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This review presents systematically the results of investigations of the physics of high-current dis-
charges in dense low-temperature plasmas and it is based, to a considerable extent, on the results of
theoretical and experimental investigations carried out since 1967 at the Lebedev Physics Institute
and in the Physics Department of the Moscow State University. The prime aim of these investigations
was to determine the possibility of using high-current discharges in dense plasmas as radiation
sources for the pumping of modern high-power lasers. It was found that the physics of high-current
light-emitting discharges went well beyond the utilitarian task of providing high-power light sources,
and covered little known branches of the physics of dense plasmas at relatively low temperatures,
when the radiation dominated the energy balance and transfer processes. This general approach to
the physics of plasmas is adopted in the present review. It comprises a theoretical part (Chap. I),
which deals with the results of theoretical analyses of the formation, equilibrium, and stability of
plasmas in high-current light-emitting discharges, and a part (Chap. II) which gives the results of an
experimental investigation of the physical processes in such discharges and analyzes their character-
istics as light sources. The review is intended for physicists and engineers investigating high-power
light sources, magnetohydrodynamics, and physics of dense low-temperature plasmas. The review

covers papers which appeared up to the beginning of 1973.
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1. Introduction

Electric discharges in gases have been used for a long
time as light sources in various branches of science and
technology The most widely used sources are the xenon
lamps »2) which utilize low-current arc discharges at
low pressures. We shall define low-current discharges
as those in which a conducting ionized gas (plasma) is
not confined by the magnetic field of the discharge cur-
rent and, therefore, the gas is in direct contact with the
walls of the discharge enclosure. The intensity of such
low-current electric-discharge light sources is not very
high because of this contact between the plasma and the
enclosure walls; this intensity does not usually exceed
that of a black body kept at a temperature T~1-1.5eV.

In view of the rising demands of science and tech-
nology for high-intensity light sources, the research ef-
fort has shifted since the 1950’s to high-current pulse
discharges in which plasmas are held in equilibrium
by the magnetic field of the discharge current. A suit-
able selection of the composition of a discharge plasma,
its density, discharge configuration, and electric circuit
parameters can ensure conditions favorable for the al-
most total conversion of the stored electrical energy
into the radiation energy. The results of the early in-
vestigations of high-current discharges as light sources
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can be found in review papers.'®*’ However these inves-
tigations have been mostly experimental and the powers
concerned have been low. Systematic studies of the
physics of powerful high-current discharges under con-
ditions suitable for their use as intensive light sources
have begun only recently when the efficiency of such
discharges in laser pumping was demonstrated in ts1,
The high-current discharges are particularly promls—
ing as sources of ultraviolet or shorter-wavelength
radiation. Apart from their application as pumping
sources for various types of laser, high-power pulse
light sources have a wide range of application such as
the chemistry of flash photolysis t6) and in other
branches of science and technology.

The radiation sources suitable for the pumping of
high-power lasers should have the following principal
characteristics: the effective temperature of the
source, corresponding to the temperature of the radi-
ating surface of an absolute black body, should be
T =2-10 eV and the duration of the radiation pulses
should be 7=30-100 pusec. Obviously, a dense plasma
with a total charged-particle concentration Ni= 10
cm™? can be maintained for this relatively long time at
such high temperatures only by a continuous ohmic
heating of a strong discharge current, which should also
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be capable of magnetic compression of the discharge
plasma (pinch effect).

High-current self-pinched discharges were first
considered theoretically by Bennett'”? and then in the
1950’s they were studied in detail in many theoretical
and experimental papers (a detailed bibliography can be
found in monographs **") with the aim of generating a
high-temperature plasma suitable for controlled ther-
monuclear fusion. Experiments indicated that a high-
temperature self-pinched discharge could exist only for
several microseconds; after this period, such a dis-
charge became highly unstable and broke up. This be-
havior of the self-pinched discharge in a high-tempera-
ture plasma was later explained in the theoretical papers
of several workers who developed a magnetohydrody-
namic theory of the stability of such discharges.?!
However, strictly speaking, this theory cannot be ap-
plied to the physical processes in radiating discharges
of interest to us since thermonuclear investigations are
concerned with a not very dense optically transparent
high~temperature plasma under conditions such that the
radiation does not dominate the dynamics and energy
balance in the discharge, whereas the discharges
suitable as light sources occur in an optically dense
plasma whose temperature is relatively low. In such
a plasma the radiation plays the dominant role in the
development of the discharge. Moreover, the effects due
to the finite conductivity of the plasma (absence of the
skin effect, diffusion of electric and magnetic fields,
etc.), which do not play any significant role in high-
temperature thermonuclear plasma, become significant
in a low-temperature plasma.

The theory of the equilibrium and stability of the
high-current self-pinched discharge, allowing for the
finite conductivity and influence of radiation, was de-
veloped in ™77 (see also '°~?"). Information on the
formation of such discharges in vacuum and in high-
pressure gases was reported in "'°7?*), Finally,
numerical methods for the solution of the magnetohy-
drodynamic equations, allowing for the influence of
radiation, were developed in ’-**! for the problems
concerning the formation of a discharge in a dense
low~-temperature plasma. The results of the firsl in-
vestigations of light-emitting discharges were presented
in a review paper at the Ninth International Conference
on Phenomena in Ionized Gases held in Bucharest in
1969.1%" Since that time, our knowledge of light-
emitting discharges has become much deeper because
of further systematic experimental investigations car-
ried out mainly at the P.N. Lebedev Physics Institute of
the USSR Academy of Sciences and in the Physics De-
partment of the Moscow State University, as well as be-
cause of the refinement of the theoretical representa-
tions and improvements in the numerical methods for
the analysis of the dynamics of high-current light-
emitting discharges.

The purpose of the present review is to present the
experimental results obtained in studies of light-emitting
discharges of various configurations and to compare
them with the current theory. The review consists of
two parts. In the first part, we shall briefly present re-
sults of theoretical analysis of the equilibrium, stability,
and formation of light-emitting discharges in vacuum
and in gases. The second part will present an analysis
of the experimental results. Conclusions of the review
will give briefly the potential applications of light-emit-
ting discharges as high-power light sources and will
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suggest the optimal parameters of these discharges
under various conditions; the directions of further in-
vestigations will also be pointed out.

I. EQUILIBRIUM, STABILITY, AND FORMATION OF
LIGHT-EMITTING DISCHARGES

2. Basic equations describing plasma dynamics of light-
emitting discharges

As mentioned earlier, the discharge parameters
(linear dimensions, geometrical configuration, type of
gas, density, and temperature) are selected so as to
produce the radiation in the required part of the spec-
trum and of the required duration. Typical parameters
of light-emitting discharges are: temperature T=2-10
eV, ion density N~10*-10*' cm™?, duration 7= 30-~100
usec, and linear dimensions (thickness of the current
layer) ro=1 cm. At such temperatures, a discharge
plasma is practically completely ionized and its con-
finement requires magnetic fields (generated by the
discharge current) B =V 87N«T ~10*-10° Oe. The mean
free path of particles in such a plasma is clearly much
shorter than its dimensions or the Larmor radius of
the rotation of particles in the magnetic field of the
current so that the transport coefficients are isotropic
and a local thermodynamic equilibrium (LTE) is es-
tablished at each point in the course of the discharge.
Therefore, in order to describe the dynamics of a plasma
of interest to us, we can use the following system of
magnetohydrodynamic equations, allowing for the radia-
tion flux:™*

divB--0, rotB=To {E—{-%[v, B]} 2
2 1
—crotAE:a—;}:rot[v, B]——{;rot (FrotB) s

—’;‘:——{—divpv:O, (2.1)

1
e[S+ 0¥v] = —¥P 4 ouB, B

2

T boes B o (e )] e,

where B and E are the magnetic induction and elec-
tric field; § is the current density; v is the plasma
velocity; p is the plasma density; P is the pressure;

€ is the internal energy; o is the conductivity of the
plasma; 8 is the radiation flux vector; c is the velocity
of light. In the case of a totally ionized plasma con-
sidered in the ideal gas approximation (under the con-
ditions considered by us, such an approximation is well
justified**"*°Y), we have

P=(142) xNT:lJ%’i:u:p, \l
t

3 d T 3
S N @22
0= 2T j

where Mj is the mass of the plasma ions; z is their
effective charge (in the range of parameters of interest
to us z=2-3); vg=vV(kT/Mj}1+2) is the velocity of
isothermal sound; a=4x10",

The system (2.1) ignores the electronic heat conduc-
tion from the plasma compared with the radiative heat
flux, and it also ignores the viscosity of the plasma,
which is justified by a large margin for the light-
emitting parameters mentioned above."***! The radi-
ation flux vector § is found by solving the transfer
equation, namely,"*

s { av { q0er,,
s
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avIl, = =, (I,, — I,){1 — e—hv/xT), (2.3)

Here, I, is the spectral density of the radiation in-
tens )y emitted into a solid angle &, Iy;=2hyc™2

—1)7! ig the equilibrium radiation intensity;
x,, is the absorption coefficient of frequency v, which
is governed by some particular absorption mechanism
which predominates under the given condxtlons (ex~
plicit expressions for &, can be found in V).

