with temperature (at not tpo large val-
ues of T, for which 5,850 V;/T > 1 and x < 1). It
is seen from (1) that if E is constant and A is inde-
pendent of x (when the terms in the right half of (3)
subtracted from U; are small and x is so small that
the total ion cross section is much smaller than the
total atom cross section) the electric power itself,
which determines the temperature, increases in pro-
portion to the degree of ionization.

Such a self-exciting or avalanche process leads to
an increase in the current density by many orders of

*As is well known, if we assume T equal to the electron tem-
perature formula (1) can also be used if e,EA/1.5kT < 2. It can be
shown [17119] that for spark discharges at pressures close to atmos-
pheric this inequality is reliably satisfied. The Saha formula (2)
can also be used ['**] if the gas and electron temperatures are equal,
i.e., in thermal equilibrium. In highly nonstationary processes, typi-
cal of the start of the strong-current stage of the spark discharge,
these formulas do not correspond exactly to the actual values of j
and x. However, an estimate made in [*'1**] and a more careful
analysis made in [1*2] have shown that they are applicable several
times 10 nanoseconds after the establishment of the quasi-station-
ary discharge mode. These formulas can therefore be used for a
qualitative description of the processes. It must also be remem-
bered that formula (2) pertains only to singly ionized atoms and
that for large T, at which it yields a value of x close to unity,
the secondary ionization with a new value of V; begins to play an
important role,
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magnitude which can be stopped or slowed down, gen-
erally speaking, only for the following reasons (or a
combination of these reasons):

1) The electric power dissipated in the discharge
stops growing because further increase in x leads to
a drop in E such that an increase in j becomes im-
possible. This drop in E may be due either to the
characteristics of the external discharge circuit (re-
sistance, inductance, or low capacitance of the supply
capacitor) or to an increase of the electrode voltage
drops Ug in the case of large j.

2) The increase in current density is greatly re-
tarded by an increase in the degree of ionization and
in the total ion cross section, such that the electrons
are scattered essentially by the ions and not by the
atoms, and A becomes inversely proportional to x.

3) The temperature stops increasing because the
power dissipated in the discharge by the electric cur-
rent becomes equal to the radiation power, which grows
faster with temperature.

Experimental data on the time variation of the elec-
tric characteristics (the voltage U on the gas gap and
the current I in the discharge, and also various func-
tions of these quantities such as the power, the time
rate of the current, etc.) can under certain conditions
supplement the foregoing description of the process,
which cannot be completed by purely theoretical means
since it is impossible to calculate the ionization prior
to the establishment of the thermal equilibrium or the
energy loss from the channel into the surroundings.
To obtain the additional information we must:

a) determine the character and duration of the in-
crease in I and dI/dt and the reduction in U during
the nonstationary phase of the ‘‘avalanche’’ process
described above;

b) ascertain the actual causes of the termination of
this avalanche process and the character of the dis-
charge after the termination.

Generally speaking, it is very difficult to obtain os-
cillograms of the electric characteristics and thus
answer the last question, because even if one of the
foregoing factors suspends the growth of the current
density and makes the discharge go into a ‘‘quasi-
stationary state,’’ the current strength should con-
tinue to increase rapidly as a result of the channel
broadening. For example, in the breakdown of air at
atmospheric pressure, the initial discharge channel
has a diamefer equal to the streamer diameter
(~0.1 mm [118]), If the avalanche-like growth in the
current density j continues in the channel prior to
the establishment of the quasi-stationary state, ac-
cording to rough estimates, for 50 nanoseconds [112:118]
and the channel expansion proceeds at shock wave ve-
locity (~ 10° cm/sec, which corresponds to a rate of
diameter increase of ~2 x 10° cm/sec), then during
the 50 nanoseconds following cessation of the growth
of j, the channel diameter d increases by 0.1 mm,
i.e., the current continues to grow, even at constant j,
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at a rate of the same order as during the avalanche
growth of j (it is possible that initially, at small ab-
solute values of d, the rate is even faster).

It follows therefore that in order to solve the fore-
going problems by taking oscillograms of the elec-
trical characteristics, the greatest information can
be gained in experiments with artificially constricted
discharge channels.

If the discharge circuit has appreciable resistance,
the avalanche-like increase in the current should, in
accord with (3), reduce the voltage across the dis-
charge (the value of El + Ug) rather rapidly to the
value of the voltage that would be obtained across an
arc with a current determined by the value of Uy and
the ballast resistance Rp of the circuit. A voltage

variation of this kind is illustrated by curve 1 of Fig. 1.

With a negligible active resistance Ry and sufficiently
large supply capacitor C, the decrease in voltage
across the spark gap, resulting from the vigorous in-
crease in the current strength, should be LdI/dt

(L —inductance of the circuit). If L is sufficiently
small, to make LdI/dt appreciably smaller than the
initial voltage U, across the gap at the maximum value
of dI/dt, connected with the avalanche-like increase
in j and the subsequent expansion of the channel, then
the variation of the voltage across the gap should have
at the start of the strong-current stage a form shown
schematically in Fig. 1 by portion ABC of curves 2 and
3. In the case of an unbounded discharge channel it is
expected that any further variation of the gap voltage
will correspond to portion CE, which represents a
constant capacitor discharge with a prolonged increase
in the current strength as a result of the channel ex-
pansion. On the other hand, if the channel of the dis-
charge has an artificially confined diameter, which is
reached by the instant C, then if the current density

j has reached a maximum by that time, the current at
that instant should also become maximal. In this case
dl/dt should vanish and the voltage on the gap should
rise to the point D (this process may not be instanta-
neous, since the delay in the channel expansion may be
gradual and the increase in the gap voltage should
cause an additional increase in j). As the capacitor
discharge proceeds further, the voltage should follow
the path DE;.

Thus, if the voltage oscillogram of a discharge with
unbounded channel has the form ABCE, this should be
evidence of the possibility that the current density
stops increasing not only because of inadequate power
supply (cause la), but additionally as a result of one
of the other three mentioned causes. On the other
hand, if the oscillogram obtained has the form ABCDE;
for a discharge with a channel limited in diameter in
some zone, this should prove that it is precisely in
this zone that the current density has a limited value.
Were such a voltage variation to be observed for a
limited diameter of the discharge region near one of
the electrodes (resulting from the small area of the

uncovered part of the electrode), this would prove
the existence of a limit on the current density in this
region and the need for increasing the corresponding
voltage drop near the electrode in order to obtain
larger values of j (cause 1b). If the area of the
electrodes proves to exert no influence and the oscil-
lograms obtained when the discharge column is con-
fined by the walls of the surrounding tube have the form
ABCDE,, this proves that the principal role is played
by causes 2 and 3. The corresponding current oscil-
lograms should permit an absolute estimate of the
maximum current density and thereby make more
precise the role of each of these two causes.

An artificial increase in the length of the discharge
channel (by prior ionization of the gap with an auxili-
ary voltage source), which is particularly effective
in the case of a discharge in an inert gas[1%] such
as used in tubular flash lamps, or the use of a pulse
discharge in the vapor of a long metallic wire pre-
viously exploded with current[30,43,75,85,128,139,174,214]
permits an appreciable reduction in the initial longi-
tudinal electric gradient in the channel. In the case
when causes 2 or 3 are effective, the maximum cur-
rent density and strength should be appreciably less
than for short spark gaps. Accordingly, the portion
ABCD of the voltage oscillogram (curve 3) should
degenerate in the case of small L into a rather small
spike (curve 4 of Fig. 1). After this hardly noticeable
spike, the voltage should behave in the manner as on a
slowly varying resistance through which a capacitor
is discharged.

The voltage across a short spark gap could in
principle have a similar behavior, if the inductance
of the discharge circuit were so small as to make
Ldl/dt « U, with the current having a maximum slope
as a result of the avalanche -like thermal ionization in
the initial channel and subsequent channel expansion.

The variation of the voltage across the discharge
should be particularly close to that of a capacitor dis-
charged through a fixed resistance in the case of a
constant channel diameter, bounded by walls of a suf-
ficiently narrow discharge tube, such as is character-
istic of tubular flash lamps. A discharge of the latter
type can therefore be ascribed some constant effective
ohmic resistance.

2.2. Experimental Material

2.2.1. Avalanche-like buildup of current density.
As long ago as in 1927—1928, Rogowski and his co-
workers [1%6:157] have established that the voltage
across a spark gap, fed from a circuit with large
ohmic resistance (thousands of ohms) ‘‘collapses’’
immediately after the start of the breakdown, within
several tens of nanoseconds (sometimes with a slight
interruption lasting about 1 microsecond), from sev-
eral kilovolts to negligible values approximately cor-
responding to the voltage across an arc discharge
(hundreds of volts). The ‘‘collapse’ of the voltage
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during breakdown was subsequently the subject of
many experimental researches. Buss [”], Krug [82],
Kohrmann(™], and Kuhn[®] studied the voltage ledge
—the interruption in its vigorous drop, occuring at a
level 60—85 per cent of the initial voltage and lasting
several tenths of a microsecond. According to ideas
developed in [126]) this ledge is connected with the ex-
istence of a short-duration diffuse glow discharge
phase, which in some cases (in the case of slight
overvoltages) precedes the formation of the con-
tracted channel of highly-ionized plasma. In all the
foregoing investigations except the last, the ledge was
observed with the discharge fed from a circuit with
large active resistance. The current strength in this
phase of the discharge was insignificant, about 1 am-
pere. Mezhueva, Stekol’nikov, and Efendiev[134]; who
made a special study of the collapse of the voltage in
discharges fed from circuits with low active resist-
ance and with inductance 0.05—2.9 uH, and also
Abramson and Marshak [*], who used a circuit with
negligible resistance and with an inductance of about
0.1 uH observed no glow-discharge ledge. Nor is the
presence of a ledge mentioned in the paper by Abram-
son and Gegechkori [1], where the circuit resistance
was negligibly small and its inductance varied between
2 and 64 uH. However, a later investigation by Kuhn (84]
has demonstrated the existence of a corresponding
ledge in the case of breakdowns at small overvoltages,
even in the case of negligibly small active circuit re-
sistance and an inductance of 3.6 uH, at which the dis-
charge current reaches 10—100 amperes at the end

of the ledge.* Increasing the overvoltage to several
per cent (the larger the gas pressure and the longer
the gap, the smaller the increase) leads to a decrease
in the duration and then to a complete disappearance
of the ledge, that is, to the formation of a contracted
channel with rapidly developing thermal ionization in
the earlier phase of the breakdown (before the current
in the diffusion discharge exceeds a value of about
10-2A). The question of the dependence of the ledge
on the supply-circuit power and the possibility of its
appearance at much lower circuit inductances than
used by Kiihn still remains open.

All the cited investigations, and also the work by
Andreev and Vanyukov (7] provide an approximately
equal estimate of the duration tyo] of the steepest
portion of the voltage collapse (1078 sec). At the
same time, the actual values given by different authors
for this quantity differ by several times. Values from

*Kiithn advances the opinion that so strong a current, and also
the growth in the current which he noticed during the time of the
ledge contradict the assumed existence of the Townsend discharge
mechanism in this phase. However, either one or the other can be
derived completely by making use of the calculations of Davidson
(see [‘“]), who started from the notion that the Townsend a and
I" ionizations are acted upon by the space charge, that is, essen-
tially within the framework of the Townsend mechanism (without
the notion of contraction of the channel and thermal ionization).
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FIG. 1. Expected variation of voltage in a pulse discharge, fed
from a discharge circuit with large active resistance (1), with suffi-
ciently small resistance and inductance and large capacitance (2 -
case of unbounded channel, 3 —channel of limited diameter), and
also in a discharge with artificially increased distance between
electrodes (4).

1.5 to 17.6 nanoseconds were obtained in [134} for dis-
charges in air at atmospheric pressure, and the au-
thors of this paper note the large scatter in the values
of too] from experiment to experiment. They also
noted the existence of several ‘‘resonant’’ initial volt-
ages on the gas gap, between which ty,5] decreases
seemingly by a factor of several times compared with
the usual tgg] ~ 10 nsec, obtained for the same circuit
at different values of U, The occurrence of a ‘‘reso-
nance’’ and the scatter in the values of t;o] was not
confirmed by other investigators; it can be assumed
that they are due to experimental errors.*

Kuhn later [#] obtained t,q) = 30 nsec for air at
atmospheric pressure and 100 nsec at 250 mm Hg.
For hydrogen it is approximately one-third as large
as for air, although the slight reduction in the
voltage preceding the collapse has an appreciably
more pronounced character for hydrogen. Kuhn re-
lates this with the smaller initial electric gradient in
the breakdown in hydrogen and accordingly with the
slower release of energy needed for the start of ther-
mal ionization in the discharge. Figure 2 shows
curves for the power dissipated in the discharge [84],
obtained by taking simultaneous oscillograms of the

*The errors could be due, for example, to the use of an igniting
spark, the position and intensity of which could cause the main dis-
charge to develop under different effective overvoltage conditions.
One should note at the same time a few other inaccuracies in [***],
where the authors negate the previously observed [*] transition from
a steep voltage curve to a gently sloping one, and at the same time
give extensive quantitative data on the level of this transition (the
quantity ‘‘/K’’); they speak of an ambivalent influence of the elec-
trode shape on “‘K’’ and at the same time of an increase in “K”’
for pointed electrodes; the data on the effect of the inductance and
capacitance of the circuit on the period T of the natural oscilla-
tions of the voltage contradict the classical formula T = 2aVLC;
what passes for mathematical analysis of the problem are calcula~
tions of the current and the energy in the spark erroneously based
on representing the voltage oscillogram by an exponential curve,
which differs from the oscillogram in the most important region of
large t by a factor of several times.
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FIG. 2. Power dissipated in the
discharge for breakdown in air
(dashed curve, pressure p =750 mm
Hg, U = 35.3 kV) and hydrogen
(solid lines), 1—p = 1500 mm Hg,
U, =32.5kV; 2—p =1000 mm Hg,
U, = 25 kV; 3—p =500 mm Hg,

U, = 13.5kV, C=0.06 uF, L = 3.6
pH. Distance between electrodes
=117 mm.[*]

14 a5 14
t, psec

current and the voltage; these curves confirm that
the same amount of power is obtained for hydrogen
at twice the pressure.

Andreev and Vanyukov ('), who worked with a very
low discharge-current inductance (about 10 nano-
henry), estimated the time of vigorous growth of cur-
rent density to be about 6—8 nanoseconds.

Even shorter voltage-collapse times are obtained
at larger over-voltages on the spark gap. Fletcher [53]
and Rose [161] have established that at an overvoltage
of several hundred per cent the duration of the entire
breakdown process, from the start of the ionization
to the completion of the collapse, amounts to fractions
of a nanosecond. Rose, who worked with short spark
gaps (0.03—0.11 mm) in a circuit with very low ca-
pacitance (130 pF) and negligible inductance (~ 0.6
nH) at a voltage front 0.75—2.5 kV/nsec steep and
maximum overvoltages up to 300 per cent, found that
the time of formation of thermally ionized plasma
may amount to 0.2 nanosecond and apparently this
small quantity is still not the limit.

Thus, there is still no complete picture of the de-
pendence of the duration of the avalanche-like growth
of current density and the associate collapse in voltage
across a spark gap as a function of the parameters of
the gap and the spark circuit.* However, the available
experimental material is in full agreement with the
previously mentioned tentative calculations H12,117,118]
in which estimates were made of the time required
for the degree of ionization to reach several per cent
under static breakdown conditions (we shall see later
on that this value of x corresponds to the cessation of
the avalanche-like growth in the current density), the

*It should be pointed out that [161] contains a reference to an
unpublished work by Mainck, who investigated breakdowns without
over-voltages, also with very small capacitance (113-140 pF) and
inductance (1.8-5.8 nH) in the supply circuit. The collapse times
turn out to be in this case greater than 0.8 nsec (no upper limit is
given), which can be regarded as an additional indication that the
rate of the collapse increases with decreasing inductance.
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FIG. 3. Typical oscillo~ &
grams of U, I, and dI/dt for a LA
discharge with unbounded 50x10°
channel. Air, p =760 mm Hg; 25x 10%
l=15mm, C=64F, U, =45 = P
kV, L =0.16 pH.[>217] IV

72 & F B4R 4 Bx107
't, sec

¢o05 1 qF & 25 31078

t, sec

estimate being on the order of several tens of nano-
seconds. Under pulse breakdown conditions with large
overvoltage and small discharge-gap inductance, this
time should naturally be much shorter.

2.2.2. Cessation of avalanche-like growth of current
density. The cessation in the growth of the current den-
sity at the instant when the voltage collapse terminates,
in a discharge with large active balance resistance Rp,
should be related principally to cause la—the decrease
in the longitudinal electric gradient owing to the char-
acteristics of the external discharge circuit. At this
instant the discharge does not differ principally from
an ordinary arc, although it is characterized by in-
creased densities of the currents (~ 104 A/cm?) and
of the gas. During the succeeding instants of time the
discharge channel broadens and the densities of the
current and of the gas come into agreement with the
ordinary arc values. The discharge resistance de-
creases, but since it is already appreciably smaller
than Rp immediately after the collapse, this hardly
influences the current strength. The entire process
as a whole corresponds to the scheme developed in
the description of curve 1 of Fig. 1.