The greatest interest naturally lies in the discharge
conditions such that a given type of absorption of light
in the plasma has little influence on the main parame-
ters of the plasma light source. This is true of an op-
tically opaque plasma in which the mean free path of
the quanta is less than the typical dimensions of the
discharge or, more precisely, when IR <« ro, where IR
is the Rosseland range of quanta in 2 medium. The ex-
pressions for IR applicable to different light-absorp-
tion mechanisms are given in (313 We shall give here
the most typical of these expressions, which will be
employed later:

. {480z—2,
= X

1.3(z2+z)'l,
4.4(142)72,

applicable, respectively, to the absorption mechanisms
involving free-free transitions, to substances with one
ionization-type absorption level (as found in the case of
lithium), and to media with multiply ionized atoms. In
the case of an optically opaque plasma, the radiation
flux is

(2.4)

s=—22srevr,

(2.5)
where 0=5.67x10"° erg.cm™2.deg™*.sec™! is the Stefan-
Boltzmann constant. This limit is known as the radiative
heat transfer approximation. The emission of radiation
from the plasma is then of the surface type and similar
to the emission of radiation from a black body.

In the opposite limit, where IR > ry, a discharge
plasma is optically transparent and the emission is of
the volume type. In the case of optically transparent
media, we have'®

1.522,

0.3z2(1+2)—= xT ,
2.4 (1 +2)? x’T

divS =10"*"N3z VT x (2.6)

respectively, for the three mechanisms mentioned
above; here J is the ionization potential of the sub-
stance with one ionization level and J ~xT (see 3%
is the average ionization potential of multiply ionized
atoms.

Finally, when IR~ ro, i.e., in the case of a semitrans-
parent (gray) body, we must solve the system (2.3); the
equations in this system cannot be simplified and, con-
sequently, the specific mechanisms of the absorption of
light in a medium are manifested most strongly in this
case.

The theoretical analysis of the equilibrium, stability,
and formation of light-emitting discharges was originally
carried out using Eqs. (2.1)~(2.6). The numerical solu-~
tions of the various problems were often supplemented
by equations describing the external circuit and by
model boundary and initial conditions. However, it is
more convenient to formulate these conditions sepa-
rately for each specific problem.
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3. Equilibrium of high-current light-emitting discharges

In investigations of the physical process in light-
emitting discharges, it is usual to consider two specific
variants of the discharge geometry: a simple cylindrical
discharge (z or linear pinch) and a surface discharge
with a reversed axial current (triaxial system or inverse
pinch), shown in Figs. 1a and 1b, respectively. In this
section, we shall give the results of theoretical investiga-
tions of the equilibrium of discharges of this type taking
place in optically opaque, transparent, and semitrans-
parent (gray) plasmas,

A. Equilibrium of light-emitting discharges in op-
tically opaque plasmas. The equilibrium state of a dis-

charge (density distribution, temperature, and magnetic
field) in an optically opaque plasma is found by solving
the steady-state equations (2.1}, (2.2), and (2.5) for v,=0
subject to the boundary conditions corresponding to the
symmetry of the problem and the requirement of emis-
sion from the surface of a black body. However, the
general form of this problem cannot be solved analyti-
cally. Fortunately, there is no need to solve the general
problem in the case of discharges considered as effi-
cient light sources. This is due to the fact that a dis-
charge in an optically opaque plasma may be an effi-

" cient light source if the distribution of the temperature

across the plasma is highly homogeneous. Subject to
this assumption, the system (2.1), (2.2), and (2.5) can
be solved quite easily and distributions of the equi-
librium values in the case of a simple cylindrical dis-
charge (z pinch) are given by'%%’

po=0o0) (1=7r), Po=Po @ (1—7r).
=10 [t~ (1 —7r +4%) ]

where the characteristic dimensions of the density rp
and temperature r7 in inhomogeneities are

=Vi@P, 0) — ,
(3.1

B4 000 (0) T4 (0} 1, (0)
3 Py (0)

s Pt
P nod(0) EX 3

>1. (3.2)

Here, Po(0), To(0), po(0), 0o(0), and IR(0) are the equi-
librium values of the parameters on the discharge axis.
We can easily express these parameters in terms of the
total number of particles Nt in a discharge and the total
discharge current It:
I’I I’ 3 Nt
To=saraaa, = 3610 b No(O)=2x 77

2(1+42) cZuNy
2)11/8 N11/8
_ N (4 2% —8.45.10-2151/3 (1+z)u/e t[{

(2,;2:2 i)“a I
z t

(3.3)

The radiation emitted by an optically opaque plasma
is naturally identical with the radiation emitted by the
surface of an absolute black body and in the z-pinch
case discussed above the total power emitted from a
unit length of the discharge is

5.4-1029z1/31¢

27013
= (1+z)’3/61’ta/“ .

3.4
(2 (1 +2) 2N 11 ¥/8 (2n%c2q /) /3 (3.4)

W = 21,074 =

The area of the emitting surface and, therefore, the
total radiation power per unit length of the discharge can
be increased conveniently by employing an inverse pinch
as the light source. The equilibrium of light-emitting
discharges of this type has been considered in several
papers'!#71%1819) anq it has been found that the outer
radius of the surface discharge to its thickness should
be selected by varying the reverse current. In particu-
lar, when the reverse current is close to half the for-
ward discharge current, the outer radius of the discharge
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is much greater than its thickness and the discharge is
of a quasiplanar surface nature. The steady-state equa-
tions (2.1), (2.2), and (2.5) for the distribution of equi-
librium quantities in the inverse pinch in an optically
opaque plasma yield

¢ ——
Po:pm(i—-;—;), P0=Pm(1_:_:), =]/'8npm_:;_'
P

. (3.5)

To= ,..[1——(1_12 +o )]
where
2P T} 64noG, T4l

v= ey o s b (3.6)

pm> Pm; Tm, om, and Iy, are the equilibrium values of
the equilibrium quantities at the maximum-density
point, i.e., at x=0. As in the case of the z pinch, we
can easily represent these quantities in terms of the
total number of particles in a discharge, forward (or
reverse) current, and outer radius of the discharge:
2.10-252/13 f8/13
((1+z) Nt)H/ISZZIIaRz/iS
1:8/13 M

_ __ i
m= ™= SmaRy -

, (3.71)
Zp=1.3.109

where 2I,=1.

At a given temperature, the radiation emitted from a
unit length of an inverse pinch is Ra/ rp times greater
than for a simple z pinch. However, the main advantage
of an inverse pinch is that (as shown below) it is also
Ro/rp times more stable than a z pinch. Therefore, not
only the power but also the duration of the emission can
be varied within wide limits in the reverse pinch.

We shall now consider briefly the conditions of
validity of the approximation discussed above. These
conditions are represented by the inequalities rT =xT
>»>r >1p, which impose fairly rigid restrictions on
the gotaf d1scharge current in the case of the z pinch.
In fact, for the absorption mechamsm discussed in con-
nectlon with Eq. (2.4), we have®

1.4-100 112 (A) 4.3.100 1E2(A),

1.3.108 12 (A) (= Dmin <t <Imax = 4.2.108 12 (A), (3-8)
1.3-108 (A) 4.2.108 (A).

When the current is It >Imax and the total number of
particles in a discharge Nt is fixed, the temperature
distribution becomes inhomogeneous and the efficiency
of a discharge as a light source decreases. At low
currents, It <Imax, the opaqueness condition is obeyed:
the discharge plasma becomes gray and, in the limit,
IR>»>rp (this is possible only if It <Iyjn) the plasma be-
comes optically transparent.

A similar although, in a sense, converse situation
occurs in the case of an 1nverse pinch, which must
satisfy the 1nequa11t1es
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4.8:1074017/10 (1 4 )%/ leo (A)

1. 0 io—to 4/10 (i +z)22/10 12“0 (A)
: (3.9)
{ 3.45.10742N22/10 A
(i_,_z)I/iBR‘l)Z/lﬂ ’
N
= Iin < Ty < I'mgx — | 7.6:107%%2 ”“°(1+z)9“°—im(A),
1. 55 10—3“ &/10 “+ )22/10 ‘2“0 (A)

In this case, the condition of opaqueness of the plasma
is disobeyed in the case of high currents It >Imax,
whereas in the It <Imjn range the temperature distribu-
tion in the discharge becomes inhomogeneous although
the plasma remains optically opaque (black).

It follows from this discussion that in the inverse
pinch the dependences of the temperature and charac-
teristic dimensions of the discharge on the external
parameters (discharge current and total number of
particles in the discharge) are weaker than in the linear
pinch. Consequently, the range of currents in which the
inverse pinch can exist is wider and the dependences
of the optical thickness on the discharge current are
different in the two cases. In the inverse pinch we have
T xp/IRc I{ ™%, i.e., the optical thickness decreases
with increasing It, whereas in the linear discharge we
have 7«1i, i.e., the optical density rises rapidly with
the discharge current. This explains why the condition
of optical opaqueness is disobeyed in the linear pinch at
low discharge currents and in the inverse pinch at high
currents. The change in the range of conditions corre-
sponding to uniform temperature distributions in the in-
verse discharge, compared with the linear charge, can
be explained in a similar manner.