A similar picture is observed in the case when the
circuit has a low resistance and a considerable reac-
tance [,%85117]  In this case the gap voltage ‘‘col-
lapses’’ during the course of the avalanche-like in-
crease in the current density to a value 200—300
volts, after which its further variation, as well as
the variation of the current, comes rapidly into agree-
ment with that obtained in a strong ac arc fed from a
LC circuit. In this case the factor determining the
termination of the growth of the current density is
undoubtedly cause 1a, although there is a short tran-
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FIG. 4. Typical oscillograms
of U, I, and dI/dt for a discharge
in a capillary (air, 760 mm Hg).
a)C=uF, U,=6.8kV,L =0.16

¢H, capillary diameter d = 0.6 mm,
! =3 mm; b)—d) C =0.25 uF,
U,=6kV,L =0.08 uH, d =0.2

mm, { = 5 mm.[*117]
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U, =6 kV

sition period between the instant that the ‘‘collapse’’
terminates and the ordinary arc discharge is estab-
lished, in which the channel broadens.

As shown in [5:8:111,3] entirely different processes
occur in a gas breakdown at visibly small external
discharge-circuit resistance, low inductance, and
high capacitance. Figure 3 shows typical oscillograms
of the voltage, current, and derivative of the current
with respect to time, obtained for breakdown in air.
In this case the course of the voltage U agrees well
with curve 2 of Fig. 1, which pertains to a discharge
in which the limiting current density is attained during
the “‘collapse’’ time, with a considerable voltage Uj
remaining on the discharge, and the current strength
continues to increase after the ‘‘collapse’’ at almost
constant rate dI/dt, owing to the subsequent expan-
sion of the channel. The increase in Uy— U past the
maximum of dI/dt is obviously connected with the
discharge of the capacitance which by then is already

t
appreciable (é f Idt becomes comparable with
0

Ldi/dt). The voltage Uj remaining on the gap by the
instant of termination of the ‘‘collapse,’’ increases in
accordance with the experimental data with decreas-
ing inductance of the discharge circuit and with in-
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creasing U, and increasing distance between elec-
trodes (this dependence of Uj on the parameters
agrees with the notions regarding the limitation on

the current density and the mechanism governing the
expansion of the channel—see Sec. 3.2). Experiments
to determine the reason for the existence of a limiting
current density by limiting different regions of the
discharge have shown that the limitation of the cathode
working surface or the anode working surface (the
corresponding electrode was almost completely coated
with insulating material, so that only about 0.05 mm?
of metal surface was exposed) does not lead to an ap-

.preciable change in the form of the oscillograms. This

proves that the current density is not limited in the-
regions near the electrodes (values on the order of

4 x 107" A/cm? are obtained, in accordance with work
on the determination of the current density in the
cathode and anode spots)L12:23,24,33,56-58,175,176] g
that the large potential difference between the elec-
trodes after the termination of the collapse is not con-
centrated in the near-electrode drops (cause 1b). To
the contrary, the limitation of the discharge column
by the walls of the surrounding capillary tube leads to
oscillograms of an entirely different type (Fig. 4). In
this figure the voltage variation agrees well with
curve 3 of Fig. 1, which pertains to a discharge in
which maximum current density is reached after the
‘‘collapse’’ of U, and the maximum current is also
reached after the channel fills the internal cross sec-
tion of the capillary. A similar form is exhibited also
by oscillograms of I and dI/dt. With decreasing di-
ameter of the capillary, the saddle BC (Fig. 1) be-
comes narrower and the hump D becomes higher.

Thus, experiment has confirmed the presence of a
certain limiting ‘‘saturation current density’’ jgat, de-
termined by the phenomena in the discharge column
(possible causes 2 or 3). A summary of the quanti-
tative estimates of jg,¢ and the corresponding value
of the electric gradient E (withoutaccount of the volt-
age drops near the electrodes) and the resistivity
p = E/j of the plasma in the discharge column, ob-
tained from different experimental data on current
and voltage oscillograms (or equivalent other data)
and on the column diameter (the capillary diameter
or the diameter of the channel measured by high-speed
photography) is given in Table I.

Table I shows the following: 1) the values of jgat
and p, obtained from the experimental data of
various workers, for an unbounded channel, have the
same order of magnitude, although they differ by a
factor of several times, which can be ascribed to dif-
ferent methods used to measure the channel width.
This order of magnitude agrees with the one obtained

. for discharges with bounded channels, although the

values of p for an unbounded channel lie on the aver-
age somewhat lower than those for a discharge in a
capillary; 2) a decrease in p and an increase in jgat
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Table I. Summary of experimental electric characteristics of
powerful discharge after ‘‘collapse’’ of the voltage

)

E E !
=
4 ) HELEE i g ?
& R R ENE ] e o 3] (o]
Author 5 5|5€(=2% 3 é ; b
- 5] o | Oyl AE - i
] ¢ w Aol DS g 3 e - S
1 o LlAZ|ogE = ul <
|
| 1. Abramson, ! 3 Air (U |5 02— 0.1 60 8000 1|
Marshak Y 0.6 |
2. Fitzpatrick, L ) 114 0.3 0. 17 2500 1.5
Hubbard, !
Thaler |
3. Ogurtsova, 142, 143 » o 2 1.h* 4 1000 2.5 ]
Podmashen- i
| skil :
4. Marshak 17, 18 » { 3 — 0.1 30 6000 2
S. Abramson, I, » 1 3 — 2—64 1.2—-4] 430— |4—2.7
Gegechkori 1270 ** !
6. Glaser, 67 Argon (). 547 - 0.9 0,1 200 20
Sautter !
7. Komel’kov, 80 Air 1130 0.07 90 6000 0.7
Parfenov
8. Kuhn 84 » | 3.6 0.5—13{1000-4000] 20- -3
9, Andreev, T, 8 » 1 8.4 — 0.015  120—50] 6000 — 3
Vanyukov 15000 :
10. Marshak 131 Xenon (3 |5 -~ 0.01— | 40 5000 1.0
and argon 0.08 .
with
hydrogen
_ |

! *Artificial line made of four 100 uF capacitors spaced by 1.5 pH inductances,

i near-electrode drops, which were taken into account in the calculation of E.

|
!
| **Data on the dependence of the gap voltage on the length were used to estimate the i

are observed with increasing E; 3) the type of gas
hardly affects the values of p and jgat.

It is advantageous to add to the data of Table I the
extensive experimental material on electric charac-
teristics of tubular flash lamps. In these lamps the
initial narrow discharge channel, produced by an
auxiliary high-voltage pulse, usually is capable of
filling more or less uniformly the entire inner cross
section of the discharge tube after several micro-
seconds [%1J, If the supply capacitor has a sufficiently
large capacitance, the time of channel expansion is
negligibly small compared with the remaining dura-
tion of the discharge, during which the characteristics
of the channel change quite slowly and the discharge
can be regarded as quasi-stationary.

Being an analog of the short spark discharge in air
with a channel bounded by the capillary walls, which
we considered above, a discharge in tubular flash
lamps has the following essential distinguishing fea-
tures:

1) It occurs in inert gases, for which the Ramsauer
effect is characteristic [1%3], namely the small cross
section with which atoms scatter electrons with veloc-

ities corresponding to a temperature of about 10,000°K.

Consequently, the total ion cross section in such a
discharge begins to exceed the total cross section of
the atoms even at relatively low degree of ionization
(x ~ 1074)[1193 " Further increase in x causes elec-
tron scattering by the ions and not by the atoms to
assume a predominant role, and this causes the direct

dependence of the current density on the degree of ion-
ization to disappear at x ~ 10™% (cause 2 of the pos-
sible slowing down in the vigorous growth of j).

2) Since an auxiliary high-voltage pulse is used for
the ignition (a procedure particularly effective in inert
gases 1261y the length of the discharge channel in tu-
bular flash lamps is artificially increased by one or
two orders of magnitude (compared with a spark dis-
charge in molecular gases for the same supply volt-
age). By the same token, the initial longitudinal elec-
tric gradient in such tubes is appreciably decreased.
As indicated in Sec. 2.1, one can expect here lower
maximum current density and current strength, lim-
ited by causes 2 and 3. These reduced limiting values
can be attained at relatively large inductance anc re-
sistance in the discharge circuit.

3) Relatively low values of the electric gradient
and current strength correspond to so low a value of
electric power dissipated per centimeter of discharge
channel, that the power can be applied for a consider-
able time to the walls of the discharge tubes without
damage. This makes it possible to increase the ca-
pacitor rating and thereby increase the duration of
the quasi-stationary discharge in tubular tubes by
several orders of magnitude compared with the dura-
tion of a short spark discharge in a capillary. By the
same token, a detailed investigation of this discharge
becomes much easier.

The very first experimental data on the electric
characteristics of tubular flash lamps (Table 1I) have
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Table II. First (essentially time-averaged) data by certain
authors on the resistance of tubular flash lamps,
recalculated for p by means of formula (4)

Pres-
Author Refers  gaq sure, | r,mm| Lmm | E | @10%
ence mm Hg V/em | Q-cm
1. Laporte 87 Neon 5 3 100 200 0,9
2. Laporte .. 87 Argon 5 3 100 200 1.3
3. Murphy and Edgerton . . |34,35,} Argon, |50—300|3,5—7100-—300] 175 {1.1—3
140 xenon
- 4, Vul’fson 215 Neon, 5—10 [ 0.8—5| 50—500(30-—130 3
argon,
krypton
5. Carlson and Pritchard 19 Xenon 100 2.2 | 400 50 3
6, Warmoltz and Helmer 205b v 200 2 200 200 1.8
7. Aldington and
Meadowcroft 4,5 ” 60 5.5 | 460 44 1.5
8. Meyer 133 Argon 200 5 800 100 |1.7—4,2
9, Glaser and Sautter 67 Xenon 190 2 300 100 4,5
10, Chesterman and Glegg 20 ) 200 1,5 128 80 1
11. Ando and Matsuoka [ " 50—300[ 2.5 150 17 2.6
12, leCompte and Edgerton 91 i 300 2 76 118 1.14
*This column lists, for most investigations, the initial values of the gradient with-
out account of the drops near the electrodes. Only for the investigations of Chester-
man and Glegg and of leCompte and Edgerton, in which low capacitances only slightly
discharged by the instant when the discharge tube was filled with plasma were used,
is the instantaneous value of E given for the maximum current strength,

shown that the variation of the voltage in such tubes,
for the customary small values of Ry and L of the
discharge circuit, is similar to curve 4 of Fig. 1,
which in turn approximates an exponential with ex-
ponent —t/RC, where C is the supply capacitance
and R is the resistance of the discharge column, cal-
culated from the formula

o
nr?

R= 4)
(1 —distance between electrodes, r —internal radius
of the tube, p —a quantity which can be called the re-
sistivity of the discharge column, and which is approx-
imately the same for different tubes and different sup-
ply conditions ). For these tubes, the values of p are
close to one another and exceed by an order of magni-
tude the values of p for short discharges, as listed in
Table 1.

The absence of a noticeable voltage ‘‘collapse’” on
the oscillograms of the discharge in tubular flash
lamps follows from the estimate of the rate of the
current force (~ 107 A/sec for an avalanche-like in-
crease in j to ~3 x 103 A/cm? in a channel of 0.2 mm
diameter within a time ~ 107 sec; 5 x 107 A/sec in
the expansion of a channel with about 1 mm diameter
at a rate of 500 m/sec [21:91) and the usual inductance
L and resistance Rj of the discharge circuit (~1 pH,
0.01 Q). Accordingly, Ldl/dt and Rpl are on the
order of 10 volts and thus negligibly small with the
voltages customarily used for flash lamps. They must
therefore produce a hardly noticeable spike on the
voltage oscillograms, similar to that shown on curve 4
of Fig. 1.

At the same time, the qualitatively similar charac-
ter of a pulse discharge in a tubular flash lamp and a

short spark discharge in a capillary tube is illustra-
tively confirmed by experiment in the case when the
former are fed from circuits with considerable values
of the external L and Ry, at which LdI/dt and Rpl
become comparable with U,. Thus, for example, in
Ler], voltage oscillograms similar to curve 3 of Fig.1
were observed when an inductance of 3300 uH was
connected in series with the tubular lamp. In [127],

a ballast resistance of 48 @ was connected and the
voltage oscillograms were similar to curve 1 of Fig. 1.

Analogous data can be obtained also for still an-
other form of pulse discharge with artificially length-
ened channel, namely a discharge in the vapor of an
electrically exploded metallic wire. Even the first re-
searches on the electrical characteristics of such a
discharge [3:11:214] have confirmed that the voltage in
this discharge has a variation similar to curve 4 of
Fig. 1. Later work by Sobolev ("] Kvartzkhava,
Plyutto, Chernov, and Bondarenko [%%] Muller [43,139]
David (303, and Marshak (1283 in which the ignition and
expansion of the channel of a pulsed gas discharge in
metal vapor and its electrical characteristics were
investigated, have shown that this discharge is quite
similar to that occurring in tubular flash lamps. For
example, it is seen from the Toepler pictures (ob-
tained with a Kerr shutter) of [139] that the gas dis-
charge occurs in the form of a thin glowing string
approximately 2 microseconds after the explosion of
the copper wire.* By that time the already highly

*According to Sobolev(*”), if a tungsten wire is used, the gas
discharge may begin prior to complete evaporation of the wire, in
view of the breakdown of the surrounding gas in parallel with the
wire, The way for this breakdown is paved by the very intense
thermionic emission of the high-melting-point wire which is heated
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rarefied metal vapor fills a cylinder of approximately
6 mm diameter, contained, as if in a tube wall, by a
rather dense shock-wave front. After about 3 more
microseconds the gas-discharge string fills the entire
cylindrical cavity inside the front of the shock wave,
the diameter of which has increased to about 8 mm.

A comparison of the oscillographic data obtained in
[128] on the current and voltage in a pulsed gas dis-
charge in metal vapor with the corresponding data on
the expansion of its channel has disclosed that the av-
erage resistivity of the discharge plasma, p, is ap-
proximately equal to 0.008 Q-cm at an average elec-
tric gradient E ~ 250 V/cm, regardless of the type
of metal and of the wire diameter. Thus, under con-
ditions of discharges with artificially lengthened chan-
nels, the value of p has the same order of magnitude
in the case of an unbounded discharge in vapors of an
exploded wire, as in the case of a confined discharge
in a tube with inert gas.

2.2.3. General character of the dependence of p
on E. A detailed investigation of the dependence of
the instantaneous value of the resistivity p of the dis-
charge plasma, defined by (4), on the structural char-
acteristics of the tube and on the parameters of the
supply circuit has been made in [124:127,131]  Figyre 5
shows samples of the discharge volt-ampere charac-
teristics obtained in these investigations. The indi-
vidual branches of the characteristics with positive
slopes (pertaining to the quasi-stationary discharge)
merge at different values of C and U; into one com-
mon line. This proves that there exists for each tube
a single function p = f(E), which is not influenced by
the preceding state of the plasma. The portion of this
line with nearly constant ratio U/I (constant resist-
ance of the tube) describes the fundamental part of
the discharge, during which 80—90 per cent of the en-
ergy from the capacitor is dissipated in the tube. In-
vestigations have shown that the resistance of the tube
in the case of a quasi-stationary discharge deviates
from a quantity corresponding to a unique function
p = f(E) in only one case—in the earlier stage of dis-
charges, if an appreciable ballast resistance is con-
nected in series with the circuit. A calculation of the
heat flow through the walls of the tube [127] ghows that
in this case the discharge should not fill the entire
cross section of the tube within a certain time (which
increases with increasing Ry ). By the same token,
the anomalous values of p, calculated from (4) are
due to the fact that this formula is not applicable.

Figure 6 shows several plots of the dependence of
p on E, obtained by corresponding recalculation of the
lines, into which the branches of the volt-ampere char-

-to a high temperature, Although the subsequent development of the
discharge differs somewhat from that in vapor of a more volatile
wire (the tungsten vapor expands slowly within the cylindrical
shock wave), this should not influence greatly the electrical char-
acteristics.

DISCHARGES IN GAS 487
I, A
8
&
4
A
g
0 4z g4 65 48 6 12 4
U, kv
FIG. 5. Samples of volt-ampere characteristics. Xenon, p = 100
mm Hg, I =7 cm, r =0.17 mm; — C = 0.1 yF, ——~ 0.25 4F,

—+_+_0.5yF; U, =0.8, 1.2, and 1.5 kv.[**!]

acteristics with positive slope merge. Curves I—V and
VIII pertain to tubular flash lamps with ordinary rela-
tively broad discharge tubes, while curves VI and VII
pertain to lamps with capillary discharge tube. In ad-
dition, we show here curve IX, obtained by recalculat-
ing the experimental values of the voltage U; existing
on the lamp immediately after cessation of the sharp
voltage decrease, which is brought about in the case
of large Rp by the presence of different ballast re-
sistances in the discharge circuit. The corresponding
current strength was calculated here from the formula
I; = (Uy—Uz)/Rp. The last figure gives a patently
overestimated value of p, which goes over in the later
instants of time into those of curve VIII, the faster,
the smaller Ry or the larger U,.