B. Equilibrium of light-emitting discharges in op-
tically transparent plasmas. In the case of sources of
radiation of relatively long wavelengths, the energy con-
siderations favor the use of high-current discharges in
an optically transparent plasma in which the mean free
path of photons is greater than the characteristic linear
dimensions of the system. In such discharges, the plasma
temperature is somewhat higher than in the opaque case
but it is still sufficiently low to ignore the electronic
heat conduction compared with the radiant energy flux
(2.6). The steady-state equations (2.1), (2.2), and (2.6),
governing the equilibrium of a discharge in an optically
transparent plasma, can be solved analytically only in
the case of a pure bremsstrahlung mechanism of light
absorption and for a gas with multiply ionized atoms.

In the case of substances with one ionization absorption
level (as in the case of lithium), these hydrodynamic
equations do not have an analytic solution; nevertheless,
the analysis given below is still basically valid.

The distribution of the equilibrium quantities in a
simple cylindrical discharge in an optically transparent
plasma is described by the following relationships!**%
(see also 16,20,21])

Py (0)
aFezger: ~°7

7o (0)

r/r
A+’ B, =8nP, (0) 0

1+
(3.10)
where ry is the characteristic radius of the discharge:

2 c2x2 (1+2)2
To= l/ nPg (0} 2ay ’
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¥=1.5x10"" and ¥=1.5X107**(1+1/z), respectively,
for the bremsstrahlung mechanism of absorption and
for a gas with multiply ionized atoms.

It should be noted that the distributions given by Eq.
(3.10) are not normalized, i.e., the total number of par-~
ticles captured by a discharge may—in accordance with
Eq. (10)—diverge. However, this divergence is non-
physical and can be removed approximately by truncat-
ing the integration at r=r,. In this way, we obtain *!!

T°(0)=—Vm%m (3.12)
The expressions (3.12) allow us to relate To(0), Po(0),
and No(0) with the total discharge current It and the
total number of particles Ni confined in a discharge.

. N =3V2arN,(0).

A very important conclusion follows from the formu-
1as (3.10): the total current in an optically transparent
discharge is limited to o2

[ 249
sVay

The numerical values of the current (3.13) for differ-
ent mechanisms of the absorption of light in a plasma
are, as expected, somewhat lower than Imin given by
Eq. (3.8). This means that, in the range I~Inin, the
discharge plasma is semitransparent and the Rosseland
range of photons is of the order of the linear dimen-
sions of the system (such a discharge is considered in
the next subsection).

(3.13)

We shall now discuss the inverse pinch in an op-
tically transparent plasma. Equations (2.1), (2.2), and
(2.6) lead to the following distributions of the equilibrium
quantities in such a dizscharge:[“:|
~x/xq

4P, e~ %/%0 2/3 —— {__g~%/%0
0= (1;¢—z/m)z ' T°_T"'( 1te —:/am) v Bo=V8rPn 1o ==
(3.14)

where Xo=ro/4. The distributions (3.14) represent the
case when the reverse axial current is half the dis-
charge current It=2I, and, therefore, Ry > X%,, so that
the discharge is truly of the surface type.

It should be pointed out that, in contrast to the dis-
tributions given by Eq. (3.10), those described by Eq.
(3.14) are normalized, i.e.,

4::1

Ny =3 VA NaRuz, 1= 2nRe Y Em, (3.15)
which allows us to express Pm, Nm, and Tm in terms
of the total number of particles Nt confined in the dis-
charge, total current It, and outer radius of the surface

discharge Ro. In particular, we find that Ty, is given by

T = [g 1+
= 31/221/5 FiVay "

We shall conclude this subsection by pointing out
that, according to the condition IR >>x,, the discharge
current (and, consequently, the values of the tempera-
ture Tp,) should be greater, for given values of Ro, Nt,
in the inverse pinch with an optically transparent plasma
than in one with an opaque plasma. In fact, these cur-
rents should exceed the values of Iy 5y given by Eq.
(3.9). Therefore, in the range It *Imax the plasma in an
inverse pinch should be gray. We shall now consider
such discharges.

(3.16)

C. Equilibrium of light-emitting discharges in op-
tically semitransparent plasmas. It follows from simple

physical considerations that under real conditions the
radiation emitted by a discharge can never be identical
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with the radiation emitted by an absolute black body if
only because the finite dimensions of a plasma make it
transparent to photons of sufficiently short wavelengths.
We can easily see also that the maximum efficiency

of light-emitting discharges should correspond to

IR~r, and the radiation is close to the optically gray
case (in the sense defined in Sec. 2). We shall show
later that homogeneous temperature distributions may
be established in such discharges because of the rapid
radiative heat exchange via long-wavelength photons. If
this assumption is made, we can integrate approximately
the radiative transfer equation (2.3) for the bremsstrah-
lung mechanism of absorption and for the absorption by
multiply ionized atoms. The flux of the radiation from
the external surface of such a semltransparent discharge
is described approximately by '17»1%!

§ = oI (zy), (3.17)
where
15 i z3dz 10 )
Yo =3 | o+ =g (3.18)
1]
in the case of a linear z pinch and
E(eo) = b1 (o) =yt 7 | 252 (3.19)
]

in the case of an inverse pinch, provided the radiation

is reflected specularly by the inner surface of the

pinch; here, x =hvo/ kT is the dimensionless value of
the limiting photon energy corresponding to the

equality of the spectral range /(1) and the character-
istic dimensions of the discharge 2, (a0 =rp for a

linear pinch and ao=x;, for an inverse pinch), i.e.,

when the optical thickness of the discharge (1) is
unity:

(3.20)

v (v0) = 28D = (vo) a0 (vo) = 1.

In deriving Eqs. (3.17)-(3.19), we have assumed that if
v>v, the plasma is completely transparent but if v<y,
it is completely opaque. Moreover, in the case of mul-
tiple ionization, the dependence k;(v) is described by
the usual expression for the spectral absorption coeffi-
cient of multiply ionized atoms obtained in the Kramers-
Unsdld approximation "' if v <v,. However, if v >, it
is assumed that the absorption coefficient of multiply
ionized atoms is identical with the expression for «(v)
in the case of pure bremsstrahlung mechanism of ab-
sorption but with a correction coefficient found from the
requirement of continuity of «y(v) at v=ur,.

'

If we assume that the temperature distribution is
reasonably homogeneous, the nature of the spatial dis~
tributions of the equilibrium values of the density,
pressure, and magnetic field in an optically semitrans-
parent discharge remains the same (irrespective of the
emission mechanism) as in the case of an optically
opaque discharge [see Egqs. (3.1) and (3.5)]. In fact, the
temperature distribution ceases to be parabolic and is
given by a polynomial of the eighth degree. If the pinch
is linear, the expression for the value of To(0), given
by Eq. (3.3), still remains the same. However, the ex-
pression for rp changes somewhat: in fact, in the case
of a semitransparent or gray discharge, we have '17/?

L (3.21)

T )

where rp is given by Eq. (3.3). Using Eq. (3.21), we
find that the expression for N(0) for other parameters
representing a semitransparent linear discharge be-
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comes different. In the case of an inverse pinch, the
expressions for all the parameters of the discharge axis
become different:"*’

g il

I S ]
Zp== \EI13 + Tm

- Tm
P L=

=0
&y (z0)¥/13

(3.22)

where xy and Ty are still given by the old expres-
sions (3.?7) for an opaque planar discharge. Finally, the
quantity Xo is found from the given values of I, Nt, and
Ro by graphical solution of Eq. (3.20). The necessary
expressions and graphs can be found in "7,

It is interesting to note that the range of existence
of such a pinch with a homogeneous temperature dis-
tribution is wider than in the opaque discharge case.
For example, in the case of a linear discharge and the
bremsstrahlung mechanism of absorption, we have

2 & Tomin < Lo < Tomax =~ 12 (3.23)
and, correspondingly (in amperes),
5.3-105(—‘#)<1t<4,2-106(‘#). (3.24)
!

Hence, we can see that the upper limit of the discharge
current does not change, within the limits of the accu-
racy of the calculations, compared with the case of an
optically opaque discharge [compare with Eq. (3.8)],
whereas the lower limit is considerably less. This is
due to the fact that a homogeneous temperature dis-
tribution in a discharge, i.e., the necessary value of
the radiative thermal conductivity, can be ensured by
long~wavelength photons corresponding to the range

0 <Xo <X, min.

Since in the case under consideration we have -
£(Xo min) = 0.4, it follows from Eq. (3.17) that, near the
lower limit of the current, the efficiency of a gray dis-
charge increases by a factor of about 2.5 compared with
an opaque discharge.

The situation is similar in the multiple ionization case.
The range of existence of the inverse pinch in the gray
case is considerably wider but the increase in effi-
ciency is relatively small. The relevant estimates are
given in "%,

The case of an optically semitransparent or gray
discharge is encountered most frequently and includes
as its limits, corresponding to X0 —~ = and x; — 0, the
cases of completely opaque and completely transparent
discharges in plasmas with homogeneous temperature
distributions.

4. Stability of high-current light-emitting discharges

In this section, we shall consider the problem of the
stability of the equilibrium states in the linear and in-
verse discharges in optically opaque, transparent, and
semitransparent gray plasmas.