It follows from curves I—V that a practically unique
functional connection between the instantaneous values
of p and E exists not only for each specific tube, but
also for similarly filled tubes of different (not too
small) length and with different discharge-tube inside
diameters ranging from 2 to 8 mm. Analogous meas-
urements for lamps with discharge tubes of the same
dimensions but with different gases have shown [124]
that substitution of xenon for krypton increases p by
merely about 15 per cent, and substitution of argon
decreases p by about 10 per cent. A decrease in the
pressure from 100 to 25 mm Hg decreases p by only
10—20 per cent.

A comparison of the most accurately measured
values of p for lamps with r =1 and 2.3 mm (curves
I and II) shows that p increases somewhat (by about
20 per cent) with decreasing diameter. The increase
in p with decreasing r in the region of small E is
confirmed by the course of the curves VI and VII, ob-
tained in a different investigation [131] for rather nar-
row (r = 0.25 mm) capillary lamps. At the same
time, in the region of large E (2100 V/cm), the dif-
ference between p for capillary and for broader lamps
becomes small.

The less accurately measured curve VIII lies suffi-
ciently close to curves I—IV to assume the discrepancy
between them to lie within the limits of experimental
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FIG. 6. Curve showing the dependence of p on E for tubes with

different internal discharge-tube diameters and different filling gases.

Number

of curve I Ir IIT v v Vi VII VIII IX X

I, cm 50 50 29 36 36 7 7 100 100 .

r, mm 1 2.3 3.3 2 3.8 0.25 | 0.25 7 7 Empxr%cal

Gas Kr Kr Kr Kr Kr Xe Xe Xe Xe | function
p, mmHg | 100 | 100 | 100 | 100 | 100 | 600 | 100 | 120 120 Q=TO/'_—1_

E
Rp, Q 0 o 0 0 0 0 0 0 [0.67—48

error. This indicates that the practically unique func-
tional dependence of p on E, referred to in the dis-
cussion of curves I—V, apparently is obtained also
when the tube inside diameter exceeds 8 mm, at least
up to 14 mm.

LeComte and Edgerton 9] correlated the discharge-
channel resistance in a tubular flash lamp with the
area of its cross section, determined by high speed
end-view photography of the channel. This correla-
tion was made for different instants of channel ex-
pansion and of the subsequent attenuating pulsation
of its diameter, due to reflection of the compression
waves from the wall tubes, and showed that the channel
resistance remains strictly proportional to the recip-
rocal of the channel cross section area, within the lim-
its of experimental accuracy, so long as the voltage on
the supply capacitor does not drop considerably. By
the same token they demonstrated that a unique value
of resistivity p for a given gradient E is a property
not only of lamps with different tube diameters, once
they become uniformly filled with plasma over their
entire cross section, but also in the same tube at dif-
ferent channel diameters, with the cross section of
the tube not completely filled.

We thus reach the conclusion that it is advantageous
to introduce some universal function p = £(E), which
could be used in most cases, with a tolerable degree
of error, to calculate the instantaneous resistance of
the steady-state quasi-stationary discharge in any tu-
bular flash lamp with arbitrary dimensions and arbi-
trary gas content. Values of R appreciably differing
from the thus calculated values should be observed
only in very narrow capillary lamps at relatively low
values of E (below 100 V/cm), and also for lamps
fed through a ballast resistor immediately after ces-

sation of the sharp voltage decrease and establishment
of the quasi-stationary discharge. Of course, much
higher values of R should also be obtained in tubes
in which the discharge channel does not have time to
fill the entire cross section of the discharge tube,
owing to the small capacitance of the supply capacitor.
From Fig. 6 and from the foregoing experimental
data it follows that for a rough estimate of the effec-
tive resistance of a xenon flash lamp with not too
narrow a discharge tube, under the most frequently
encountered initial electric gradients ~ 50 V/cm, we
can use a universal value p = 0.02 Q-cm. The corre-
sponding value for krypton lamps is p = 0.017 Q-cm.
For a more accurate calculation of the instantaneous
resistance of tubes in a broader range of variation of
the electric gradient it is necessary to take in place
of a constant value of p a value which decreases
somewhat with increasing E. As can be seen from
curve X of Fig. 6, one can choose as a suitable func-
tion the empirical formula

_ 0

Q—V—E-

The empirical relationship p = f(E), determined
from data on the instantaneous resistance of tubular
flash lamps during the stage of quasi-stationary dis-
charge and extrapolated to the region of larger E can
be set in correspondence with the data given in Sec.
2.2.2 on the resistivity of the plasma of a short spark
discharge and a discharge in the vapor of a metal wire ex-
ploded by current, after the saturation current density has
been established. Figure 7 shows aplot of the function (5)
in this region, as well as the points corresponding to
the experimental data given in Sec. 2.2.2. In view of
the uncertainty in the measurement of the diameter

(5)
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FIG. 7. Comparison of the empirical relation (5) with the experi-
mental data for a short spark discharge and for a discharge in the
vapor of a wire exploded by current. Circles —short spark discharge
(black circles — in capillary, light circles — with unbounded channel),
cross — discharge in wire vapor.

of an unbounded discharge and other measurement
errors, formula (5) can be regarded as satisfactorily
representing the experimental data with respect to the -
resistivity of the plasma also in the case of the strong-
current (quasi-stationary) states of a short spark
discharge and a discharge in vapor of wire exploded

by current.

As is well known tubular flash lamps can be fed,
in view of their rising volt-ampere characteristic,
not only from a capacitor, but also from other voltage
sources. Single flashes can be obtained, for example,
by feeding the lamps from an ac power line, which
produces in the tube a discharge that ignites near the
maximum of the voltage and is extinguished when the
voltage passes through zero["12%129]  Compared with
a capacitor discharge, such a discharge is character-
ized by a much greater duration (about 1/200 sec for
a 50 cps line) and an entirely different time variation
of the voltage (nearly sinusoidal). Nonetheless, os-
cillograms taken of the current and voltage of such
discharges have shown that soon after the ignition of
the lamp its resistance can be calculated with suffi-
cient accuracy by means of formulas (4) and (5). This
proves once more the universal character of the phys-
ical relationships represented by these formulas.

In fact, an analogous discharge takes place also in *
the recently announced tubular xenon continuous-glow
lamps, rated several times 10 kw. [96,102,103,105,130,130a,
165] ynlike the single flashes of the small flash lamps
fed from the ac line, in which the discharge is extin-
guished when the voltage drops to a low value (in view
of the negative energy balance in the narrow discharge
tube [126,132]) in superpower lamps of large diameter
the gas does not have a chance to deionize during the
time that the voltage goes through zero. Therefore
after the voltage polarity is reversed, the current con-
tinues to flow through the tube, but now in the opposite
direction. Thus, discharges similar to the pulsed dis-
charges in the capacitorless supply take place in the
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lamp at double the line frequency. Because of the
large surface of the quartz discharge tube and because
forced cooling is used in some cases, the tube becomes
capable of dissipating the power delivered to it under
prolonged operation conditions. Like the tubular flash
lamps, these lamps have a definite effective resistance,
and unlike different gas-discharge lamps can operate
without a ballast to limit the current. Experiment, as
well as calculation [95:130,163,164,212] gpoy that at the
power concentration prevailing in these lamps the dis-
charge channel fills only part of the tube cross section.
Consequently, in calculating the lamp resistance, it is
necessary to substitute in (4) the quantity p/ 8% in lieu
of p, where 6 =~ 0.5 is the ratio of the channel diam-
eter to the internal diameter of the tube. Instead of
formula (5), which, as can be seen from Fig. 6, gives
excessive values of p in the region E < 10 V/cm, the
following dependence on the electric gradient holds for
these tubes, with satisfactory accuracy:

S =0.065py2r=12ET", (6)
This formula pertains both to the effective and to the
instantaneous values of p, 0, and E, calculated from
the current and voltage oscillograms and from the
sweep photographs of the channel width. They also
agree with the increased values of p at the first in-
stants of the condensed discharge in the flash lamps
with a series ballast resistance (plot IX of Fig. 6).
Many attempts at an approximate theoretical cal-
culation of the electric characteristics of a discharge
with high degree of ionization of the gas in the channel
have been published. In most of these, certain param-
eters were assumed specified on the basis of experi-
mental material. Thus, for example, in the chronolog-
ically first paper of Mohler {31 in which the resistiv-
ity of the column of a strong-current stationary cesium
low-pressure discharge was calculated, the losses on
the walls were estimated from the experimental values
of the ion current on the wall, and the radiation (also
on the basis of an experimental estimate) was as-
sumed to be negligibly small. In [118] the diameter
of the channel of an unbounded discharge was esti-
mated from experimental data and the radiation power
was set equal quite crudely to the radiation power of
an absolutely black body of equal dimensions. In [215]
experimental values for the discharge power were
used, while in [67] the discharge temperature was es-
timated from the radiation characteristics. Only in
L18,119,183-164] wore attempts made for a combined theo-
retical calculation of all physical parameters of the
discharge, in the first of these papers for a short
powerful spark, in the second for a discharge in tubu-
lar flash lamps, and in the third and fourth for the
case of a discharge in powerful tubular continuous-
glow lamps. The complicated mathematics employed
in the first and third papers makes possible a com-
parison of only individual experimental points with the
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calculation results, and does not give a complete pic-
ture of the connection between parameters. The much
more approximate calculation used in [11%], based on
the concepts of thermodynamic equilibrium, scatter-
ing of electrons by the ions, homogeneity of the dis-
charge column over the tube cross section, and energy
loss by recombination on the walls and by hydrogen-
like recombination radiation, has made it possible to
derive the fundamental experimentally-observed de-
pendences of the discharge characteristics in tubular
flash lamps on the parameters. In the case of insig-
nificant reabsorption of radiation, such as prevails in
lamps of 2—10 mm in diameter with electric gradient
below 200—20 V/cm [88:125] calculations with the use
of the formulas of Saha, Gvozdover, and Kramers [6%
81,181] has yielded the variations of p, T, and 75 (effi-
ciency of the discharge as a radiation source) with
the electric gradient and tube radius, as shown in
Figs. 8 and 9. The thin lines of Fig. 8 are the plots
of p calculated on the basis of the already mentioned
assumptions, while the dashed lines are plots calcu-
lated with the aid of the same equations, but with two

Tt Ty A
e T L T T ey,

7 7] ] 7 20 20
E. V/cm

FIG. 8. Plots of p = f(E), calculated for krypton lamps with
internal tube radii 0.25, 1, 2.5, S, and 10 mm. The solid lines cor~
tespond to approximate calculations, dashed lines —to formulas
calculated with numerical coefficients corrected by means of a
separate set of experimental quantities, thick line —plot of the
empitical relation (5).
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numerical coefficients made more precise by means
of a separate set of experimental values of all the
parameters. Calculation yields also a correct esti-
mate of the weak dependence of p on the type and
pressure of the gas. Thus, the approximately unique
dependence of p on E, obtained for almost all experi-
mental conditions and expressed by formula (5), is
also theoretically justified.

III. EXPANSION OF DISCHARGE CHANNEL

The expansion of the channel plays different roles
for the two types of pulse discharge—with bounded
and with unbounded channels. In the former the ex-
pansion usually terminates in an early phase of the
process, followed by a rather prolonged discharge
with constant column diameter and slowly varying
characteristics, during the course of which the major
fraction of the energy is dissipated in the gas gap. In
the second the expansion of the channel continues for
the entire time during which appreciable energy is
dissipated in the gas gap. Consequently most inves-
tigations of channel expansions pertained to an un-
bounded discharge, whereas in the case of tubular
lamps only a few investigations were devoted to this
process.

3.1. Expansion of Channel in Tubular Flash Lamps

The clearest picture of the expansion of the channel
in tubular lamps was obtained by Cloupeau [21:22] and
by leComte and Edgerton [9‘], who used small supply
capacitors, so that the duration of the discharge ex-
ceeded but slightly the time of its expansion. Cloupeau
(21,223 photographed by means of a scanning mirror a
section of the discharge channel, framed by a slot,
while in [91] the end of the channel (visible at the bend
of the tube) was photographed at different instants of
time with the aid of a magnetooptical shutter with an
effective exposure of about 1 microsecond. It was es-
tablished in these investigations that the hottest portion
of the gas, usually produced after the ignition of the
discharge near the walls of the tubes along the igniting

FIG. 9. Calculated plots of the dependence of the plasma
temperature T on E (dashed) and on the discharge efficiency 7
(solid lines), obtained for corrected coefficients. Krypton, p = 100
mm Hg, I =50 cm, r =0.25, 1, 2.5, and 5 mm, Dash-dot line —aver-
aged experimental plots of 7, plotted on the basis of the following
points: O—r=0.25 mm, A—1mm, 0—2.5 mm, V-5 mm (filled
experimental points were obtained for C > 600 uF, half-filled
points — 125 uF, unfilled — 80 uF, with vertical bar—48 pF, hori-
zontal bar— 14 uF, cross —0.25 pF.[iz2an]
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electrode which is on the outside, expands rapidly until
it fills amost the entire cross section of the tube. The
rate of this expansion, measured in a xenon lamp with
inside diameter 3.5 mm at a pressure 300 mm Hg and
at an initial electric gradient ~200 V/cm (E/py ~ 0.67
V/cm-mm Hg) is 600 m/sec. At other values of E/p,
(the measurements were made in the range from 0.2
to 1 V/em-mm Hg) it was found that the rate at which
the channel cross section area increases is propor-
tional to E/py, with a proportionality coefficient equal
to 2.5 if the area is in square millimeters, the time in
microseconds, and E/p; in V/em-mm Hg. Under these
conditions this corresponded to the following depend-

ence of the speed of the expansion front dr/dt on the gra-

dient

e ]= 097 [ ] - (7):
With decreasing atomic number of the gas in the
lamp, the rate of expansion increases somewhat (by
about 20 per cent on going from xenon to krypton or
from krypton to argon). Some 5 microseconds after
the ignition of the discharge, the front of the expanding
channel almost reaches the opposite wall of the tube,
and compresses against it the region of cold (non-
glowing) gas with rather small cross section (~ 1 mm?,
about 10 per cent of the tube cross section), to a high
pressure. Subsequently this region expands for a cer-
tain time (about 2.5 microseconds ), pinching the hot
channel so that its cross section decreases by about
20 per cent. After another time interval of the same
length the hot channel again compresses the cold re-
gion, etc., until the oscillating between the hot and
cold regions is gradually erased by the mixing of the
gas. An analogous process of compression and subse-
quent expansion of the cold gas was observed also in
the axial direction of the tube. The longitudinal com-
pression and expansion waves propagate approximately
at the same rates as the transverse ones, causing
short-duration longitudinal inhomogeneities in the
channel brightness; the instant when the brightness is
increased occurs several microseconds after the in-
stant of maximum increase in gas density. The dura-
tion of this process depends on the length of the tube
and, naturally, exceeds greatly the duration of the
transverse oscillations of the gas density.

3.2. Theory of Expansion of Unbounded Channel of a
Pulsed Discharge

It is most convenient to systematize the extensive
data accumulated in numerous experimental investiga-
tions devoted to the expansion of an unbounded chan-
nel,* by first presenting some notions concerning the

*To make an understanding of the following material easier, we
use the term ‘““channel’’ for the entire region of gas disturbed by the
discharge, and the term ‘‘discharge column’’ for the conducting part
proper of the strongly ionized gas heated to high temperature.
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theory of the expansion process, as developed in [18%

32,166,16,138] 11 the first of these investigations, all of
which were in general similar in method* and in the
calculation results, a spherical problem was consid-
ered of an explosion produced by instantaneous release
of energy in a point. The other papers deal with an ex-
plosion produced by energy released in a cylindrical
channel. We present here a brief summary of the cal-
culations of Drabkina, which are easiest to compare
with the factual data, including the materials obtained
by the experiments specially carried out for this pur-
pose [1,2,31,63]

The calculation starts out from the assumption that
the expansion of the channel is a purely hydrodynamic
process of explosive type, and proceeds exclusively
under the action of the energy released in a short time
in a concentrated volume.

We use in the calculation a system of equations for
the continuity, motion, and the hydrodynamic adiabat
for cylindrical symmetry, and as the boundary condi-
tions we use mathematical expressions that define the
continuity of matter, motion, and energy on the bound-
ary of the disturbed region {on the front of the shock
wave ):

3% 9 do

L E i
TR R ®)
:[JF dar)“é%()'JI
=it =t pe=Byrn O

6 —density, p —pressure, v —velocity of gas, r and t
—cylindrical coordinate and the time, D = dR/dt —ve-
locity of the front of the shock wave of radius R, and
v —a constant which in the case of a perfect gas is
equal to the ratio of the specific heat at constant pres-
sure and volume; the subscripts ‘‘0’’ and ““f”’ indicate
the initial value of the given parameter or its value on
the front of the shock wave.