It is well known that a high-current self-pinched
discharge is subject to many force (bending and con-
striction) and overheating instabilities."'?! The force
instabilities distort the surface and shape of the dis-
charge and the overheating instabilities split it into
overheated and supercooled regions. Clearly, the de-
velopment of instabilities can reduce considerably the
efficiency of discharges as light sources and it can also
distort their spectral characteristics. Therefore, in-
vestigations of the stability of the equilibrium state of
discharges is an important and essential task.
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The stability of light-emitting discharges was con-
sidered in"?"15»17»19721,31 1y the method of normal waves,
using a linearized system (2.1). It was assumed that the
perturbing quantities varied in space and time, in ac-
cordance with the law f(r)e-iwttim@+ikzz  The per-
turbations with m=0 and kz #0 were assumed to cor-
respond to constrictions in a discharge, those with
m #0 and ky =0 to bending of the discharge, and those
with m=0 and kz=0 to the overheating instabilities.

A. Force instabilities in a high-current discharge
of finite conductivity. We shall begin with the results
applicable to an optically opaque discharge[m (see also
U18,19,21)y * Ap analysis shows that a linear high-current
discharge in an optically opaque plasma is character-
ized by a wide spectrum of constriction instabilities of
which the most dangerous is the long-wavelength (|kzrp|
<« 1) fundamental mode (n=0, where n is the number of
the radial oscillation mode) with an increment given by
the expression

v V<2 (4.1)
r P

This increment is independent of the conductivity and
equal to the increment in the case of a perfectly conduct-
ing plasma.[a’m On the other hand, the volume oscilla-
tion modes {n21) grow more slowly and their increment
decreases with increasing conductivity, owing to the dif-
fusion of the magnetic field of the perturbations. The
increment of the volume oscillations also decreases
with increasing number n. Thus, a discharge in a
low-conductivity plasma satisfying the inequality

"> < Zrsg (4.2)

is more stable to low-wavelength constriction perturba-
tions than a discharge in a perfectly conducting plasma.

The same situation also occurs in the inverse pinch
but there is an important difference: the increment of
the long-wavelength fundamental constriction mode is

v VTRR < 4, (4.3)
i.e., itis rp/Ro times smaller than in the linear dis-
charge. This is a consequence of the smaller curvature
of the lines of force of the magnetic field of the current
in the inverse pinch. Thus, the planar (lxpl <« Rp) dis-
charge is much more stable to the most dangerous long-
wavelength constriction perturbations than a simple
z pinch.

The increment of the short-wavelength oscillations
(Ikzrpl > 1) rises with |kz| and can become much
greater than the reciprocal of the hydrodynamic time,
Y>> vs/ Trp, or the increment of the long~-wavelength
modes. However, these oscillations are basically of
the surface type, i.e., they are localized near the sur-
face of the discharge and decrease exponentially toward
its interior. Therefore, they only give rise to small-
scale perturbations of the surface of the plasma and are
not dangerous.

Constrictions also develop in a transparent discharge
and their characteristic feature is the absence of the
fundamental surface mode of the long-wavelength per-
turbations because the boundary of the discharge is not
sharp [see Eq. (3.10)]. The spectrum of constrictions in
an optically transparent low-conductivity plasma is simi-
lar to the corresponding spectrum of an opaque plasma.
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For this reason and because, in the case of an optically
transparent plasma, the most dangerous instability is of
the overheating type [see Eq. (4.3)], we shall not con-
sider in greater detail the force instabilities in such a
discharge.

We shall now discuss the modes with m =0 which
are the flexural and helical perturbations of a self--
pinched discharge. An analysis shows that the incre-
ment of the development of long-wavelength flexural
perturbations with lkzrpl <« 1 in a low-conductivity
plasma is given by the expression

vl Zikol  (maeo), (4.4)

i.e.,itis lkzrpl times smaller than for the fundamental
mode of the constriction instability [compare with Eq.
(4.1)]. Short-wavelength perturbations are characterized
by an inerement which is independent of m and equal to
the increment for the short-wavelength constriction in-
stabilities. Thus, the flexural and helical instabilities in
an optically opaque plasma are less dangerous than the
constriction instabilities. In a transparent plasma, con-
strictions and bending should appear simultaneously.
Moreover, a rigorous analysis and simple physical con-
siderations show that the stability of an optically gray
plasma to the force instabilities should be the same as
that of an opaque plasma. Finally, it should be noted
that the instabilities discussed here are a consequence
of the departure from the force equilibrium in a dis-

charge and are not related directly to the energy balance.

However, the growth increments of the instabilities de~
pend on equilibrium quantities such as the temperature
T and particle density N and these are influenced
strongly by the optical properties of a plasma.

B. Overheating instability. An optically transparent
plasma may experience not only the force instabilities,
which are due to departure from equality of the kinetic
and magnetic pressures in the discharge and which
cause oscillations of the hydrodynamic quantities, but
also an instability due to temperature oscillations.
This is known as the overheating instability corre-
sponding to m=0 and kz=0. The physical nature of
the overheating instability is easily understood by writ-
ing the energy balance equations (2.1) approximately in
the form

agVTTgé_q(T):uEz—q(T)=o. (4.5)
The first term on the right-hand side of the above rela-
tionship describes the Joule heating and is proportional
to T¥? (j=0ExT*? because the electric field has time
to become homogeneous), whereas the second term
represents the loss of heat from the interior because
of radiation. If this loss depends on T less strongly
than the first term (in the case of a transparent dis-
charge we have qoc T'?), the rise of T in fluctuations
is not compensated by the loss of heat from the in-
terior and the overheating instability may develop in a
discharge. It follows from Eq. (4.5) that the increment
of this instability is

j*

VR Gy ‘ (4.6)

This instability is not dangerous in a high-temperature
pinch because 0o — = and the increment is small. Con-
versely, in light-emitting low-temperature discharges,
the smallness of o, can make the increment (4.6) much
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larger than vs/ rp, i.e., much larger than the increment
of the development of the force instabilities.

Rigorous analysis shows that the overheating in-
stability may appear at high (w >»kvg) and low (w <« kvg)
frequencies. Naturally, the low-frequency instability
is not dangerous and is no interest to us because the
force instabilities appear in the discharge before it can
develop. The high-frequency overheating instability is
possible only in a low-conductivity plasma, when

2
Ts;—i»m)}kvg. (4.1

These equalities may no longer hold when the tempera-
ture rises in the course of the development of the in-
stability and this stabilizes the oscillations. The in-
equalities (4.7) also determine the dimensions of the
overheated region [this region can be found by replac-
ing w with Eq. (4.6)]. We can see that the upper limit
of the dimensions is set by the skin effect and the lower
by the hydrodynamic motion of the plasma.

The radiation emitted by a plasma q(T) may have a
stabilizing or destabilizing influence on the overheating
instability. Thus, in the high-frequency limit, when
w >»>kvg, the density of an oscillating plasma can be re-
garded as constant and the radiation has a stabilizin
role if To(aqso/ aTo)po >0 and, moreover, if To(aqsﬁTo)po
>3q30/ 2 it stabilizes completely the high-frequency
overheating instability. In the reverse limit of the low-
frequency overheating instability (v «<kvg), when the
plasma pressure remains constant in the course of
oscillations, the emission of radiation may result in the
stabilization of the discharge, provided that

T, (%)P0=T0 3?: ~—Po f;;;o > %“Iao-
We usually have 9qg,/8To>0 and, therefore, the emis-
sion of radiation stabilizes the low-frequency overheat-
ing instability less effectively than the high-frequency
instability.

In the case of optically opaque and semitransparent
plasmas, the development of a large-scale overheating
instability is impossible because of the high radiative
thermal conductivity. (When this conductivity predom-
inates, we have q=div 8xT®’%) However, regions of
dimensions smaller than [, which is the mean free
path of photons in a plasma, behave as if they were
transparent and an overheating instability at wave-
lengths Amax <1 may develop inside these regions.
Therefore, in an opaque discharge such small-scale
overheating instabilities develop most rapidly. The
results obtained are in no way dependent on the dis-
charge geometry and, therefore, they apply equally
well to the linear z pinch and to the inverse pinch.

5. Nonequilibrium high-current discharges

It is clear that the whole analysis of the plasma sta-
bility given in the preceding section is meaningful only
if the time for the establishment of a self-pinched
equilibrium state of a discharge is less than the times
needed for the development of the various instabilities
discussed above. It is clearly necessary to study the
process of the establishment of an equilibrium state[****}

On the other hand, there is clearly a definite interest
in quasiequilibrium characteristics and in the stability
of high-current self-pinched discharges, in which the
discharge current oscillates strongly because of the
special nature of the experimental conditions. The
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theory of such alternating current discharges is devel-
oped in 22,

A. Formation of high-current discharges. A rigorous
analysis of the problem of formation of an equilibrium
self-pinched state of a discharge can be carried out in
the general case only by a numerical solution of the
equations of magnetohydrodynamics and of the radiative
transfer equation together with the current circuit
equations. The methods for numerical solution of the
problems in radiative magnetohydrodynamics can now
be regarded as sufficiently developed-*""*"~2*) and their
application to the problems of interest to us has been
found to be highly effective.'%:"?

An approximate approach to the formation of an equi-
librium state in linear and inverse discharges can be
applied to an opaque plasma. This approach involves the
solution of the system (2.1) subject to some simplifying
assumptions. These assumptions are as follows: the
temperature and electric field are transversely homo-
geneous in the process of formation of a discharge; the
pinch takes place in a fully ionized gas and the total
number of particles per unit length of the discharge re-
mains constant; the energy balance in the discharge is
governed by the equality of the ohmic evolution of heat
and emission of the black body radiation from the sur-
face. An analytic solution of Eq. (2.1) is possible in
two limiting cases: one is the case of slow compres-
sion, when the characteristic current rise time T is
much longer than the hydrodynamic time:

>-E, (5.1)

Vs

olnly -1
T~ ( at )
and the other case is that of a fast compression, when
the opposite inequality applies.

In the first case, the nonequilibrium solutions are in
full agreement with the distributions given by the for-
mulas (3.1) for the linear discharge case and by the
formulas (3.5) for the inverse surface discharge case:
the only modification necessary is the assumption that
the current is a known function of time. This means
that, in the course of compression, the radial density
and pressure distributions remain of the quasiequilibrium
type and the discharge radius at any moment is governed
by the total discharge current and the total number of
particles in the discharge. In this case, we can apply the
stability theory developed above to the process of for-
mulation of a discharge. This description of the com-
pression of a discharge describes correctly the real
situation only in the case of discharge currents exceed-
ing a certain critical value when the intrinsic magnetic
field of the current becomes capable of confining the
plasma,.

If the current rises rapidly (i.e., if the rise time is
shorter than the hydrodynamic time), we can ignore the
kinetic pressure compared with the magnetic pressure
and assume the compression to be transversely homo-
geneous, which yields the following equation for the
compression time:

VB )

o (S o

(5.2)

In this case, the current is assumed to vary with time,
in accordance with the law It(t) =Ign)t“; ro is the initial
radius; po is the initial density in the discharge; vp is
the Alfven velocity. If the current rises linearly, Eq.
(5.2) leads to a well-known result.’®® The process of
rapid compression is of similar nature in the case of
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an inverse pinch, It is then found that the characteristic
compression time under fast formation conditions is

B
Ya

(5.3)

Hence, we obtain an important result that, in the case of
an inverse discharge, the fast compression time is
shorter than the time needed for the development of the
most dangerous long-wavelength constriction type in-
stabilities given by Eq. (4.3). Therefore, in contrast to
the z pinch, in the inverse pinch the discharge forms
first and becomes compressed and then only do the in-
stabilities develop.

Since the current in an optically transparent dis-
charge is fixed, it follows that the problem of formation
of such a discharge cannot be solved within the frame-
work of the assumptions made in Sec. 3B.

B. Self-pinched alternating-current discharge.[m By
an alternating-current discharge, we mean one which
satisfies the inequalities

(5.4)

where w, is the frequency of the current in the external
circuit. Physically, these inequalities mean that the dis-
charge current can be regarded as varying at a high
frequency compared with the hydrodynamic processes
but is practically constant compared with electrody-
namic processes (magnetic field diffusion and absence
of the skin effect). In view of the fact that the skin-
effect time is short compared with wo ', the magnetic
field cannot follow variations in the discharge current.
The oscillating quantities are the temperature and
velocity in the discharge. However, since wo > vs/ Tpos
the plasma density should remain practically constant
and, consequently, oscillations of the velocity should be
small enough to be negligible. This state of the dis-
charge is defined as a quasiequilibrium state and its
characteristics can be found from the equations of the
system (2.1) averaged over wy. It is then found that,

in this case, it is meaningful to speak of a distribution
of the effective values leff, Eeff, and Beff which are
defined in the usual manner in terms of the amplitudes
(Leff =IAN2 , and so on),and in terms of the quantities Teff
= 8Ty, Peff= 6Ppo defined on the basis of the nature of
the time dependence Tpo(t). In the case of an opaque
discharge, we have

Us c2
Tp0 @& dnogrh,

Tp (&) = Tyo | sin®/ Moyt |, (5.5)
whereas, in the case of a transparent discharge,
Ty (f) = Ty | sin wgt 1 (5.6)

and

T,
b= T
It follows from Eqs. (5.5) and (5.6) that in a transparent
discharge the temperature oscillates in exact corre-~
spondence with the current, whereas in the opaque case
the oscillations have the same frequency wo but the
variation near the current maxima is considerably
slower than harmonic.

The quasiequilibrium state of an alternating-current
discharge is described by the same relationships as the
equilibrium state of a direct-current discharge but the
physical quantities must be replaced by the correspond-
ing effective values. In particular, we can still use all
the relationships obtained in Sec. 3 for the effective
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parameters of the discharge expressed in terms of the
total current and total number of particles in the dis-
charge.

A quasiequilibrium alternating-current discharge
is subject to the same instabilities as a direct-current
discharge and the increments are obtained from the
expressions given in Sec. 4 by the simple replacement
of the physical quantities with their effective values.
Thus, there is no significant increase in the stability
of such a discharge because of the dynamic stabiliza-
tion.

6. High-current discharge in a high-pressure gas

Discharges in gases at high pressures (of the order
of one atmosphere or more) differ from discharges in
vacuum primarily because the mass of a hot plasma in
the current is not constant but rises during the dis-
charge because of the heat conduction mechanism. The
discharge occurs as follows: the breakdown of a dis-
charge gap produces a thin hot-plasma channel which
expands and generates a shock wave which travels
across the unperturbed gas. The shock-wave front is
followed by a heat-~conduction wave which ionizes and
heats the gas warmed by the shock wave. The region
covered by the thermal wave represents a current fila-
ment in which the Joule heat is evolved. This current
filament follows the thermal wave and expands until the
pressure created by the magnetic field of the current
balances the kinetic pressure of the plasma. As soon
as this happens, the shock wave separates from the
current filament and is damped out, whereas a rare-
faction wave reduces the pressure of the gas around
the filament practically to zero; thus, the discharge
behaves like a self-pinched discharge in vacuum.

The theory of the initial stage of the discharge, i.e.,
the stage of an expanding thermal wave, was developed
in 9% (gee also "**"?%). It was assumed that the
plasma was optically opagque, the skin effect was absent
because of the low electrical conductivity, the magnetic
pressure of the discharge current was small compared
with the kinetic pressure, and the velocity of the thermal-
wave front was low compared with that of sound in the
thermally excited region (in this limit the velocity of the
thermal-wave front was equal to the velocity of flow of
the gas behind the front of the shock wave, which was re-
garded as weak). It was found that, subject to these as-
sumptions, the equations of hydrodynamics with radiative
heat conduction had a self-similar solution in the case
of a discharge current varying with time in accordance
with the power law I=FtI/2.¥ We shall give the results
of the self-similar theory in the special case of a linear
rise of the current (r=2) in air at atmospheric pressure.
The discharge radius r(t), plasma temperature T(t) (this
temperature has a practically homogeneous radial dis-
tribution because of the high radiative thermal conduc-
tivity), and the plasma density on the discharge axis
are given by [25,26

T (1) = 1.05.Fo4100% gV,
p () = 4,02-10-Fp.57g/om®;

r () = 1,92.104F0%39:98% cm,
} (6.1)

here, F is expressed in units of 10'° A/sec. The above
expressions are obtained on the assumEtion that the
Rosseland range in air is IR=6.8X10"°T*%"""* c¢m,
o=10"T°"* gec™?, and the average mass of the air

ions is Mj=29 atomic units.">%
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The range of validity of the above relationships is
restricted to the time intervals'?5:2]

3,5 17
71,08 << FLIT Y

(6.2)

where t is measured in microseconds. The lower limit
of this inequality is set by the condition r « IR and the
upper limit is set by the absence of the pinch effect in a
discharge.

It is clear that the force instabilities cannot develop
in the discharge during the expansion stage as long as
the magnetic pressure can be ignored. They appear only
when the pinch effect sets in. The overheating instability
also cannot develop because of the optical opaqueness of
the discharge.

1. EXPERIMENTAL INVESTIGATIONS OF HIGH-
CURRENT LIGHT-EMITTING DISCHARGES

7. Dynamics of high-current discharges formed by electric
explosions of conductors in vacuum

The phenomenon of electric explosions of conductors
can be used conveniently in the generation of dense low-
temperature plasmas with the parameters specified in
Sec. 2 (temperature T ~2-10 eV, density of charged par-
ticles 10®-10*! cm™®). Such explosions are of physical
interest from several points of view and have been studied
for some time. However, attention has been mainly con-
centrated on the phase transitions from a metal to a
liquid conductor which occur during the initial stage of
the process. A detailed bibliography of investigations
of this stage can be found in '*"). We shall not consider
in detail the main characteristics of the initial stage
but only point out that when the rate of supply of the
energy is sufficiently rapid and the energy itself is
sufficiently large, an electric explosion of a conductor
in vacuum produces a plasma filament which contains
all the particles of the conductor (see, for example, '**).

The majority of the experiments has been carried
out using capacitors as energy storage devices. The
development of a discharge then depends strongly on
the discharge circuit parameters: the discharge may
be quasiperiodic and characterized by a weak damping
(as, for example, in "2'**~%) or it may be aperiodic
(see "®~*8%), In the first type of discharge, which is
usually observed in explosions of sufficiently short
conductors, one can achieve high rates of supply of en-
ergy to the discharge, high temgeratures, and brief
emission of hard radiation.'**>! Such discharges are
of no practical interest as laser pumping sources, but
they may provide a convenient model for the study of
the physics of high-current discharges (see Sec. 9).
Matched discharges of sufficiently long duration are
of greater interest from the practical point of view.
Nevertheless, even in oscillatory discharges the active
resistance of the discharge is self-controlled in such
a way that a considerable proportion of the energy is
supplied during the first half-period. This is illus-
trated in Fig. 2 which shows the time dependences of
the energy (a) and power (b) supplied to a discharge.