It is known from hydrodynamics that the solution of
this system of equations for a perfect gas and for an
instantaneous explosion of rather high power (such-
that pf » p,y), concentrated in an infinitesimally thin
column of gas, is ‘‘self-similar,’”’ namely the distribu-
tions of 6/8y, p/ps, and v/v¢ are stationary with re-
spect to the dimensionless coordinate ¢ = r/R. The
expression for R is obtained in this case from dimen-
sionality considerations

AT I
R*l/éo i

here £, —explosion energy per centimeter of length of
the gas column, o —dimensionless constant which de-

(10)

*A general analytical method for the solution of similar hydro-
dynamic problems has been developed in the previously published
papers by Sedovltem-1se]
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pends only on ¥ and can be calculated from the energy
integral.

Assuming that for a real gas in the temperature
range of interest to us (10,000—30,000°K) the equa-
tion of state has the approximate form

&= A5°T? (11)

[e —specific energy, T —temperature, A, a, and b —
numerical coefficients calculated by trial such as to
make expression (11) derivable from the equation ¢

= 3RT(1+x) + €djgs + 2X€jon, Where €dijgs and €jon
are the dissociation and ionization energies of 1 mole
of gas and x is the degree of ionization calculated by
Saha’s formula (2)], we can reduce this equation to
the form

(12)-

This equation agrees formally with the correspond-
ing expression for a perfect gas, although v is no
longer the ratio of the specific heat, but merely an
arbitrary quantity, connected with the coefficients (11)
by means of the equation

p=(y—1)ed.

(13)

The numerical values of the coefficients for different
gases are given in Table III.

Because of such a formal agreement, the adiabat
equation for a real gas has the same form p/§Y = const,
as for a perfect gas, and the case of a real gas admits
of a self-similar solution of the problem by using the
value of ¥ from (13).

Plots of the corresponding pressure and density
distributions for y =1.22 (air) are shown in Fig. 10.
In the region ¢ = r/R « 1 these distributions are ap-
proximately expressed by the following first terms of
the rapidly-converging expansions of the corresponding
functions:

S (3 [ g o]

1
P v (1)%

y [ +ﬁ1qg%] . (14)
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FIG. 10. Calculated radial distributions of the pressure (solid
line), density (dashed), and temperature in the discharge channel
at t = 1 and 2 microseconds (dash-dot). Air, atmospheric pressure,
and energy &=15 ] is released within the discharge column in an
effective time interval t = 1 microsecond. The vertical bars on the
temperature plots — arbitrary boundaries of the column at the corres-
ponding instants of time and in units of r/R.[*?]

It is possible to go over gradually from instantane-
ous release of energy in an infinitesimally narrow gas
column to a gradual release by transforming formula
(10). For this purpose we take into consideration the
proportionality between pg and the average pressure,
which in turn is proportional to £(t)/R? [ £(t) —en-
ergy released by the instant of time t], and, using the
last equation of (9), we obtain £(t)/R? = const (dR/dt)?,
from which we get after extracting the square root and
integrating a more exact expression for R in place of
(10)

i t

R=K [ S 81/2(t)dt}1/2'—“ ('%D)lla [ S 81/2(t)dtJl/2 : (15)
0 0

we choose the constant K to make (15) go over into
(10) if the energy is released instantaneously.
From (15) and the last equation of (9) we then get

Table III. Numerical values of the coefficients contained
in formulas (9)—(20)

Gas m:";_lg 5, 10° a 1 a b
Air 760 1.29 0.55 6.9.104 —1.,22.1071 1.535
» 200 0.339 0.55 6.9.104 —1.,22.10"1 1.55
» 2300 3.87 0.55 6.9.10% —1.22.1072 1,55
Argon 760 1.78 0.332 1.35 —1.25-1071 2,75
Hydrogen 760 0.0899 5.4 4.33.108 ~-9.3-1072 1.37
Gas Y iy r M N
Air 1,22 4.55 1.9-107t 1.25.107t 3.76.107t
» 1.22 6.35 2.92.10°2 1.25.1071 3.76-10"t
» 1.22 3.46 1.33-1071 1.25.107 3.76-1071
Argon 1.075 3.7 1,1 4.3-1072 4.6.10 1
Hydrogen 1.25 8.85 4.4-3071 1.38.107L 3.63.107
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(ady)'2
2{y—+

1/a
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e = 7 & (0 [ €7 (1) dt]’1 (17)

S Ol ™

Transforming (11) and (12) into TPps-(a+1)/(y —~1)A
and inserting (14), (15), and (17) we can find the tem-
perature distribution inside the channel

‘m<7) Vo (y-LA)yert (y— 1)%a2v—1 2D, Tyt
t 2+a—y
o[ §er@a] (18)
0

Figure 10 shows the corresponding plots of the tem-
perature distribution for typical discharge conditions
at a time t =1 microsecond (directly after the energy
release stops) and another microsecond later.

If we assume that the boundary of the highly ionized
conducting column of the discharge is characterized by
the fact that the temperature inside the column exceeds
a definite minimum value T}jym, say 10,000°K (the
specific choice of the value of T}y, is immaterial, in
view of the steepness of the T vs. r curve), then, by
substituting this value into (18), we can find the corre-
sponding value of r; —the radius of the conducting
column. The time derivative of r, is equal to the
rate of expansion of this column. From (18) we obtain
for these quantities the following expressions:

ro(t) = LgY t)[ Hnar | v, (19)
!
(/rf][(t) :LS‘Z”_ 1 ([) {g £ ( )(u}
s seolfeoa . e

t

Here M and N are coefficients that can be ex-~
pressed in terms of v and a (they are independent
of the gas density ), while L can be expressed in terms
of v, a, b, A, a, §;, and T}jm. The values of all the
coefficients (in CGS units) are given for some gases
in Table III, which is taken from [321,

Finally, if we take into account the fact that in the
later phase of channel expansion the condition pg > pq
is no longer satisfied, we must take in place of the
first and last equations in (9)
of _ (viDee—(v—Dp D (V1) pg—(yv—

o8 (v—1) pe+(v-+1) po ’ - 28,

From (21), which take into account the fact that
during the last phase of the expansion one can no
longer neglect the external pressure of the unper-
turbed gas, it follows that in this case a ledge should
gradually appear on the plots showing the decrease in
density and pressure away from the front of the shock

l) Po (21)
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wave toward the discharge axis, beyond which a high
density gradient should be observed with a sign oppo-
site that of the negative dé/dr on the leading front.*
In other words, the region of gas with increased den-
sity should also be separated by a jump § from the
internal ‘“‘hot’’ region (the column). The radius of
the zone of this jump, which is called the ‘‘sheath’’
of the channel, is larger than the radius of the highly
ionized region of the column as defined by (19).

Thus, the notion that the expansion of the channel
of a powerful pulsed discharge is a purely hydrody-
namic process leads to the following picture of the
development of a discharge with unbounded channel:

a) The fastest to propagate should be the zone of the
jump in the density and pressure (from high values to
values corresponding to the unperturbed medium), which
is the outermost boundary of the channel, namely the
front of the shock wave. The region of strongly heated
highly ionized plasma, which is the conducting gas col-
umn proper, practically coincides at the start of the
discharge with the space inside the front of the shock
wave, after which it gradually unravels from the front
and expands at a slower rate. With decreasing pres-
sure on the front, there should appear between the
column and the shock-wave front a zone of inverse
density jump (‘‘sheath’’), which expands at a velocity
intermediate between the rates of expansion of the
front and the column.

b) Inside the conducting column the gas density
should be several orders of magnitude lower than &,
and should decrease even more on going from the pe-
riphery to the axis of the channel. Because of this, a
zone with anomalous plasma resistivity may be formed
on the axis of the column.

¢) The expansion of each of the channel zones should
proceed with gradually decreasing speed, the initial
value of which (which is common to all zones) in-
creases weakly with increasing o (which character-
izes the type of gas), with decreasing initial gas den-
sity, and with increasing instantaneous power and total
energy dissipated in the channel.

By using the formulas of the hydrodynamic theory
and the data on the electric characteristics of the col-
umn (Chapter II) we can obtain an approximate esti-
mate of the order of magnitude of the initial rate of
channel expansion, and also calculate tentatively the
effect of the individual parameters of the gas gap and
the supply circuit on this initial velocity. T We simul-

*It was erroneously indicated in [*2] that the density should be
approximately constant between the front of the shock wave and the
zone of high and positive d§/dr. Since T cannot decrease in the
direction from the front to the discharge axis, the drop in the gas
pressure in this direction (see Fig. 10) should cortespond quali-
tatively to a similar drop in its density(*'],

TIn recent papers the hydrodynamic theory of channel expansion
is developed both in application to problems with different types of
symmetry (including the problem of a ‘‘plane’’ explosion in a T-
shaped discharge tube [70a,79.138]) and as applied to a simultaneous

[ERR
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taneously calculate the voltage Uj on the discharge,
immediately after termination of the vigorous growth
of the current density, something that could not be done
in Chapter II for lack of an idea concerning the mecha-
nism of channel expansion.

S. MARSHAK

(25)

D'=0.166 (%)0‘2:’(%)'0.25 (%)o,sz ’
U 0aa( LY (LY,

(26)

Uy/l, V/em
From (16) we can obtain the instantaneous release N
of all energy, assuming that b N
, N
mm/usec N \\ x
Dt (a‘éo >1/4 Ve, 22) ok N .

Considering that the discharge voltage Uj at the
first instant after the termination of the vigorous
growth of the current density is equal to the difference
between the capacitor voltage U, and the drop across
the inductance, L dI/dt, and assuming in accordance
with (5) that

Y

=628 Lt )" rp

]=10n<

and

we obtain
U; U L U; \*2
Yo Yo 6287 D (_T ) )

In formula (22) we can substitute the approximate
expression for &, (in ergs):

(23)

5/2

U
’ It =10%rdt —

& =107+

(neglecting radiation, which plays a negligible role at
the start of the expansion when the diameter is small
[631)  from which we get a second equation relating

Ui and D:
108mer
D=y e

Substituting into (23) and (24) the numerical values
of the constants from Table III, assuming realistic
values for the effective time t = 5 x 1078 sec and for
the initial radius of the column r¢ = 1072 ¢cm, we can
obtain from this system of equations D and Uj/l for
different specified values of U/l and L/l. The cor-
responding plots are shown in Figs. 11a and b. Instead
of using the system (23) and (24), which is not conven-
ient for practical work, we can derive from Fig. 11
empirical formulas, which can serve for a generaliza-
tion of the experimental data*:

Ug/s

e (24)

solution of the hydrodynamic problem and the problem of calculating
the energy released in the channell's]. In the present review, which
is aimed at generalizing the principal experimental data, it is not
advisable to go into details of the complicated mathematics of these
papers. Their principal quantitative results generally agree with
experiment to the same degree as the results of the simplified
theory (including the estimate given above for the energy release),
and the detailed assumptions and conclusions are still in the dis-
cussion stage and need experimental verification.

*No detailed experimental investigation was made of the de-
pendence of U; on the discharge parameters, However, judging
from a comparison of (26) with individual measurements (see, for

Ui/l, V/Cm P
5000+
mm/glzsec
10+
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2+
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-
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”,‘5 L l”{ k. 1 L i
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b) Uy/1, kV/em

FIG. 11. Theoretical plots of the dependence of the electric
gradient in the discharge at the instant of termination of the
vigorous growth of current density, U;/! (dashed curve), and of
the initial velocity D of the channel expansion (solid lines),
on the inductance of the discharge circuit (a) and the volitage on
the supply capacitor (b). Air, atmospheric pressure. In Fig. (a)
the numbers designate the values of U,/! corresponding to each
line, in kV/cm, and in Fig, (b)—the values of L/l in pH/cm.
The crosses on Fig. (a) denote the experimental values of U;/|
for air at U, =6 kV and [ = 4 mm.[*]

example, the experimental points on Fig. 1la for a discharge in air
at atmospheric pressure, U, =6 kV, gap length 4 mm, U,/l = 15
kV/cm, taken from [)), it agrees satisfactorily with experiment
both in the character of the dependences and in order of magnitude
of U;. A more accurate agreement would be obtained if the coeffi~
cient 0.34 were replaced by 0.7. A comparison of (25) with experi-
ment is given in the next section.
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D is in mm/pusec, L is in uH, Uy and Uj are in kV,
and [ is in cm.

In order to understand more readily which inaccu-
racies in the initial premises can cause the individual
discrepancies between theory and experiment, let us
list the processes that are not taken into consideration
by these premises.

a) Dissipation of energy in different layers of the
highly ionized column depends on the conductivities
of these layers. This can influence the distribution
of the temperature and of the gas density inside the
column.

b) A similar influence can, generally speaking be
exerted by the skin effect and by magnetic pressure.
It is shown in [16] that in the range of discharge pa-
rameters considered here this influence is small. In
fact, the depth d of penetration of the field during the
time t can be estimated from the formula

1 @
d 3n §-101L *

fie

Assuming t = 1 usec, taking the corresponding column
radius rg to be ~ 0.1 cm, and estimating p from for-
mula (5), we obtain r¢/d = 0.02 E!/4, that is, at least
one order of magnitude less than unity for E up to
1000 V/cm. We can thus assume that the field should
be practically constant over the cross section. In ex-
actly the same manner, the ratio of the magnetic pres-
sure A%/8r to the gas-kinetic pressure can be esti-
mated at (rq/d)? (161, so that the magnetic forces
can be neglected. At the same time, the estimates
made show that at appreciably smaller initial gas den-
sities, and also at rather high electric gradients and
large discharge energies, at which the radius of the
column can be one order of magnitude larger than that
assumed, the skin effect and magnetic pressure should
play an appreciable role. As is known, this actually
occurs in pulsed discharges such as lightningl144-145],
and also in discharges used in laboratories to obtain
superhigh temperatures (893, The particular instability
of the column of short discharges in hydrogen[4] is
possibly due to the role of magnetic forces, which are
appreciable for such discharges. At the same time
one can assume on the whole that the absence of sig-
nificant magnetic forces is a distinguishing feature of
the aggregate of powerful pulse discharges, considered
in the present review.

¢) The calculations do not reflect any form of radial
energy transfer other than hydrodynamic expansion.
The energy supplied to the discharge and lost by radi-
ation can be formally taken into account in the derived
equations by subtracting the corresponding fraction of
energy from the value of &(t) (such a correction for
the radiation from a column, equal to the radiation of
a black body, is made in (%3], while a correction for
hydrogen-like radiation is made in [16]y. other forms
of transport are more difficult to estimate. Glaser [67]
suggests, for example, that the channel may be capable
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of expanding only by radial diffusion of the electrons
and by radiation. On the other hand, in the paper by
Abramson et al [12], which served as the basis for the
development of the hydrodynamic theory, it is denied
that a corresponding role is played by diffusion of elec-
trons and ions, photoionization of the gas surrounding
the channel (diffusion of radiation), and heat transfer
to the surrounding volume by convection and heat con-
duction, since these processes cannoi explain the
supersonic velocity at which the channel expands, and
for which a pressure jump on the order of tens of at-
mospheres is necessary. It is shown in [16] that the
transport of heat in the channel at relatively low tem-
peratures (low energy concentrations as a result of
the large inductance or small supply voltage) can be
produced by heat conduction, while at high tempera-
tures it can be caused by radiation.

The picture of radial distribution of density and
temperature, obtained from purely hydrodynamic
theory and showing these quantities to have very high
gradients within the column (Fig. 10), evidences that
other forms of energy transfer should play a principal
role near the axis and reduce these gradients.

3.3. Experimental Data on the Expansion of an Un-
bounded Channel

The expansion of the channel of an unbounded dis-
charge was investigated by a whole series of methods,
namely: -

a) Photographic scanning of the picture of the trans-
verse section of the channel, by means of a slot mov-
ing in front of the channel [54,64,65,71,80,84,117,173,216]

b) Similar scanning with simultaneous additional
flashing of the space surrounding the channel with the
aid of a second spark, using the Toepler shadow
method [2:63,1161

¢) Sweeping on the screen of an electron-optical
converter the image of a narrow slot located ahead of
the channel and perpendicular to its axis with simul-
taneous illumination of the space surrounding the
channel by the shadow method, and using spectrum-
selecting filters placed between the slot and the elec-
tron optical converter so that the blue and infrared
radiation of the channel can be observed [197],

d) Super-high-speed motion picture photography
of the discharge channel with the aid of an electron-
optical shutter [49], a Kerr shutter [803, or a motion
picture camera 31,1963

e) High-speed interferometry of the gas density in
the channel and in the region surrounding it, by plac-
ing the investigated channel in one arm of an interfer-
ometer and illuminating it with a synchronized auxil-
iary discharge having a very short flash duration (31,1161,

f) Observation of the distribution of the spots pro-
duced on the electrodes by pulsed discharges of dif-
ferent duration [170,177-1797
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All the obtained experimental data confirm quali-
tatively and quantitatively the correctness of the pic-
ture of channel-boundary displacement, which follows
from the hydrodynamic theory of the expansion proc-
ess and from data on the electrical characteristics.
At the same time, some experimental data concerning
the physical characteristics inside the highly ionized
plasma column do not confirm the existence of tre-
mendous pressure and temperature gradients in this
column. This means that the characteristics inside
the column cannot be calculated without an account of
processes which were not taken into consideration by
the purely hydrodynamic theory.

To justify these conclusions, let us present a brief
summary of the experimental material.

3.3.1. Expansion of the shock-wave front and of the
sheath. Figure 12 shows samples of Toepler sweep
photographs and interference photographs which show
the expanding boundaries of the front of the shock wave,

FIG. 12. Samples of (a) sweep photograph[“] and (b) interfer-
ence pattern(>'] obtained by the Toepler method. 1—Front of shock
wave; 2 —sheath; 3 —discharge column; 4 —secondary shock wave.
Air, C =0.25 pF. In Fig. a) U, = 15kV, I-L =2 gH, II-L = 12
pH, MI-L =64 pH. In Fig. b) U, =10kV, L =2 yH, Rp =6 Q (the
pictures were taken along the channel axis 3, 8, and 15 microsec-
onds after the start of the discharge).

sheath, and conducting column. Similar photographs
have enabled Mandel’shtam, Dolgov, Gegechkori, Van-
yukov, and others [%:31,63,116,136,187,216] 44 note the follow-
ing qualitative features in the expansion of the shock
wave and the sheath, which agree with hydrodynamic
theory and at the same time supplement its conclu-
sions:

a) The sheath is not a surface of hydrodynamic dis-
continuity, since its speed can be both higher and lower
than that of sound.

b) The sheath breaks down after several dozen mi-
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croseconds following the start of the discharge, be-
cause by that time the pressure of the gas on the axis,
which is approximately half the pressure on the front,
becomes lower than atmospheric, and gas begins to
flow toward the axis of the channel.

¢) In the case of an oscillatory discharge, secondary
shock waves are observed, due to the repeated release
of energy in the column during each half cycle of the
current. These waves appear to start on the sheath,
since they are invisible inside the sheath as a result
of the low gas density and the high velocity of the
shock waves.

d) Inside the sheath there is a relatively cold zone,
with low gas ionization, and a strongly heated highly
ionized zone (the discharge column), the expansion
of which slows down sharply at the instant of the first
current maximum (apparently, after the shock wave
breaks away from the channel, it continues to receive
energy from the channel in the form of small pertur-
bations, the speed of which exceeds the speed of the
shock-wave front). The less heated zone has a sharp
outer boundary, which coincides with the sheath. It
emits principally the infrared arc lines and behaves
like a pure surface emitter with respect to these lines;
its brightness is constant over the entire cross section
and does not change with current oscillations. Its ex-
pansion continues for several cycles of the current
oscillations. The boundary between the less heated
and high-temperature zones is blurred, owing either
to the lower density of the current on the edges, or to
the different depth of the glowing layer. The hot zone
emits principally a short-wave continuous spectrum,
the density of which noticeably increases at the in-
stants of the current maxima and in the central part
of the channel. Its expansion terminates after one or
two current oscillations.

e) Extinction and increase in brightness of individ-
ual regions of the glowing column are observed at
local compressions in these regions, due, for example,
to focusing of the waves reflected from the walls of
the discharge bulb, to the superposition of the shock
wave traveling from the auxiliary discharge, or to the
action of magnetic forces after the decrease in the
gas density.

Measurements of the velocity of the shock-wave
front under different conditions make it possible to
make a quantitative comparison of the deductions of
hydrodynamic theory with experiment. Figure 13
shows plots of the time variation of the velocity of the
shock wave in air at atmospheric pressure for differ-
ent discharge conditions, while Fig. 14 shows similar
plots for different gases, and also for air at different
pressures. The dashed curves on Fig. 14 are some of
the corresponding plots calculated by Gegechkoril®]
by means of the formulas of Sec. 3.2, using values of
the electric power given in ], Figure 15 summa-
rizes results of various measurements of the initial
rate of discharge-column expansion, coinciding with -
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D, km/sec

o

2 w6 B an’
t, sec
FIG. 13. Dependence of the time variation of V on the supply
parameters[®®], Air, atmospheric pressure. 1—-L =2 pH; 2—L = 12
pH; 3~L =64 yH (for all three curves C =0.25 pF and U, = 15
kV); 4-U, = 15 kV; 5-U, = 20 kV (for both curves L =2 pH,
C =0.01 uF).

D, km/sec

g 2 4 5 & B 2 4 8
t, sec

B an’

FIG. 14. Dependence of the time variation of D on the type and
pressure of gas[“]. Solid lines — experimental data; dashed —cal-
culated curves, L =2 pH, C =0.25 pyF, U, = 15 kV; 1-p = 200;
2—p =760; 3 —p = 2300 mm Hg (all three curves for air); 4 —argon;
5 —hydrogen (both curves p = 760 mm Hg). In calculating the course
of curves 2a and 2b, the value of &(t) was set equal to the electric
energy fed to the discharge, minus the energy radiated by an abso-
lutely black body having the same dimensions as the discharge
column and having temperatures 15,000 and 20,000° K.
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the initial velocity D of the shock-wave front. These
data were obtained by the various methods listed above
under various conditions, as listed in Table IV. They
are summarized in a single plot on the basis of rela-
tionship (25), derived in Sec. 3.2, in which the induc-
tance referred to a gap of length I =1 ¢cm has been
taken, for the sake of clarity, to be the independent
argument. The dotted line in the same figure is a
plot of Eq. (25), and the solid line is a plot of an anal-
ogous relation with a different numerical coefficient
(0.224 instead of 0.166), which can be regarded as a
tentative averaging of the experimental data.

In spite of the large scatter of the points, which is
natural in view of the differences in the measurement
procedures, the inaccuracy in the calculation of the
coefficient, and the approximate derivation of formula
(25), Fig. 15 does permit us to assume that the theo-
retical dependence of D on various parameters is in
satisfactory qualitative and quantitative agreement
with the extensive experimental material; this be-
comes particularly convincing if we consider the lo-
cation of the experimental points obtained by one and
the same worker for one gas.

It follows from Figs. 13 and 14 that:

a) In accord with theory, a decrease of the supply
capacitor does not influence the initial rate of expan-
sion and is manifest only in a faster decrease of D
with time (Fig. 13, curves 1 and 4);

b) The overall course of the experimental and theo-
retical curves is sufficiently close, particularly if ra-
diation is taken into account, to make it possible to
speak of satisfactory agreement between the approxi-
mate theoretical formulas and experiment.

Another way of qualitatively verifying the theoret-
ical calculation of D was given by Dolgov and Mandel’-
shtam [317, They measured, at different instants of
time, the shifts in the interference fringes (Fig. 12b)
of an interferometer which had the spark gap in one
of its arms. The shift of the fringes, with an account

R @ x @ &€ 0 ¢ & & & A 4o V ¥ ¥V X &6 0O 8 O &
T2 3 & 5 & 7 8 § W0 on 3o t5 o8 70819 4 o
FIG. 15. Summary plot of the dependence of the initial
rate of channel expansion on the kind and density of the gas, &5r
the length of the channel, the supply voltage, and the induc- 5 04
5
tance of the supply circuit. The symbols for the points are =
listed in Table IV. Dashed line — calculated plot, correspond- =
ing to formula (25); solid line —tentatively averaged experi- Eg‘z L
mental plot (the numbers of the symbols correspond to those ]§
indicated in Table IV).
®
art+
aos+ 4
1 1 i A

1
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Table IV. Conditions under which different authors measured
the initial velocity Dy, of column expansion and the
maximum column radius rpy,x

N g /
.S o E N -
‘g ‘: = § Measurement g bf > o !
g3 @ method ,,, = | g g T % =] =
708 3 8 - o g N 5 N S
Aow & © < 3 =] S N
N Air |1 1.3 | 8.41000] 20 |0.005] 1 |
i 49 Cinematography,| Ar 44 7.8 2 0.15 6 1057 |10.2
electron optical
converter
3 54%* | photosweep Air 1 1.3 {80—-90/1.8— to | 5.5
90 200 1000001
4 63 Photosweep Ditto | 1 1.3 5 2—64 (15—20/0.0035—| 0.4— |
with shadow \ 0.25 28
photography i
5 83 Ditto » » | 0.26 ] 0.35 5 2 15 0.25 28 !
6 | @ |» » » v |3 3.9 | 5 |2 15 {0.25 | 28
7 63 » o » Ar 1 1.78 5 2 15 0.25 28
8 63 » oy H, 1 0.09 3 2 15 0.25 28
i 9 85 Photosweep Ar  (11—17119.5—| 7— | 0.36 |10—14] 0.1— | 520
! 30 11.2 0.2
10 84 Ditto Air 1 1.3 11 3.6 [10--35] 0,06 |3—40
11 84 > » » 0.33 ] 0.43 1 11 3.6 11 0.06 3.6
12 84 » oy H 1 0.09 | 11 3.6 17 0.06 8.7
|13 131 |Screen motion |Nc--[,| 3 15 5 0.02-—! 5—7 10.005-—10.05—
i picture camera 0.3 0.1 2.5
14 131 | Ditto Kr4-T, 3 10 5 0.12 7 0.1 2.5
15 131 » oy Ar-+H,| 3 4 5 0.12 7 0.1 2,5
16 197 | Sweep, electron | Air 1 1.3 2.3 10,37 14 | 0.1 10
optical converter|
17 197 | Ditto Xe 4 23 6 0.35 24 0.1 29
18 1819, Photosweep Kr |2 8 10 0.65 8 |4 128
217
19 189, | Ditto Kr 4 16 10 0.65 | 4—8 | 0.1 0,8—
217 3.2
20 1259y » » Kr 6 24 10 0.65 8 4 128
17
21 218 » ¥ Ar |1—4.8/1.78— 10 0.6 2—7 111 2.2—
8.5 13.6
*For the symbols corresponding to these numbets see Fig, 15.
**The supply parameters are not indicated in [54] and are estimated from data on the
maximum current and the oscillation period, and also from the flash energy for the pomt‘
9700 J, Din = 2.4 km/sec.

Table V. Values of D at different instants of
time after the start of the discharge in air
(atmospheric pressure, U, =15 kV,

C =0.25 uF, L =2uH), obtained by
different methods

t, usec 1,7 | 2.9 ! 5,8 | 9,8

’ D, km/sec
I
!

|
|
|

Direct measu.rement[ ] 1.5 1,29 1 0.9 0.57 1 0.5
Measurements of § 1,751 1.28 | 0,88 | 0.57 | 0.49
Measurements of (é’(t)[‘] 1.65 | 1,4 — — —

of the depth of the corresponding layer of the channel,
made it possible to determine the change in the refrac-
tive index, and consequently the density of the given
layer; the measurements were carried out in the less
heated zone near the front, for which one can neglect
ionization and dissociation and use the ordinary con-
nection between the refractive index and the gas den-
sity. The values of 8¢ obtained from experiment (see,
for example, Fig. 16) could be recalculated with the
aid of formula (21) into the corresponding values of

pf and D. Thus, for example, the highest value of &¢
which could be obtained in accordance with the accu-

%, g
5 -
17

4 -
sl
| 4/!:25
!+
g L L

aq 7 8

r, mm

FIG. 16. Typical experimental (continuous lines) and calcu-~
lated (dots) plots of the radial distribution of air density at differ-
ent instants after the start of the discharge (time in microseconds).
U, =10 kV, C =0.25 pF, L =2 pH, p, = 760 mm Hg [**]. The arrows
show the positions of the ‘‘sheath,’”’

racy of the given method for t < 1 sec was 80;; the
theoretical value of 8¢ for air when pg > pg is 10.1 6.
The corresponding values of the pressure and velocity
of the front are pf =38 atm and D = 1.8 km/sec. The
results of such a calculation of the values of D, based
on the data of interferometric measurements at dif-




STRONG-CURRENT PULSE

ferent instants of time, are listed in Table V, with
direct measurements of D with the aid of mirror
scanning [%3] and with values of D calculated by for-
mula (16) on the basis of measurements of the electric
power of the discharge {13 (without account of radia-
tion).

This table also demonstrates the satisfactory agree-
ment between the approximate theory and experiment.
Finally, data on the radial distribution of the gas

density at different instants of time, similar to those
shown in Fig. 16, can be compared with the corre-
sponding theoretical data, affording at the same time
a qualitative check on the theory of channel expansion.
The results of the theoretical calculation of the varia-
tion of 6 at the instant t = 1 usec [first formula of
(14)] and at the instant t = 2.9 usec [second formula
of (14); it is assumed that the usual equation of state
p = R6T holds true in the less heated zone and that the
temperature is constant in this zone}are designated
by the points on Fig. 16. We see that this check also
confirms satisfactorily the hydrodynamic theory.

3.3.2. Expansion of the discharge column. The
boundary of the high-temperature zone of the channel
—the discharge column after it becomes separated
from the front of the shock wave, has a blurred char-
acter, and consequently data obtained by different
workers concerning the later stages of the expansion
of the column differ appreciably, since they depend
strongly on the chosen boundary criterion, namely a
definite value of photographic density.

The column-expansion process is best character-
ized by means of two parameters, the initial rate of
expansion and the column radius rpyax after its maxi-
mum increase.* The initial rate of column expansion
practically coincides with the initial velocity of the
shock wave, data on which were given in Sec. 3.3.1.
Summary data on the effect of discharge conditions on
Ymax, gathered from work done by many authors (see
Table 1V), are presented in Fig. 17 in the form of plots
of rmax vs. the energy of the supply circuit.

As can be seen from Fig. 17, in spite of the differ-
ence between the experimental procedures and the cri-
teria of the column boundary, the points cluster close
enough about the plot to disclose a general dependence
of rmax on the parameters. The strongest influence
is exerted on rmax by the energy CU% /2. For air at
atmospheric pressure one can assume the empirical
formula

7'may(:0-5<C2U%>0.4 , 27)

where r is inmm, C in uF, and U in kV.

*Glaser[*] proposes to characterize it by means of other par-
ameters, namely 1., and the period of the current oscillations in
the discharge. The latter, however, is too indirectly connected
with the physical phenomena in the discharge. Although it is con-
nected more or less uniquely with Dy, and rpgay, it is not conven-
ient to use this parameter for a practical determination of the
course of the increase of r. with time.
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FIG. 17. Summary plot of the dependence of the maximum dis-
charge-column radius on different parameters of the discharge gap
and of the supply circuit. 1, 2, 3 —air, pressure 1, 0.3, and 3 atm,
respectively; 4, 5—argon, pressure 1 and 3—11 atm; 6, 7, 8 —xenon
with hydrogen added, pressure 3 atm, inductance 0.02, 0.12, and
0.3 uH, respectively; 9 —krypton with hydrogen added, 3 atm,

0.12 pH; 10, 11, 12 _krypton at 2, 4, and 6 atm, 0.6 yH; 13 ~hy-
drogen, 1 atm (for symbols see Fig. 15 and Table IV).

A decrease in the gas pressure and in the induc-
tance of the discharge circuit by almost one order of
magnitude increases rpyax only by 15—30 per cent.
The capacity and the voltage taken separately (with
CU3/2 constant) hardly influence the value of rpgx.
It is in general difficult to speak of an influence of the
kind of gas, owing to the difference in the character of
the glow and transparency of the column, particularly
during the later stage of channel expansion. Thus, for
example, in the case of a discharge in argon the col-
umn becomes so blurred by the end of the expansion,
that in [131) lower estimates were obtained for its di-
ameter, the other parameters remaining the same,
than for the diameter of the discharge column in kryp-
ton or xenon, which at first expands much more slowly.*
The discharge column in hydrogen is so unstable, judg-
ing from the instantaneous photographs obtained by
Fischer [49] with the aid of an electron optical con-
verter, that already 1—1.5 usec after the start of the
discharge one cannot speak at all of any definite di-
ameter of the column; as indicated at the end of Sec.
3.2, this may be attributed to the action of magnetic
forces.

The position of the plots for different gases on
Fig. 17 shows nevertheless that the difference between
the corresponding values of rpy,x is not too large (it

*An analogous explanation can probably be given for the essen-
tial difference between plots 10—12 and the remaining data on Fig.
17.
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does not exceed ~ 60 per cent with other conditions
equal ). Formula (27) can thus be extended to use for
estimates under all possible discharge conditions en-
countered in practice. If we replace the coefficient
0.5 in this formula by 0.65, then the deviations of the
actual values of rpax from those calculated by this
formula will not exceed as a rule 20—25 per cent.