The initial stage of a discharge channel, formation
of peripheral arcs, nature and rate of introduction of
the exploding wire material into the discharge,'>7%!7%/%%}
etc. depend strongly on the diameter of the wire being
exploded and of the material of which it is made, as
well as on the rate of supply of the energy and its ab-
solute value. Figure 3 shows typical high-speed photo-
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graphs (obtained with a streak camera) of discharges
occurring under various conditions. Figure 3a shows a
continuous time scan of the light emitted by a discharge
initiated by exploding a cadmium wire of 0.1 mm in
diameter in vacuum."?’ The experimental conditions
were such that the discharge was quasiperiodic and the
first half-period was =7 usec. It is clear from Fig. 3b
that the beginning of the discharge was accompanied

by the appearance of intense radiation and in the early
stages the radiation was emitted only from the outer
shell of the wire: the discharge was peripheral with
the breakdown confined to the surface (peripheral arcs
are also discussed in "%}, Next, the radiation front
expanded at a high velocity, which depended on the ex-
perimental conditions and was in the range (1-10)x 10°
cm/sec.217:39542,435861 A4 the same time, the rest of the
wire material was drawn into the discharge. At the
moment when the current reached its maximum, all the
metal vapor was inside the discharge channel. The
characteristic pinch effect was also observed by this
time.'%39:42:93:47) 1y the case of a quasiperiodic dis-
charge, the radiation oscillated at double the frequency
of the discharge current.”"? A jet of matter ejected
from the electrodes was observed in '*), Figure 3b shows
a time scan of an aperiodic discharge characterized by
a relatively long first half-period (~75 usec) which oc-
curred in the vapor formed from a lithium wire."® A
complex irregular structure of the discharge, typical of
the situations when the rate of supply of the energy is
low, was observed. Residues of the wire which retained
its shape and position for a long time were observed at
the center of the discharge chamber. Practically all the
investigations indicated the occurrence of an instability
which altered the shape of the radiation front. Typical
instantaneous photographs of the discharges with insta-

53 Sov. Phys.-Usp., Vol. 17, No. 1, July-August 1974

bilities are shown in Figs. 3c and 3d"®’*' (the discharge
axis in Fig. 3d is horizontal),

A great variety of the spectra of the discharges produced
by exploding wires was observed,!?"37-39,4248:50:52°56)
The nature of these spectra was governed by the
temperature and composition of the plasma. At low
densities and high temperatures the plasma was op-
tically transparent, whereas at high densities and mod-
erately high temperatures it was optically opague. Since
the composition and temperature of the plasma varied
in the course of the development of a discharge and
when the discharge current was altered, practically all
the types of discharge described in Chap. I were ob-
served in most of the experiments.

We shall now consider the main characteristics of
the spectra of the discharges formed by exploding wires
in vacuum, noting that, as shown in "*??, the experimental
results could, in many respects, depend not only on the
experimental conditions but also on the technique used in
recording the spectra. Figure 4 shows typical time
scans of the spectra of oscillatory (Fig. 4a) and matched
(Fig. 4b) discharges.”!***) The spectrograms indi-
cated that the beginning of the discharge was accom-
panied by an intense flash, representing a line spec-
trum, and this was followed by the appearance of a
continuous spectrum whose intensity increased with
discharge current, indicating an increase in the optical
density of the plasma. The absorption lines of silicon,
due to the evaporation of the walls of the discharge bulb
under the action of radiation, appeared even at the early
stages of the discharge. In the later stages, silicon
vapor could be drawn into the discharge, giving rise to a
line spectrum of the emission of the silicon ions. The
later stages could also see the appearance in the dis-
charge-spectrum of the lines due to the electrode ma-
terials. 1n quasiperiodic discharges the variation of the
spectrum with time was also periodic: repeated current
maxima were accompanied by flashes producing con-
tinuous spectra with the line spectra being emitted
mainly in the intervals between the flashes.

Many experiments also revealed a predischarge emis-
sion of x rays, localized near the anode 744,453,541
whose absolute yield depended strongly on the purity of
the wire. The yield of x rays was relatively smaller
from a wire subjected to an outgassing process.[“] It
was reported in "% that the maximum of the x-ray
power was reached at some optimal value of the plasma
density (for a given voltage) and the explosion of hollow
aluminum cylinders made it possible to maintain this
optimal density throughout the length of the discharge.
Under these conditions, x rays were emitted from the
whole length of the discharge.
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8. High-current discharge in lithium

High-current discharges, produced by exploding
lithium wires in vacuum, are of special interest as
sources of light,'**’ have been studied in very great
detail,***"*%7=%2! and are a good model of optically trans-
parent discharges {see Sec. 3B).

A series of most detailed and systematic studies
of lithium discharges was carried out at the P. N.
Lebedev Physics Institute of the USSR Academy of
Sciences."®’*""*""*!) The main results were obtained using
apparatus in which a capacitor bank was chargedto 5kV and
discharged. The first half-period was =75 usec. The in-
vestigations were concentrated on discharges 14.5 cm
long; the maximum current during the first half-period
was 220 kA. Discharges of 92 cm in length were de-
scribed in 72,

A characteristic feature of the lithium discharges
was a typical turbulent structure manifested by the
presence of irregular brighter bunches and helical
rapidly expanding jets and by indefinite boundaries of a
plasma filament expanding at a velocity of ~1.3x10°
cm/sec (Fig. 3b). Extended discharges (92 cm long)
usually consisted of a sequence of helically twisted
darker and brighter regions and the diameters of the
darker regions were twice as large as those of the
bri[ghter. A similar ‘‘chain’’ structure was observed
in ® by exploding silver wires. This discharge struc-
ture indicated a relatively high optical transparency,
confirmed by direct measurements of the optical
thickness "“©*"! and by the nature of the emission spec-
trum of the discharge. %%

A time scan of the spectrum of a lithium discharge
is shown in Fig. 4b. We can see that a continuous spec-
trum was emitted mainly at the moment when the cur-
rent reached its maximum value. The Li I line was not
observed in the spectrum, which indicated that the
plasma was completely ionized. It was reported in tez
that when the rate of supply of the energy to a
lithium wire was high but the absolute value of the
energy was low, the degree of ionization of the plasma
at the current maximum, found by direct measurements
of the electron density from the Stark broadening of the
lines, did not exceed 30%. Figure 5 shows the distribu-
tion of the spectral brightness B, for a bright plasma
bunch. Curve 1 was obtained by exploding a wire of 0.1
mm diameter and curve 2 by exploding a wire of 0.3
mm diameter. We plotted the Planck isotherms as a
series of smooth curves. We found that at wavelengths
A>4650 A the discharge spectrum was close to the
emission spectrum of a black body at temperatures of
=20 000°K and =~ 25 000°K for the two wires, respec-
tively. In the A <4650 A range the brightness tempera-
ture fell with decreasing wavelength and the rate of
fall increased with decreasing wire diameter, and, con-
sequently, with decreasing charged particle concentra-
tion. This nature of the spectrum was in full agreement
with the theoretical representations. Since the rate of
expansion of the discharge channel was much less than
the velocity of sound, the channel could be regarded as
self-pinched and could be described by the expressions
derived in Sec. 3. Since the plasma was completely
ionized, we could assume that the ionic charge was
z=1 and this gave us Imin=260 kA, deduced using Eq.
(3.8). Thus, under the experimental conditions, the
discharge as a whole should be optically transparent and
should approach the optically gray state near the cur-
rent maximum I=220 kA.

]
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An investigation of the yield of the vacuum ultraviolet
radiation was reported in ~°*’. The results (Fig. 6) indi-
cated that the radiation maximum was located at photon
energies of ~2 eV and at higher energies the radiation
yield fell strongly.

A relatively low density and temperature of a plasma
and considerable transverse dimensions of a discharge
reported in "*"**! made it possible to study the radial
distribution of the main parameters of the discharge. In
this way, it was possible to determine the pressure dis-
tribution (Fig. 7) as well as the distributions of the tem-
perature and the concentration of charged particles
(Fig. 8). The curves plotted in Fig. 7 were obtained by
measuring the distribution of the magnetic pressure
with magnetic probes (the magnetic and hydrodynamic
pressures were assumed to be equal) and the points
were deduced from direct measurements carried out
using pressure probes.'®® The curves in Fig. 8 were
obtained by measuring the distribution of the conduc-
tivity with magnetic probes and the points were de-
duced from the measurements of P(r) and of the opti-
cal thickness of the discharge, the results being nor-
malized at the point r=3 em. The distributions of the
charged particle concentration were obtained from the
distributions of P(r) and T(r). In the case of a thin
wire, the inhomogeneity of the temperature distribution
was practically the same as that of the charged-particle
distribution and, as reported, it was described satis-
factorily by the relationships (3.10) applicable to a
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steady-state optically transparent z pinch. The dis-
tribution N(r) was more uniform in the case of thicker
wires. Figure 8 also includes, for the sake of compari-
son, the distributions obtained by exploding an indium
wire. It is worth nothing the presence of a constant-
temperature region at the periphery of the discharge,
indicating that the radiation emitted from this region
was of the equilibrium type.

The dependences of the temperature and discharge
radius on the total initial number of particles per unit
length of the wire were also obtained (curves 3—-6 in
Fig. 9). It was found that in the case of a lithium dis-
charge both T and r depended weakly on Nt and in the
range Nt >4X10"™ cm~* the experimental results were in
satisfactory agreement with the theory "*! (dashed
curve). At low values of Nt the discrepancies were
large and this was attributed to the filamentary turbulent
structure of the discharge.!6!

9. Equilibrium characteristics of optically opaquedischarges

Investigations of the characteristics of the equilibrium
state of optically opaque discharges were reported
in'?74214314%] Thege investigations were concerned with
discharges resulting from the vacuum explosion of rela-
tively short conductors which were mainly heavy ele-
ments. The discharges were quasiperiodic and the pinch
effect was observed clearly near the first current max-
imum (Fig. 3a). Moreover, as reported in #1371 5
discharge whose length was comparable with its diame-
ter in the magnetic confinement stage retained its
cylindrical shape for a long time without visible per-
turbations, which was due to the stabilizing influence
of the electrodes. Naturally, under such conditions, a
discharge was a convenient object for checking the
theory of equilibrium of self-pinched discharges. Fig-
ure 10 gives the dependence of the visible radius of a
discharge on the current in the case of exploding silver
wires of 0.1 mm diameter (points), which was deduced
from an analysis of the patterns recorded with a streak
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camera. The same figure gives also the theoretical de-
pendence deduced from Eq. (3.3) for an optically opaque
discharge. The calculations were carried out on the
assumption of the complete capture of the wire particles
into the discharge and the value of z was calculated in
accordance with the standard Kramers-Unséld pro-
cedure.'®™ We can see that the agreement is good.

The blackness of the radiation was carefully checked
by an analysis of the time scans of the discharge spec-
tra of the type shown in Fig. 4a. The spectrograms ob-
tained indicated that an intensive continuous spectrum
was emitted near the first current maximum. This
continuous spectrum was used to determine the bright-
ness temperature of the discharge T, which represented
the true temperature of the discharge surface in the case
of black-body radiation. The distributions of the spec-
tral density obtained in '**”**! (see curves 3 and 4 in Fig.
5) indicated that the radiation emitted by such a dis-
charge near the current maximum was indeed close to
that expected for an absolute black body. The same
curves also indicated that the degree of ionization of
the plasma was high. This was particularly clear from
curve 4 in Fig. 5, which indicated the presence of char-
acteristic lines of the doubly ionized aluminum. The
time dependence of the blackness temperature deduced
from these data (actually, it was the dependence on the
discharge current) is represented by the continuous
curves in Fig. 11 (silver wire of 0.1 mm in diameter).
Figure 11a was obtained for a discharge current of
160 kA at the first maximum and Fig. 11b for a corre-
sponding discharge current of 380 kKA. It is clear from
Fig. 11 that the temperature followed the changes in
the discharge current, reaching 2.5~5 eV at the current
maximum. A similar temperature dependence was de-
duced from the data on the radiation yield in various
spectral intervals, obtained using photocells and fil-
ters.'*® The triangles in Fig. 11 represent the values
of the temperature deduced from the conductance of the
discharge gap at the moment when the current reaches
its maximum. In these calculations, we used Eq. (2.2)
for the conductivity of a totally ionized plasma. The
higher curves in Fig. 11 were obtained by calculating
the temperature in accordance with Eq. (3.3). A com-
parison of Figs. 11a and 11b indicated that the experi-
mental and theoretical values of T agreed satisfac-
torily in the case of low discharge currents. However,
in the case of high currents (= 380 kA) the theoretical
temperatures agreed well with the experimental values
deduced from the conductance but were almost twice as
high as the brightness temperatures. This discrepancy
was attributed to a strong radial inhomogeneity of the
temperature distribution: the temperatures deduced
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from the conductance were the average values over the
cross section, whereas the brightness temperatures
represented the surface of the discharge channel. The
discharge current at which this discrepancy appeared
was close to the theoretical value of the maximum cur-
rent Imax =420 kA [see Eq. (3.8)].

These results lead to an important conclusion. The
spectrograms indicated that the radiation was black only
when the discharge current was sufficiently high. This
is demonstrated more clearly in Fig. 12, showing the
dependence of the dimensionless brightness temperature
on the wavelength, obtained for exploding aluminum,
copper, silver, and tungsten wires at different moments
(curve 1 corresponds to the maximum value of the
current amounting to 160 kA, curve 2 corresponds to
4 usec and a current =140 kA, and curve 3 to 2 usec
and a current of ~80 kA). An analysis of such curves
indicated that there was a critical value of the current
below which the discharge ceased to be black and this
critical value depended weakly on the material and thick-
ness of the exploding wire, being located in the range
100-140 kA. This was in good agreement with the theo-
retical predictions of the existence of Imax=130 kA.
The optical thickness of the plasma was close to unity
near Imgx, as indicated by the measurements carried
out using a helium-~neon laser and the intrinsic radiation
of the plasma. The results reported in "*"? showed that
in apparatus capable of producing a current of 230 kA
in exploding copper and tungsten wires the emitted ra-
diation was close to that expected for a black body of
temperature 1.0-1.1 eV, whereas a lithium discharge
produced a selective radiation.

The dependence of the brightness temperature on the
total number of particles in a discharge is given in Fig.
9 for an opaque discharge in silver vapor (curve 1 rep-
resents the experin ental results and curve 2 the theory).
The discrepancy between the theory and experiment at
high values of N¢ is due to the partial evaporation of the
wire material. The distributions of the various parame-
ters in opaque discharges have hardly been investigated.
We found in the literature only the report of an inhomo-
geneous temperature distribution at high discharge
currents, which was mentioned above, and homogeneity
of the temperature distribution in the central regions
of semitransparent discharges was reported in "?!,

10. Investigations of stability of high-current self-pinched
discharges

The results reported in many papers'2113773974114246-5161,63)
indicated that various types of inhomogeneity appeared
in the discharges reproduced by exploding conductors
in vacuum. Typical photographs of discharges with
highly developed instabilities are given in Figs. 3c
"~ and 3d. The main result obtained was that the constric-
tion and flexural instabilities developed in practically all
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the cases. It was established in ™ that the constric-
tions and helices were indeed of magnetohydrodynamic
origin and the constriction instabilities were mini-
mized by the application of an external longitudinal
magnetic field. A detailed analysis of the force insta-
bilities in an optically opaque discharge was given in"*"’
for discharges 25 cm long produced by exploding
aluminum, copper, silver, and tungsten wires of 0.14~
0.15 mm in diameter. The first half-period of the dis-
charge was 12 psec long and the amplitude of the cur-
rent was 160 kA. Magnetic confinement appeared near
the current maximum but the shape of the discharge
channel was affected by strong constriction and flexural
perturbations (see Fig. 3d). A spectroscopic analysis
indicated the separation of various constriction and flex-
ural modes and it was found that the maximum ampli-
tude was exhibited by the fundamental constriction mode
with kzrp=1 and by the flexural instability mode with
m=1 and kzrp=0.15. Quantitative investigations of the
rate of development of the various instability modes
wer e carried out by analyzing the time dependences of
the amplitudes of these modes. The growth increments
obtained in this way are plotted in Fig. 13 as a function
of the atomic weight of the wire material. Curves de-
noted by 1 represent constrictions and those denoted

by 2 represent helical instabilities. The continuous
curves were obtained by theoretical calculations [see
Eq. (4.1) and later expressions] and were in agree-
ment with the experimental data. The force instabili-
ties in transparent discharges were characterized by
approximately identical increments of the constriction
and helical instabilities.'**!

The development of the overheating instability in
high-current self-pinched discharges has not yet been
observed directly. The occurrence of a large-scale
overheating instability was reported only in tes1 for a
wall confined discharge in xenon. It was suggested

in™"*7%8 "1 that the observed structure of the discharges
in lithium characterized by an irregular appearance and
motion of the cold and hot regions and filaments was due
to the appearance of an overheating instability in a
tran arent discharge. For example, it was reported

n ™ that the observed discrepancies between the theo-
retlcal and experimental values of the temperature and
particularly the emissivity of lithium plasmas could be
explained by assuming that a discharge contained about
ten overheated filaments and the diameter of each fila-
ment was =1-2 cm. However, these filaments were not
observed directly. Therefore, a correlation study was
made of the fluctuations of a dense lithium plasma (an
analysis was made of the fluctuations of the signals
picked up by magnetic probes) and these made it pos-
sible to determine the average size, fluctuation spec-
trum, and velocity of inhomogeneities. The average
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size of the plasma inhomogeneities was then found to

be about 1 cm and the velocity close to the velocity

of sound. A turbulent structure appeared only during
the first quarter of the discharge period and then it
disappeared, probably because of dissipative effects
(for example, due to the emission of lines). Since an
increase of the mass of the discharge (thickness of the
wire) increased the optical opaqueness and reduced the
turbulence in the plasma, it was concluded in 161 that the
observed turbulent structure was due to the overheating
mechanism,

11. Radiation yield and energy balance in discharges

The problem of the energy balance in a discharge and
of the radiation yield is very important for discharges
to be used as light sources. On the other hand, the solu-
tion to this problem makes it possible to provide a com-
plete energy description and to draw the purely physical
conclusions on the processes occurring in high-current
light-emitting discharges.