The available experimental materials enable us to
draw certain conclusions not only on the column bound-
aries, but also on its internal characteristics. The
processing of interference patterns similar to that
shown in Fig. 12b has enabled Dolgov and Mandel’-
shtam (313 to estimate roughly the mean gas density in
the internal part of the column (by subtracting from
the overall volume of the perturbed gas the amount of
gas concentrated in the relatively cold high-density
zone, and also the corresponding concentration of the
electrons [from the negative value of (n—1), where
n is the measured refractive index of this zone of the
column*]. The result yielded practically equal con-
centrations of atoms and electrons (~ 101 c¢m~3),
which were approximately constant over the entire
cross section of the hot portion of the column. Con-
firmation of such a conclusion would denote that the
rather high density and temperature gradients, which
by hydrodynamic theory should increase on approach-
ing the axis (see Fig. 10), are actually missing from
the inside of the column or have a considerably
smaller magnitude than on the boundary of the column.
The equalization of the temperature and density would
be naturally tied in in this case with processes of the
diffusion type.

However, it is difficult to tie in the conclusion of
[31) with the results of Somerville et al [175:173] de-
voted to a study of the space-time distribution of spots
on a pulse-discharge anode (air, pressure close to
atmospheric, ! several millimeters). To obtain re-
producible results, the anode was covered in these
experiments by a homogeneous insulating film several
times 10 millimicrons thick. During the course of the
discharge, electrons accumulate on this film until local
breakdowns of the dielectric take place, after which the
near-anode potential drop ‘“focuses’’ the new arriving
electrons into the ‘‘holes’’, causing the latter to ex-
pand gradually and molten spots to form on the metal.
The position and dimensions of the spots for different
pulse-discharge durations make it possible to estimate
the electric conductivity of the adjacent part of the col-
umn. By using current pulses of different strength,
with different rise times, and also using doubled cur-
rent pulses following each other after an adjustable
time interval, the authors of these papers have estab-

*Such a method of estimating the average gas density in the
hot zone nevertheless raises serious doubts concerning the cor-
rectness of even the order of magnitude of the result obtained.

In fact, in order to obtain the value 8, =5 x 107 g/cm?, cited by
the authors, one would have to carry out a graphic integration of
the gas mass in the cold zone with an accuracy to 0.1 per cent.
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lished that first to form during the period when the
discharge channel expands are ‘‘holes’’ near the axis,
which then ‘‘escape’’ as it were as a result of the de-
creased conductivity of the plasma in this region, and
new ‘‘holes’’ are formed closer to the column periph-
ery. The rate of radial displacement of the belt of
‘“acting holes’’ agrees during the first 0.1 usec with
the calculated values of D, obtained from formulas
(16) and (22) of the hydrodynamic theory, which, in the
authors’ opinion, confirms the idea that a correspond-
ence exists between the instantaneous position of these
“holes”’ and the conducting zone of the column. The
existence of a “*hollow’’ zone near the column axis
wouid indicate that the distribution of the gas density
and of the temperature inside the column have appre-
ciable gradients.

At the present time the question of the actual dis-
tribution of the density and temperature inside the
column, and consequently of the role of the physical
processes taking place inside the column and not ac-
counted for by hydrodynamic theory, still remains
open.

IV. RADIATION CHARACTERISTICS
4.1. Radiation Intensity

The pattern of the dependence of pulsed discharges,
when regarded as sources of light, on their technical
illumination characteristics (efficiency, amplitude of
the light intensity, brightness, duration of the flash)
on the properties of the gas discharge (type and pres-
sure of the gas, distance between electrodes, diameter
of the bulb enclosing the gas) and on the supply param-
eters, a picture important for practical use, was de-
tailed in references [76:762,12821 1t j5 sufficient to note
at this point the principal features of this picture, and
to supplement it with characteristics that are impor-
tant for the understanding of the physical processes in
the discharges. Data on the discharge efficiency in tu-
bular flash lamps filled with inert gases, as can be
seen from Figs. 9 and 18, are in good agreement with
the corrected theoretical relationships mentioned in
Sec. 2.2.3, in the region where r and E are not too
large, so that re-absorption of the radiation can be
neglected, and when the supply capacitor is sufficiently
large (the bulk of the discharge flows after the tube
channel becomes filled). At large r and E, and at
sufficiently high pressures (on the order of 102 mm
Hg), the efficiency tends to a single limit, which is
the same for each given gas, and which increases
somewhat with the atomic weight of the gas. In accord-
ance with calculations, the efficiency is not dependent
in this region on the initial gas pressure p (Fig. 19).
The effect of the type of gas is illustrated by Table VI.

A decrease in p; below a definite limit, which de-
creases with increasing r, leads to a rapid decrease
in efficiency. This can be related with the failure to
satisfy the initial premises of the calculation, namely
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FIG. 18. Dependence of
the efficiency on the inter-
nal radius of the discharge
tube. Solid lines — calcu-
lated plots; dashed — aver-
age experimental curves,
plotted for the following

/ points: $—E, = 170 V/cm;
V—80 V/cm; 0—40 V/cm;
A—20 V/em; o—-14 V/cm
(the filled points were ob-
tained with C = 600 yF; the
half-filled points — with 152
uF, the open points — at 80
¢F, those with vertical
strokes — 48 uF, horizontal
strokes — 14.5 yF, diagonal
strokes — 2 yF, crosses —
0.25 uF). All the data, ex-
cept the points for C = 0.25
uF, pertain to krypton at

p =100 mm Hg and / = 50 cm.
The points at C =0.25 yF
pertain to xenon at C = 600
mm Hg and [ =7 cm.

g r

17 mm I
i

”
45 mm II

FIG. 19. Dependence of the
efficiency on the gas pressure for
different r, and EC. Upper plot:
solid lines —r = 2.5 mm, krypton;
dashed — 1 mm, krypton; dash-dot
—~0.25 mm, xenon; A—C = 152
pF, E, =40 V/cm®;, 0152 4F,
28 V/cm; o —152 pF, 20 V/cm;
x —0.25 pF, 170 V/cm. Lower
plot: r = 6.5 mm, krypton; A—48
152 uF, 40 V/cm; 4 —48 pF, 71
V/cm; o—152 pF, 20 V/cm; o —
48 pF, 36 V/cm.

4 74 200 g
f5, mm Hg

that thermodynamic equilibrium exists in the channel,
the radiation mechanisms assumed, and the energy
losses on the walls. If the capacitance C is decreased
below a certain value, given by

501

(4%

2nrl (28)

~2 J/cm?

then the efficiency is decreased.

It follows from (28) that to obtain a normal efficiency
there should be dissipated in a unit volume of the tube
a definite energy, multiplied by the radius of the tube
(a certain measure of the optical depth of the radiating
layer). At values of C below that given by (28), the
relative decrease in efficiency is

n fCUz \0_72
Mmax  \ 4wrl J

(29)

where C is in uF, U in kV, and r and ! in cm. The
notion that the discharge channel in a tubular lamp con-
stitutes a homogeneous plasma column with a longitud-
inal electric gradient Uy— Ug /! (Ug —sum of the volt-
age drops at the electrodes, which amounts to several
times 10 volts as a rule) is confirmed by the plots
showing the dependence of the efficiency on I, on the
basis of which the value of U, was estimated [131,208],
It agrees also with the dependence of the flash duration
T on the parameters [27], which is approximately equal
to RC/2 (R —tube resistance, C —supply capacitor)

if the time constant of the discharge circuit (RC) ex-
ceeds ~ 1073 sec (at 35 per cent of maximum intensity;
RC/2 is the power time constant of the discharge
through a resistor R, in which the current varies ex-
ponentially with a time constant RC). As the discharge
resistance decreases with increasing gradient of E,
the value of 7 likewise decreases approximately as
E~%$ At small capacitances T begins to change in
proportion to C!/2 and r~!/2, this being due to the fact
that the tube cross section is not filled by the discharge,
and the efficiency is strongly dependent on the param-
eters. Inasmuch as the total energy radiated per flash
is approximately equal to the product of the amplitude
intensity and 7, while the brightness of the discharge
filling the tube can be calculated from its intensity and
from the tube dimensions, the dependence of the effi-
ciency and of the flash duration on the parameters en-
ables us to determine any of the technical illumination
parameters of the flash. Experimental data on the am-
plitude brightness B of the channel can also be repre-
sented by the empirical relationship

Table VI. Comparative values of the efficiencies of tubular
lamps for different gases; the efficiency of xenon
is taken to be 100(122,131]

Do» , N Relative

Type of gas *, mm {, cm mm He ¢, uF B, V/cm ite
Xenon 2—7 15-—100 | 100—150 1 10—1000| 40—150 100
Krypton 2—7 15—100 ! 100--150 | 10—1000 | 40—150 80
Argon 2--7 15100 | 100150 | 10—1000 | 40—150 60
Xenon 0.25 7 600 .25 170 100
Krypton 0.25 7 600 0.25 170 55
Argon 0.25 7 GO0 0.25 170 16
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(B is in Gnt, the initial electric gradient E is in
V/cm), where the function n/nmax, which differs
from unity if the section of the tube is not filled with
the discharge, is determined from (29).

Generalization of the technical illumination charac-
teristics of pulsed discharges in short gas gaps, not
bounded by a tube, shows that the efficiency of these
discharges is practically independent of the voltage
and when C exceeds ~ 0.1 uF it is independent of the
capacitance C of the supply capacitor. At smaller
values of C, the efficiency drops at first in proportion
to C!1/3 and then even faster. The duration of the flash
is proportional to the square root of the energy accu-
mulated in the capacitor, and thus has a different de-
pendence on C and on U.

It is noted that the efficiency and the duration of the
flash depend little on the gas pressure: an increase
in py from 1 to 4 atm increases n and 7 by approxi-
mately 1.5 times, and further increase in p, does not
increase n or T; the dependence on the distance be-
tween electrodes is as follows: an increase in ! from
3 to 10 mm increases 7 and decreases T by about 80
per cent; the dependence on the Q of the circuit is such
that if the capacitor is made with insulation having
larger dielectric losses, or if a ballast resistance up
to 0.5 Q is connected in the discharge circuit, the val-
ues of 1 and 7 decrease to less than one-half; the de-
pendence on the inductance is such that an increase in
L from 0.09 to 0.22 uH decreases 7 by 5—30 per cent
and 7 in proportion to LY%. The influence of the type
of gas in the most widely used range of discharge pa-
rameters (C ~ 0.5 uF, U~ 5KkV, L~ 0.1 uH,

!~ 0.5 cm, py~ 3 atm) is characterized by a direct
proportionality between n or 7 and the atomic num-
ber of the gas. At these parameters we get for xenon
n = 15 lm/W = 18 per cent and 7 = 4 usec. The ap-
proximate proportionality of n and 7 to the atomic
weight and their approximately equal dependence on
the gas pressure denotes that the intensity amplitude
J, is practically independent of the gas employed; a
similar independence of J; on the type and concentra-
tion of the radiating atoms, whereas these quantities
greatly influence n and 7, is observed for discharges
in the vapor of a wire exploded by current [128], In ex-
actly the same way, the fact that # is independent of
U and C (for sufficiently large C) and that T is pro-
portional to the square root of the flash energy leads
to the same proportionality for J; and constancy of
Ja for varying C and U provided CU%/2 is constant.
At small values of C, the amplitude intensity de-
creases more rapidly than C!/2, The opposite direc~
tions of the relatively weak dependences of n and 7
on ! and L leads to a more pronounced increase in
Ja with increasing ! and with decreasing L. J, is
particularly dependent on L inlightgases and in mix-

(30)
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tures of light and heavy gases for which dJ/dt, the
slope of the leading front of the intensity, has a max-
imum value.

The extensive experimental material found in the
literature concerning the brightness of short flashes
[43,59,64,76a, 106,107,187, 188,198, 199,201,202, 2042, 205,217,218] o,
ables us to compile the following general pattern of
the dependence of the amplitude brightness on differ-
ent parameters, as illustrated by Figs. 20—23:*

a) In an unbounded discharge gap, the maximum
(in time and in space) brightness B of the discharge
increases to a definite limit (‘‘saturates’’) as the gas
pressure is increased, and also as the energy concen-

N

ki ™
FIG. 20. Dependence of the 8, \\

amplitude of the spectral bright-
ness (W/cm*nm-sr) of the radiation
of discharge in argon on the in-
ductance of the discharge circuit
for different wavelengths[”‘]. 1-
A =468 nm; 2-554 nm; 3 -652
nm; 4—723 nm; 5—887 nm; o
po =4 atm; C =0.011 pF; U =12 4
kV. b
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FIG. 21. Dependence of the amplitude of the spectral brightness
(W/cm*nm-st) on p, and U? in different gasesl'*?], Solid lines — for
A = 500 nm, dashed - for 900 nm. 1-— Xenon, 2 —krypton, 3 —argon,
4 —neon, 5—helium, 6 ~oxygen, 7 —nitrogen. C =0.2 pF, L =0.8
pH, U (with varying p,) up to 26 kV, p, (with varying U) —2 atm (in
plot 7°—3 atm).

*A comparison of the absolute light values B, obtained in
different investigations, allows us to assume that the values ob-
tained in[***] are too low by about 25 per cent (possibly as a re-
sult of the large values of L), while the values obtained in [1°%202]
are slightly too high. The strongly overestimated values of By
obtained in [‘9""‘%] must be asctibed to the lack of exact correc-
tion of the spectral sensitivity of the measuring photocell against
the standard visibility curves, and possibly to other measurement
errors,
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FIG. 22. Dependence of the amplitude of the light brightness
(Gnt) on the supply voltagel™ ], 15 mm, C=0.5 yF, L =0.2 4H
(continuous lines) and 0.02 yH (dashed). 1~-zxenon, p =3 atm
(1’ =0.66 atm); 2—krypton, 3 atm; 3 —argon, 3 atm; 4 —mixture of
66% (at) xenon + 26% (at) nitrogen.
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FIG. 23. Dependence of the absolute brightness limit (contin-
uous line, where the light circles are the data of ["5], the half-
filled circles pertain to gas mixtures, and the crosses are the data
of [108.202]) 4nd the supply voltage at which B = 0.9B,ps (dashed
line, triangles,["“’]) on the atomic weight.

tration in the space and in time is increased by rais-
ing the working voltage and reducing the inductance
of the discharge circuit and the distance between
electrodes.

At pressures up to several atmospheres, the satu-
rated value Bgyt(p), reached at a definite energy con-
centration, increases with the pressure, and at larger
pressures it ceases to depend on p. In exactly the
same manner, the saturated value Bgyt ( £) reached
at a certain pressure first increases with increasing
energy concentration, and then becomes independent
of the latter. By the same token, a characteristic ab-
solute limit of discharge brightness Bgpg exists for
each gas.

b) For gases with smaller atomic weights, the value
of B is lower at small pressures and energy concen-
trations than for the heavy gases. However, the value
of Bghs is attained in the latter at lower values of p
and at lower energy concentrations than in light gases.
Further increase of the pressure and the concentra-
tion cause the brightness of the discharge in light gases
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to overtake the brightness of the discharge in heavy
gases, which stops increasing. The absolute discharge
brightness limit thus increases with decreasing atomic
weight A of the gas approximately as A3 The sup-
ply voltage U, 4, at which B reaches a value 0.9 Bgpg,
is approximately proportional to A-1 and also to

LI/"‘, C'1/4, pai/“, and 114, Mixtures of gases, such
as air, have somewhat anomalous values of Byphg and
Up.g-

¢) The spectral brightness of the discharge attains
its limit in the long-wave region much earlier than in
the short-wave region.

One of the proposed explanations for the described
pattern is that when the energy concentration in the
gas is high, the energy is ‘‘locked’’ for some time in-
side the opaque channel whose outside layers are at
the limiting temperature reached in this gas. This
assumption agrees, as it were, with the fact that in a
discharge bounded by a capillary tube, in which the
small optical depth of the radiating layer should cause
the ‘‘locking?’’ of the radiation to be less, higher bright-
nesses are attained than in an open discharge (in [205)
values B = 500 Gnt and Tpy = 94,000°K were obtained
in a discharge in a capillary 0.4 mm in diameter and
10 mm long at an air pressure 1 atm, capacitor rating
0.011 uF, and voltage 29 kV).*

However, such an explanation, which calls for the
existence of considerable temperature gradients within
the confines of the conducting column of the discharge,
contradicts the temperature measurements made by an
interference method [311, and also the lack of self-
inversion of the lines of ionized atoms (in portions of
the spectrum in which the presence of the lines proves
that the continuous background has not yet reached the
brightness of an absolutely black body ) [98:2011 anq the
equality of the brightnesses observed onthe end and per-
pendicular to the axis of the capillary discharge [1%;
2421 This suggests a second explanation for the satu-
ration in the growth of the brightness, namely that for
each gas the ‘‘effective specific heat” of the plasma,
which accounts for the energy consumed in ionization,
channel expansion, and radiation increases at a defi-
nite temperature at so steep a rate, that further ap-
preciable increase in T would call for an increase in
the energy concentration in discharge, something dif-
ficult to attain in practice. One can assume that the
observed singularities in the values of brightness for
gas mixtures will find an explanation when the ‘‘effec-
tive specific heat’’ of the channel is finally calculated.

4.2. Estimates of the Transparency and Temperature
of the Channel

In connection with the high temperature of the chan-
nel, its radiation, including that with continuous spec-

*Analogous conclusions conceming the ‘“locking’’ of the radia-
tion are drawn from a measurement of the high temperatures in
strong shock waves produced in a gas by chemical explosions[‘“] .
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trum, should experience noticeable re-absorption, the
degree of which is an important characteristic of the
plasma. If the electric gradient and the energy con-
centration are very large, the coefficient representing
the absorption of its own radiation by the plasma is a
very large quantity. This follows from the observed
almost complete equality of the measured brightness
of short discharges and the calculated brightness of
an absolutely black body; the corresponding measure-
ments were made in greatest detail by Vanyukov, Mak,
et al on high-intensity discharﬁes in capillaries [106,108,
205] and unbounded gaps (1972011, To the contrary, in
the case of small electric gradients, which occur in
the case of prolonged discharges in tubular flash lamps,
the coefficient of own-radiation absorption should be
small. This follows from the agreement between the
corresponding experimental values of the efficiencies
of such lamps with those calculated without account of
absorption (Figs. 9 and 18).

Direct experimental measurements of the absorp-
tion of light in a spark discharge were made by La-
porte and Gans [86:88:90]  Gurevich (6821 Calker [183
Fischer [#) | and Marshak[12®] | Laporte, working with
a tubular xenon flash lamp of rather low pressure
(~5mm Hg) at a gradient ~ 60 V/cm and very small
supply capacitor (to 2uF), estimated this coefficient
to be less than 0.015 cm~!, At a larger gradient
(~220 V/cm) values of ~ 0.1 cm~! were obtained in
the red and green parts of the spectrum, and reached
0.2 cm~! in the blue part. Gurevich obtained for a ,
spark discharge in air at 7—9 kV and with a supply
capacitor of several microfarads a much larger co-
efficient of absorption.* Calker presented a qualita-
tive description of absorption of light during the final
stage of a spark discharge in air containing metal
vapor as an admixture.

Fischer, working with a powerful low-inductance
discharge circuit (L = 0.035 pH, C =2.75 uF) found
that the transparency of the channel relative to its own
radiation (reflected by a mirror) decreased below 20
per cent for a discharge in argon at 2.5 atm and ~ 12
kV/cm and for a discharge in helium at 2.8 atm and
23 kV/cm. From the data on channel expansion given
in Sec. 3.3 we can estimate that the coefficient of ab-
sorption corresponding to this value of transparency
exceeds 10 cm™!. According to Fischer, the absorp-
tion of the channel is approximately the same over the
wavelength range from 250 to 450 nm.

The coefficient of absorption p in tubular flash
lamps with flash durations 10-3—10"4 sec, integrated
over the time and over the spectrum, was determined
in [125] by measuring the angular distribution of the
radiation intensity. This method was used previously
for similar purposes by Fabrikant, Pul’ver, Safrai,
and Aronovich (441 and by Laporte (86,881 Comparison

*Gurevich does not give the absolute values of the coefficients,
which are usually expressed in reciprocal centimeters.
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of the relative intensity with that of a pure volume
radiator made it possible to calculate u by means of
formulas derived by Gershun (633} The plot of u vs.
the initial electric gradient (Fig. 24), obtained in (1253
shows that under the conditions prevailing in tubular
lamps the integral absorption coefficient lies between

1 and 2 cm™!,

24
FIG. 24. Dependence of the &
. . . . 7 /
absorption coefficient in tubu- g o
lar flash lamps on the initial © s - ]
electric gradient. (I =50 cm, = 5 ,,’(
t = 2.5 mm, krypton, p, = 150 ;4 Prd
mm Hg, C = 36-320 uF). /‘Z,/’
W 60 M & W 0N 120
E, V/cm

In addition to reabsorption of radiation, extensive
information on the state of the plasma can be gained
from the spectral characteristics of the radiation.

The spectral distribution of all the energy radiated
by a pulsed discharge per flash was described by La-
porte and his coworkers %) and also by many other
authors [4:5:66,76D,77,141,149,154,172,213a1 4 ig character-
ized by lines (from arcs and from multiply and singly
ionized atoms )* superimposed on a continuous back-
ground. The background is due tothe appreciable broad-
ening of certain lines, owing to the interaction between
atoms inthe discharge, and also to recombination and
‘‘continuum-continuum*’ transitions, including the so-
called ‘‘pseudo continuum,’’ formed by the coming to-
gether of the terms near the ionization boundary as a re-
sult of their broadening. The relation between the line
intensities and the background[%j depends on the con-
centration of the energy in discharge and on the kind
and pressure of the gas; the background becomes
stronger with increasing discharge power and de-
creasing tube diameter and also with increasing atomic
weight and pressure of the inert gas.t The background
plays a more noticeable role in the ultraviolet and vis-
ible zones of the spectrum, and is much more weakly
pronounced in the infrared zone. Typical relations be-
tween the shares of the energy going to these zones,
are listed in Table VII. [2192]

A change in the supply capacitor by one order of
magnitude and a two-fold change in the supply voltage
hardly influence the spectral distribution of the energy
of tubular lamps, with an appreciable change occurring
only, for example, when the initial electric gradient is
increased from 25 to 210 V/cm. The relative distri-
bution of energy among the bands is likewise weakly

*Lines not excited in the less intensive discharges in the same
gases, including those corresponding to ‘‘forbidden’’ transitions,
are also observed.

t At pressures above ~10 mm Hg, bright lines reappear against
an intense background, and increase the light yield of the dis-
charge. They are also stronger in the case of the narrowest tubes,
owing to the small depth of the radiating gas layer.
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Table VII. Fractions of energy radiated by different pulsed
discharges in the ultraviolet (230—400 nm ), visible (400—700 nm )
and near infrared (700—1000 nm ) bands of the spectrum
(in per cent relative to CU%/2)

Distance Fraction of the energy
Radius between G Do, ; KV )
of bulb, |o1ectrodes, as mm Hg v, C, | Ultre- | Vis- | Infra
mm mm violet ible red
2.5 70 Xenon 100 0.3 2500 3 18 30
2.5 70 » 100 1.6 8 15 11 32
2.5 70 » 100 0.12 {5800 — 13 ah
0.25 70 » 600 1.2 0,25 — 7.2 i5.5
0.25 70 Krypton 600 1.2 0,25 — 42 2
0.25 70 Argon 600 1.2 0.25 — 1.2 2.6
12.5 2.5 Xenon 2300 3 3 21 7.8 22
12.5 2.5 » 2300 3 0,27 4.5 5.9 5.
12.5 2.5 » 2300 3 0,025 4 5.5 6.5

influenced by the diameter of the tubular lamp and by
the gas pressure, but it is appreciably dependent on
the type of gas. For spherical lamps with a short
spark gap an increase in the supply capacity by sev-

eral microfarads has a rather strong effect on the dis-

tribution of energy among the bands.

In addition to studying the spectral distribution of
the total energy radiated by the discharge during the
entire flash, many investigations by Bogdanov and
Vul’fson [13:14,215]  pMandel’shtam and his co-workers
[112,115,116,192] and Vanyukov, Mak, et al {9a,106,108,197-19
203-205,2052] ere devoted to spectra of the pulsed dis-
charge at various instants of time.

It was established in L[13,14,443,115,116,1793,192,203,204,
2053,215] yhat individual spectral elements (arc lines,
lines of singly and multiply ionized atoms, continuous
background ), which have different excitation energies
are shifted relative to one another in time in accord-
ance with the change in channel temperature during
the course of the discharge. Figure 25 shows exam-
ples of time plots of the intensities of different lines
and of the background, obtained in [11%192], The left-
hand plot, which pertains to air at atmospheric pres-

9,

sure, shows that in the earliest stage of the discharge

the most intense are the lines of the doubly ionized
atoms, and that the intensity of the continuous back-
ground reaches a maximum somewhat later, followed
by the maxima in the lines of the singly charged ions

Juft/

t, pusec t, usec

FIG. 25. Variation of the intensities of the different spectral
elements during the time of the discharge. 1— Nitrogen molecule.
band; 2-~H, line of hydrogen; 3 and 4 —lines of singly and doub
ionized nitrogen atoms; 5 - continuous background. Left—air, 1
atm, 0.25 uF, 10-15 kV, 10 y.H;[‘”] right — commercial nitrogen,
ptessure lower than 100 mm Hg; the remaining parameters are the

same.[*15]

ly

(The abscissas represent the time t-in microseconds.)

and finally by the maximum of the arc spectrum. The
right-hand plot, obtained for nitrogen at reduced pres-
sure (whenthe vigorous growth in current density be-
comes stretched out, see Sec. 2.2.1 and mj),makes it
possible totrace the change in the spectrum not only
during the drop in temperature following the maximum
of the electric power of the discharge, but also during
the course of the rise in temperature. At the very
start one observes here the molecular bands of nitro-
gen and weak lines of the neutral atoms, followed by
the first maximum of the spectrum of the singly-
charged ions, and then by the doubly charged ions
(temperature maximum ), followed still further by

an alternation of the maxima in reverse order.* Fig-
ure 26a shows for three different discharge modes how
the time required for the line intensity to reach a max-
imum varies with increasing excitation energy £ of
the upper level of the line; in this case we are consid-
ering the decrease in temperature following the max-
imum of the electric power.

Using the fact that for a given discharge mode the
experimental points for all lines with different excita-
tion energies fit on a common plot, we can find on this
plot the point with an abscissa equal to the time re-
quired for the background to reach maximum. The
ordinate of this point can be assumed to be the ‘‘ef-
fective excitation energy of the continuous background,”
which turns out to lie between 55 and 45 eV for differ-
ent discharge intensities. It follows therefore that
triply or doubly charged ions play a noticeable role
in the formation of the background, which is produced
principally by the bremsstrahlung of the electrons
and by recombination.

If it assumed that the level population is propor-
tional, in accord with the Boltzmann formula, to
exp (-~ €/kTg), where Te is the electron temperature
and k Boltzmann’s constant, then the intensity of the

*The plots on Fig. 25 pertain to oscillating discharges, this
explaining the repeated increase in all the intensities after 5
microseconds (after the start of the second half wave of the dis-
charge).
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FIG. 26. Parameters of line spectrum of a short discharge in
airl191112] (1 atm, U, = 10-15 kV). a) Dependence of the time neces-
sary for the nitrogen lines (dots) and for the background (circles)
to reach maximum intensity on the excitation energy of the upper
level, 1-0.01 uF, 10 yH; 2-0.25 pF, 2.6 pH; 3-0.25uF, 10 pH:
b) time variation of the logarithm of the ratio of intensities of dif-
ferent pairs of lines (the solid curves are aligned for the instant
2.5 psec) and the temperature calculated from this ratio (curve 1)
(dashed curve); 0.25 uF, 10 pH; the numbers on the continuous
curves correspond to the following:

No. of . P Spec- . Spec-

curve ki, nm & ev trum Aj, nm €;, eV trum

1 409.7 T4 N III 399,5 35.5 NII

2 517.9 44.5 N II 504.5 35.5 NII

3 553.5 41.5 N II 549.5 47,5 N I1I

4 549.5 47.5 N II 460.7 35.5 N II
i-th spectral line with frequency vj is*

= & &
i =L hv 4, Noe=@inTe, (31)

where gi and g, are the statistical weights of the
upper and lower levels, Aj the transition probability,
and N, the concentration of the atoms or ions in the
unexcited state.

Accordingly we have

1 J; 1
In = =Bij_ kT

=& 7, (32)

where Bjj is a constant characterizing a given pair of
lines and independent of the temperature.
Consequently the temperature variation and hence
n Ji should
Jj
be the same for any pair of lines, accurate to a certain

1
the time variation of the quantity % I
1= °)

*We consider here lines which do not experience reabsorption.
The criterion used in ['*2] for absence of reabsorption was that the
relative intensity of the multiplet lines remain constant over the
extent of the discharge,
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constant. Figure 26b, taken from [1921 confirms this
conclusion, and by the same token confirms the as-
sumed existence of a definite temperature and of a
definite Boltzmann level population.

On the basis of the measured line intensities over
the extent of the flash and on the basis of formula (31),
for which the transition probabilities were calculated,
and also on the basis of the Saha formula, the electron
temperature of the discharge plasma was determined
in [108,112,116,179a]  ypder the discharge conditions in-
dicated in the caption to Fig. 26b, the three pairs of
lines denoted by the numbers 1, 2, and 3 in this caption,
have given for the instant t = 0.5 sec an estimate of
43, 38, and 52 thousand deg K respectively for the
electron temperature.

In [103], temperature values 26—33 thousand deg K
were obtained from four pairs of lines under much
harder discharge conditions (0.05 uF, 2—8 kV, 0.1—
0.04 pH). The average of the estimates obtained in
the foregoing investigations, 35,000°K, is in satisfac-
tory agreement with the gas temperature estimate
Tgas = 40,000°K, obtained in investigations of the
channel expansion and of its electrical characteristics
(see Chapters II and III), and also from brightness
measurements (see below). By the same token, the
experiment has confirmed the theoretical conclusion
[112,113,116] that thermodynamic equilibrium is estab-
lished in the pulse discharge channel quite rapidly
and that the Boltzmann and Saha formulas are applic-
able in this case.*

Figure 26b shows also the time variation of the
channel temperature, calculated by the method de-
scribed above from measurements of the variation of
the spectral line intensities. What is striking is the
relatively small range of temperature variations cor-
responding to a considerable change in power and dis-
charge intensity. This fact is still another argument
in favor of attributing the limiting brightness to the
sharp increase in the ‘‘effective specific heat’’ of the
channel (see Sec. 4.2.4). Table VIII lists the results
of the calculation [112] of the degree of ionization of
nitrogen at several temperatures, and explains clearly
the predominance of the NIII spectrum at the instant
of the temperature maximum and the subsequent in-
crease in the NII spectrum.

A completely independent estimate of the discharge
temperature can be obtained by measuring the absolute
values of the spectral brightness of the channel at so
high an energy concentration as to make the brightness
reach its limit. The spectral distributions of the
brightness of the continuous background in the visible
and near infrared regions were measured in [197,198,205]
at different stages of the discharge. These measure-

*A cautious estimatel!12:11¢] yields for the time necessary for a
stationary distribution of excited atoms and ions to be established
a value $107° sec, while the time necessary to establish stationary
ionization is $1077 sec.
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Table VIII. Concentration of
neutral, singly and multiply

ionized nitrogen atoms at
different temperatures [112]

10’3'01( N, U | NTO% (N | N
|
| |
20 |1 les7 | oosl —
300 10.03 |50 50 \ —
40 — |4 93 3
50 | — | 0.4 | 61 38.6
60 — 1 0.020 10 Q0

ments have shown that for a discharge not bounded by
a capillary and for a sufficiently high energy concen-
tration (low inductance, high pressure and supply volt-
age, first instants of the discharge), at which bright-
ness saturation is reached, the yield B) of the dis-
charge agrees well with the variation of B) of an ab-
solutely black body with a temperature of 27,500°K in
the case of xenon. For discharges in capillaries, and
also for unbounded discharges in air when the experi-
mental conditions did not result in brightness satura-
tion, the plots of B) of the channel could not be super-
imposed with sufficient accuracy on the plots of B) of
an absolutely black body with suitably chosen tempera-
ture. The agreement between the B) plots for xenon
and those for an absolutely black body has made it pos-
sible to assume that under these conditions the channel
discharge in this gas had the corresponding tempera-
ture.

A more precise approach to an estimate of the tem-
perature by measuring the spectral brightness was
made in [108:200-202] 1, these investigations B) was
determined not only on the continuous-spectrum por-
tion, but also in the center of gravity of the broadened
lines, in which the brightness saturation occurs under
conditions that are much softer than the mode neces-
sary to saturate the background. A sign that B; of the
line and of an absolutely black body are equal is the
broadening of the line resulting from the fact that its
center ‘‘leans’ as it were against the limiting bright-
ness at the given temperature, and the ‘‘skirts’’ ‘‘over-
take’’ the middle. The results of the described method
of determining the temperature for different gases are
shown in Fig. 27. This figure shows that the estimate
obtained for T of air (38,000°K) is in satisfactory
agreement with the estimate obtained by other methods.
An estimate of T of xenon agrees with the estimate

Y/
P 4 . FIG. 27. Temperature
& values calculated from
the maximum values of
F 5 B, in different continu-
E [ z . - .
— - o1 ° 1. ous and line radiation re-

g

gions of the spectrum.[*°¢]
1—Xenon; 2-argon; 3—
nitrogen; 4 —helium; 5 —
2 air.
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obtained in [197,1%8] by measuring the Bj) of the con-
tinuous background.

The pattern of the spectral distribution of the en-
ergy radiated during the entire flash was supplemented
in [108,109,203,204,20527 yith data on the spectral distribu-
tion of the radiation power at different instants of the
flash, the first four references pertaining to the wave-
length range 250—550 nm, and the fifth to 500—1000 nm.
In addition to the difference in the phases of the occur-
rence and disappearance of the lines with different
upper-level excitation energies, a fact disclosed al-
ready in earlier investigations, the later investigations
have shown that even at the instant of maximum dis-
charge power the ultraviolet spectrum of the radiation,
including the continuous background, is not at all sim-
ilar to the spectrum of an absolutely black body. The
corresponding instantaneous spectral distribution of
the power does not differ strongly from the spectral
distribution of the energy radiated over the entire
flash under the same discharge conditions. At the
same time, attention should be called to the fact that
the spectrum approaches an equal-energy distribution
at the instants that follow the maximum of the power,
and that the continuous background is reduced even
during the instant of maximum power when the abso-
lute values of the maximum power are made small by
an inductance in the discharge circuit.

Of certain interest are the data obtained in
on the broadening and shifting of certain spectral lines
at instants close to the maximum of the discharge
power. These data show that under the influence of
rather large intermolecular fields certain lines be-
come broader by several nm, and that as a result of
the quadratic Stark effect they shift into the red or
blue side (depending on the sign of the Stark-effect
constant) by 1—2 nm. Calculation methods customar-
ily used in spectroscopy have yielded for the measured
broadenings and shifts electron concentration esti-
mates on the order of N = 10'% cm=% (helium, 15 atm,
9 kV, 0.18—1 uH). Another estimate of N was ob-
tained in (198,193 o the basis of measurements of the
intensity of the continuous background of a discharge
in helium (Fig. 28). The values obtained in this case
were approximately three times larger. The obtained
values of N made it possible [198:1091 t estimate with
the aid of hydrodynamic relations once more the tem-
perature of the channel. The values of N obtained
from the line broadening yield temperatures of 100,000
—200,000°K for the discharge in helium, while the val-
ues of N determined from the intensity of the continu-
ous background yield values of 45,000—70,000°K.

[108,204]

V. NEAR-ELECTRODE PHENOMENA

The physical phenomena occurring in the near-
electrode regions of a pulse discharge have not yet
been sufficiently clearly represented to be able to de-
rive the practical laws that are essential to make this
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FIG. 28. Dependence of the intensity J, (per unit interval of
frequency v and per unit volume) of the continuous background of
a discharge in helium on the wavelengthl1es], po =15 atm, U, =5
kV, time after start of the discharge (in microseconds): 1-0.1
(L =0.18 pH); 2—-0.2 (L=1pH). J, was determined by dividing
the spectral brightness of the channel by its diameter, it being
assumed here that the channel is transparent,

discharge usable for pulsed light sources. However,
in view of the relatively isolated nature of the near-
electrode processes in the principal channel of the
discharge and in view of the fact that in most cases
they are not of primary significance for practice (the
principal external manifestations of the discharge are
determined by its channel), the lack of sufficient de-
velopment in the physics of the near-electrode phe-
nomena has at first been little felt. Only the rapid
progress in the technical application of pulsed light
sources has recently attracted the attention of many
investigators to near-electrode phenomena.

The special complexity of these phenomena lies in
the fact that along with the radial-temporal inhomoge-
neity of the discharge channel we are dealing here also
with a longitudinal inhomogeneity, together with a whole
series of additional mutually related physical proc-
esses in the boundary layer between the gas and the
metal and within the metal itself. Among these proc-
esses one can mention in first order the following:

a) Ionization of the gas in the near-electrode re-
gions, formation of near-electrode space charges, and
emission of electrons from the cathode; these processes
determine the energy fed to the electrodes (near-elec-
trode losses, which influence the efficiency of the dis-
charge) and the conditions under which the electrodes
are bombarded by the plasma particles.

b) The distribution of heat in the electrodes and the
melting and evaporation of the electrode metal, which
determine directly the technically second most impor-
tant (following the efficiency) manifestation of all the
near-electrode processes, namely the sputtering of the
electrodes and the resultant darkening of the flash lamp
bulb, which usually limits its lifetime.

All these processes are so complicated that at the
present time there are still no general theoretical de-
scriptions of even stationary arc discharges. More-
over, the intermittent (in space and in time) charac-
ter of the phenomena on the cathode of the stationary
arcs has caused a study of the near-electrodes regions
of the arc to follow the line of experiments with pulsed
discharges, and at the present time the investigations
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of the near-electrode regions of stationary and pulsed
discharges are being carried out on a practically uni-
fied front.

In view of the highly imperfect state of these re-
searches, it is advantageous to summarize here
briefly the main available information on near-elec-
trode phenomena.

Observations of the cathode spot, made with the
aid of a Kerr shutter with an electron-optical con-
verter, using markers placed on the cathode, etc, (15,
24,33,56-58,11¢,116,152,169,175,176,220] 5 ve chown that the
spot has a multiple structure. Its structural element
is a microregion 5—10u in diameter, producing in the
discharge a current of about 0.5—5A. Such a micro-
spot, in which the current density ranges from several
times 10° to 107 A/cm?, stays in one definite place for
a very short time {(~ 0.1 usec). Between the glowing
zone of the microspot and the cathode there is a dark
space ~ 0.1 mm wide, and therefore the current den-
sity on the cathode itself may be even higher. In the
case of a perfectly homogeneous surface (mercury
cathode) the spot moves smoothly with a speed ~ 104
cm/sec, stretching into an arc segment with increas-
ing current. The current density remains constant,
and if the rate of current growth dJ/dt is sufficiently
steep, the arc assumes a circular or semicircular
form (the latter if the initial spot has occurred on the
edge of the cathode). If dJ/dt is so large that the in-
crease in the active surface resulting from the in-
crease of the radius of the arc becomes insufficient,
then new microspots occur on the side, from which
similar arcs then propagate. In the case of an inhomo-
geneous surface (contamination, crystalline structure)
the microspots move in jumps, and concentrate on the
inhomogeneities. The average rate of displacement of
the spots along the cathode surface is on the order of
10° cm/sec. The number of microspots in this case is
apparently [2450:116] equal to the total discharge current
divided by the current of one spot (~5A). On the
whole the aggregate of spots encloses with increasing
current and with broadening channel a rather appre-
ciable zone of the cathode surface.

The formation of microspots is connected with the
occurrence of emission centers. This can be attrib-
uted to the combined action of the thermionic and field-
emission mechanisms [%7%]; under the influence of the
energy delivered to a small region on the cathode, this
region becomes heated and the population of the high
energy levels increases in the electron gas of the
metal, and consequently field emission with a current
density ~ 108 A/cm? becomes possible at the electric
field ~ 2 x 10" V/em which can be produced near the
cathode by the space charge when the current density
has this value. The corresponding estimated tempera-
ture of the heated region (3000°K with allowance for
the roughness factor and 3500°K without this factor)
is quite realistic [23] for cathodes made of copper and
metals with higher melting points. At the same time,
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in the case of a mercury cathode the more likely is a
mechanism [42:155] | the authors of which believe it to

be likewise applicable to copper, namely that the atoms
are excited in the vapor cloud resulting from the local
heating, and by returning to the main bulk of the metal
within a short time, during which they have no time to
emit a photon, they give rise to electron emission sim-
ilar to the emission produced under the action of the
metastable particles in the Townsend discharge
(‘‘epsilon’’ process). [126] Such a mechanism is con-
firmed by an approximate calculation based on an es-
timate of the number of returning atoms, ~ 10% atoms/
cm?-sec (experiment yields for the amount of evapo-
rated mercury a value 3 x 104 g/C, that is, 10* atoms/
em?-sec;* the ratio of the number of returning atoms
to the number of those leaving the cloud can be 10:1),
which at € ~ 1 yields an emission current density
~10% A/ecm?. It is possible that the high current den-
sity in the microspot is due to its own magnetic field
which acts on the ionized vapor.

The appreciable amount of energy released in the
microspot leads to an instantaneous evaporation of a
definite amount of metal, accompanied by an explosion-
like propagation of vapor. Experiment(70:114] hag
shown that jets from solid cathodes have a discrete
structure which agrees with the discrete structure of
the cathode microspots (time of emission of one jet
is on the order of 107" sec and is equal to the lifetime
of one spot).

The explosion of a microspot is analogous in some
sense to the explosion produced under the influence of
a condensed electric discharge in a thin metallic wire
[3,30,43,85,128]  jyugt as in the explosion of an electric
wire the electric current is interrupted at the first
instant because of the large current density (and re-
sumes only after the vapor has expanded), so does the
flow of current at the given point of the cathode become
impossible during the explosion of the microregion on
the cathode. This, apparently, is exactly why the cen-
ter of emission moves to neighboring portions of the
cathode. Such a mechanism is confirmed, for example,
by the agreement between the rate of propagation of
the shock wave, calculated on the basis of the hydro-
dynamic theory (see Sec. 3.2), and the average rate
of displacement, along a filamentary electrode, of
pulsed microdischarges T of a relaxation circuit
(capacitance on the order of 100 pF, charging resist-
ance on the order of 1000 Q) experimentally obtained
by Boyle [15],

The explosion-like character of the eruption of
vapor from the cathode is confirmed by the spectro-

*This agrees with the data of Libin[**] for low-melting-point
cathodes, according to which the amount of evaporated lead or
bismuth amounts to 4 x 10™ g/C.

tBoylel'*] relates the occurrence of the discharge with the dis-
placement of a region of reduced density behind the shock-wave
front; in this region the distance between the very closely located
electrodes corresponds to the minimum of the Paschen curve,
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scopic investigations of the torches produced on cath-
odes made of alloys (18] and also the absolute meas-
urements of the speeds of the streams [10:114,116,163]
The former have shown that if the cathodes are made
of metal alloys, the velocities of the different atoms
in the vapor jets are the same, and the latter have
shown that the velocities of the jets amount to 105—
10% cm/sec. These rates change in accordance with
the changes in the discharge current and are inversely
proportional to the atomic weight of the cathode metal,
so that the kinetic energy of the atoms in the jets from
cathodes made of different metals turns out to be the
same if the discharge conditions are the same [114:169},
Several attempts to calculate the evaporation of
the metal contained in the vapor jet have been reported
in the literature [190:114,1%6] These calculations are
based on some estimate of the energy delivered to the
metal from the adjacent region of the channel (in (100]
the estimate made of the ion current is obviously too
low and it is assumed that each ion is capable of re-
combining, owing to the tunnel effect, and of transmit-
ting excitation energy to the metal; in [114:116,176] the
energy is estimated as the product of the current den-
sity, determined from the current oscillogram and
from the dimensions of the microspot, by the tentative
magnitude of the voltage drop, ~ 10V, and by the time
interval between the eruptions of the individual jets,
which is approximately 1 microsecond*), and on an
estimate, made by solving the heat conduction equation,
of the depth of the metal zone around the cathode spot,
within which the temperature reaches the melting point
(in [199]y or the boiling point (in [114:1161),

As a result of these calculations, based on different
initial data, one obtains the same order of rate of
evaporation of the metal (~ 1072 g/sec), which agrees
with experiment. The differences in the initial prem-
ises (in [19] even the multiple structure of the cath-
ode spot is disregarded) and in the experimental con-
ditions do not allow us, however, to assume thus far
that this agreement is a convincing confirmation of
the theories, an agreement which would permit us to
use the calculation methods for practical purposes.
Thus, the results of the calculations are more likely
to serve as an illustration of the applicability of the
physical hypothesis on which they are based.t A sim-
ilar illustration is the estimate made in [114:1161 of
the energy balance in the cathode spot (of the 10 cal/
cm? arriving in the spot, 1 cal/cm? is dissipated in
the metal by heat conduction, 3 cal/cm? are consumed
in evaporation, and 6 cal/ cm? are converted into ki-
netic energy of the jet) and the vapor pressure of the

*So large an interval is obtained with a discharge circuit of
appreciable inductance (L 2 100 pH). At smaller values of L the
individual jets are superimposed on one another.

11t should be noted that at the present time no fully reliable
calculation has been made of even the much simpler case of in-

stantaneous evaporation of metal during the explosion of a wire
[30,43,85] .
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Table IX. Average rate of evaporation in pulsed discharges of
cathodes made of different pure metals (1% (discharges in argon,
500 mm Hg, ! =4 mm, cathode diameter 2.5 mm, C = 3 uF,
U = 250V, ballast resistance 1, frequency 50 cps)

Cathode material

Units

Be Al Mo w Cu Ag

Average value of specific heat
capacity used for the

Calculated velocity *)
Observed velocity **)

above.

calculations cal/g-deg| 0.6 | 0,32| 0.08| 0.042| 0.15} 0.086
Calculated velocity *) 10-7g/sec| 4.3 |16 16 23 20 40
Observed velocity **) 10-7g/sec| 3.0 {12 14 14 17 27

Cathode material Units Zn cd Sh Sn Pb Bi
Average value of specific heat
capacity used for the
calculations cal/g-deg | 0.14{0.080]0.098|0.080|0.0390.058

10~7g/sec | 56 130 54 | 180 ] 260 | 210
10-7g/sec | 55 91 91 | 200 | 340 | 380

*The absolute calculations were made in [*®] by substituting in formula (33) the
following expression for the overall energy dissipated on the cathode per second:
& = fCUVjy/ me/m;j (f—flash frequency, Vj—ionization potential of the gas, me and
m; —masses of the electron and of the ion), obtained from the assumptions mentioned

**If it is assumed that the reciprocal of the duty cycle of the pulses amounted to
~5 x 10° in [] (this corresponds to a real effective current pulse duration ~4 usec),
then the average rate of evaporation listed in the table, 20 x 10-7 g/sec, corresponds
to a rate of ~ 102 g/sec during the time of the current pulse.

metal erupted from the cathode (~ 100 atm ), which
determines the occurrence of the explosive wave. The
hydrodynamic nature of the torch, the temperature of
the vapor in which is 2000—3000°K, agrees with the
thin layer of dark space between the surface of the
cathode and the brightly flowing zone of the micro-
spot, observed in [114116]  The pbright zone of the
microspot is obviously a vapor cloud heated by the
discharge, after covering a path of ~ 0.1 mm, to the
plasma temperature of 20,000—40,000°K. [114,116,181a]

The relative values of rates of evaporation of differ-
ent metals, calculated in (191 appear to be more reli-
able. By solving the heat conduction equation for a
mass M of metal enclosed in the melting zone when
an energy & is instantaneously released at a point on
the surface, we obtain the expression

M=03-¢

£, (33)

where 7y is the relative specific heat of the metal and
T, its melting temperature.

The use of this formula would be justified were the
energy released on the cathode to be independent of the
cathode material (this obviously should not take place
if the difference in the work function is large) and
were the amount of metal expelled independent of the
latent heat of melting and heating the metal to evapo-
ration. The satisfactory agreement between the rela-
tive values of the rates of evaporation, obtained for
different pure metals from formula (33) and from ex-

periment (see Table IX) shows that these assumptions
are feasible; for activated cathodes this formula does
not yield a correct estimate of M.

Under the specific experimental conditions of meas-~
urement of the rate of evaporation of cathodes as used
in [199] 5 gtrict proportionality was observed between
the evaporated substance and the amount of electricity
passing through the discharge (with variation of the
supply capacitor, the working voltage, and the ballast
resistance, the latter up to 7 ohms). For most condi-
tions encountered in flash lamp design practice, how-
ever, such a proportionality is not observed at all [2061
and the dependence of the rate of sputtering on the fore-
going parameters is rather complicated. One reason
for it is that formula (33) derived for the case of an in-
stantaneous and point-like release of energy on the
cathode, cannot be extended to include discharges with
relatively long pulse duration and large simultaneously
operating cathode zone. Second, one cannot expect the
energy released from the cathode to be proportional
to the quantity of electricity flowing through the dis-
charge if the discharge conditions are appreciably
varied.

We have delineated in broad outlines the presently
available picture of processes occurring on the cathode
of a pulsed discharge. Since the darkening of the bulb
of the flash lamps is primarily due to the sputtering
of the cathode (assuming that the anode is sufficiently

"large not to become heated as a whole to the tempera-

ture of intense sublimation of the metal, the anode is
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hardly sputtered at all in flash lamps) and that it is
the cathode that influences the efficiency of the dis-
charge, the phenomena on the anode are of lesser
practical interest. They reduce briefly to the con-
traction of the channel into one common spot, in which,
under ordinary conditions, there is a continuous and
quieter evaporation of the metal (without explosions
and with a smaller rate of flow than on the cathodes).
With broadening of the discharge channel, the anode
sbot also broadens (1771 The current density in it
amounts to about 10° A/em?2. The anode drop, esti-
mated from the thermal effects [12] (determination
of the thickness of the foil melted during the course
of the discharge, with subsequent calculation of the
propagation of the heat, analogous to that used for the
cathode), amounts to 2—9 V.
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