The energy Q supplied to a discharge may repre-
sent a considerable proportion of the stored energy &
ranging, depending on the apparatus employed, up to
60—85% for the main phase of the process [*17%67%8,63]
We are primarily interested in how the energy Q is
distributed in the discharge plasma. The energy of the
phase transition from a metal to its vapor is usually
ignored because it is relatively small. Therefore, the
energy is used to ionize the gas ?Nsz (Jz is the ioni-

zation energy of an ion of charge z), to heat the gas

U =NtxT(1+z), to supply directional kinetic energy Ekin,
to produce the radiation emitted from the interior

Way =Wi (A) represents the spectral interval which

must be considered because the radiation is concen-
trated in some definite part of the spectrum), and to
heat the bulb and electrodes.

Clearly, in the case of low energy inputs and short
discharges, we may find that only a small proportion of
the energy is converted into radiation (it was i‘eported
in " that only about 0.14Q was converted into radia-
tion). In the case of a discharge gap 14.5 cm long and a
quartz discharge tube of = 9.0 cm diameter, it was
found "*' that out of 17.5 kJ supplied to the discharge,
the energy converted into radiation of wavelengths
corresponding to the range of transparency of quartz
(Ax; = 2200 A to <) was 6.7 kJ, the quartz tube absorbed
about the same amount (6.6 kJ), and 4.3 kJ was dis-
sipated in heating the electrodes. When the length of the
discharge was increased to 100 cm, the results were
quite different:"*"! the energy dissipated at the elec-
trodes remained constant, whereas the radiation energy
W, and the energy absorbed by the discharge tube in-
creased to 28 kJ each. It was interesting to note that W
and the energy absorbed in the tube were also equal in
other investigations. 1*¥’**! The discharge tube was
heated mainly by the absorption of the short-wavelength
part of the radiation so that, clearly, the discharge
was a very efficient converter of the electrical into the
radiation energy.

In the case of discharges in the vapors of heavy ele-
ments, produced by exploding relatively thick wires, it
was found that when the energy input was small, the
ionization and heating of the plasma could consume a
considerable proportion of the supplied energy.

In the case of discharges in the vapors of heavy ele-
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ments, produced by exploding relatively thick wires, it
was found that when the energy input was small, the
ionization and heating of the plasma could consume a
considerable proportion of the supplied energy.

It should be remembered that the relative importance
of the various energy reservoirs changes in the course
of a discharge. Naturally, if measurements are inte-
grated over the whole process, the internal energy and
ionization energy lose their meaning because they repre-
sent the energy lost as radiation or transferred to the
walls of the enclosure or to the electrodes. If we con-
sider the instantaneous energy balance, we may find that
U and J influence strongly the state of the discharge.
For example, according to the results reported in ‘“],
the value of J up to the moment of the first maximum
amounted to 45.0% of Q, and the value of U to about
25% of Q; according to the results given in 87, U+J
=10% of Q. It was also interesting to note that in prac-
tically all the low-temperature self~pinched discharges
the value of Ekin could be ignored for dense plasmas.

It was generally found “®*»*® that the value of W, was
very close to the energy lost in the walls of the enclosure.

'12. Principal characteristics of high-current discharges

produced by exploding wires in dense media

The discharges initiated by electrical explosions of
wires in dense gaseous media *2*%7™ (a5 a rule, in
air at atmospheric pressure) can be regarded either as
the transient stage of a high-power arc pulse discharge
or as the early stages of spark discharges character-
ized by a prolonged energy input into the spark channel.
In such cases, the wire may play a number of roles: in
some cases, the wire material is of decisive impor-
tance'®~%! whereas, in other cases, the wire simply ini-
tiates the breakdown in long gaps caused by relatively
low voltages.'?2125:26:59=7%1 A characteristic feature of
such discharges is that they are preceded by a ‘‘current
pause’’'¥°=™) during which the conditions favorable for
the breakdown of the gap are established in the gas sur-
rounding the wire or in the wire vapor. The duration of
this pause depends on the wire material and its diame-
ter'®! and it increases when the density of the surround-
ing gas is raised. Under given conditions, the shortest
pause is obtained for aluminum wires and there is prac-
tically no pause in the case of tungsten or molybdenum
wires.[7"" If the voltage is not too high, the breakdown
occurs mainly on the surface of the wire."?! The be-
ginning of the process (the first current pulse and the
associated explosive exaporation of the wire) and the
secondary breakdown are accompanied by strong shock
waves.”™! The breakdown is followed by the devel-
opment of a shock wave and a simultaneous expansion
of the current channel (formation of a thermal wave).
The velocities of the shock and thermal waves depend
on the ambient medium, rate of supply of the energy,
and absolute value of the energy supplied. 22:2%:26,70=75,79]
In air at atmospheric pressure, the initial velocity of
shock waves may reach 5x10° cm/sec.'™ The velocity
of thermal waves is somewhat lower. A photographic
scan of the explosion of a wire in air, showing clearly
the first and second shock waves and the development
of a thermal wave, is given in Fig. 14a. If the discharge
current is sufficiently strong, the pinch effect may be
observed (Fig. 14b),257"75!

The discharges in air are characterized by a rela-~
tively high stability. This is demonstrated in Fig. 14c,
which shows a multiframe record of a discharge in
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air.”®! For a long time, the discharge channel has the
regular cylindrical shape with a corrugated surface.

The corrugations eventually develop into clearly visible
constrictions. These constrictions are particularly
prominent in the pinch effect and, in this case, the rate
of development of constrictions is governed (as in the
vacuum pinch) by the hydrodynamic time [see Eq. (4.1)] 1%

Discharges of this type are accompanied by intensive
light flashes and the radiation is basically continuous
with superimposed weak emission lines typical of a
given gas and wire material,’®®~%"~" The temperature
of the radiation is governed by the rate of supply of the
energy and by its absolute value, as well as by the na-
ture and pressure of the gas. If the energy is supplied
rapidly, very hi%h temperatures (up to 340 eV or higher)
can be obtained."’

The physical processes in such discharges enable
us to classify them into two groups: fast or quasiequi-
librium discharges and slow or nonequilibrium dis-
charges.

A. Fast (quasiequilibrium) discharges in air. In the
case of fast discharges, the pinch effect appears in the
earlier stages, when the energy supplied is only partly
used up. Consequently, the range of validity of the self-
similar theory [see Eq. (6.2)] is very narrow and this
theory describes only a brief initial stage of the dis-
charge.'?>?®™! The main stage is described by the
theory of alternating-current discharges (see Sec. 5B),
so that these discharges can be regarded as of quasi-
equilibrium type. The dynamics of fast discharges was
investigated most fully in °®™), Figure 15 shows the
time dependence of the radius of a discharge channel
obtained in **). We can see that during the initial stage
the discharge channel expands at a high velocity of
~(4-5)% 10° cm/sec and the pinch effect appears near
the moment when the first current maximum is reached.
The discharge channel then expands at a practically
monotonic but much slower rate (~5x 10 cm/sec).

The radiation emitted by such a discharge is periodic
with very pronounced ‘‘blackness’’ periods located near
the maxima of the discharge current (Fig. 16a). An in-
tense line spectrum is found to be superimposed on a
continuous spectrum near the current minima. Figure
17 shows the time dependence of the brightness temper~
ature (circles) deduced from the continuous spectrum
in the blackness periods and of the temperature calcu-
lated from the conductance of the discharge near the
first current maximum (triangle). The time dependence
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of the blackness temperature follows the corresponding
dependence of the discharge current, i.e., it oscillates
fairly strongly. The agreement between the brightness
temperature and the temperature deduced from the con-
ductance indicates that the temperature is distributed
uniformly in the transverse direction. On the other hand,
we must mention the results reported in "'"%?, which
indicate that the temperature decreases from the axis
of the discharge. However, this applies to the later
stages of the discharge, when the plasma is optically
transparent so that these results cannot be used to
predict the temperature distribution during the main
stage of the discharge when the plasma is opaque.

-Figures 15 and 17 also include the results of theo-
retical calculations based on the self-similar theory
(initial parts of the curves) and on the theory of the al-
ternating-current vacuum pinch beyond the first cur-
rent maximum. The agreement is good, which shows
that the theoretical assumptions made in Sec. 6 are
correct. This description of a fast discharge (self-
similar conditions during the formation of a thermal
wave, pinch effect and separation of a shock wave, alter-
nating-current discharge surrounded by a low pressure
region) is also supported by the results given in "7~
which show that the characteristics of the later stages
of a fast discharge in air are governed entirely by the
presence of the vapor formed from the exploded wire.

B. Slow (nonequilibrium) discharges in air. Slow
nonequilibrium discharges allow us to investigate the
physical processes which occur in a freely developing
thermal wave and to check, over a sufficiently long
time interval, the self-similar theory. They are also
of direct practical interest from the point of view of
energy pumping of lasers.
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The principal characteristics of such slow discharges
are discussed in "®"*~"%™), The results of a high-speed
photographic study of a slow discharge are shown in
Figs. 14a and 14b, whereas Fig. 18 shows the time de-
pendence of the radius of the discharge channel. The
continuous curves are the experimental results (the
length of the discharge was 75 cm, duration of the
first half-period ~54 usec, Nichrome wire of 0.1 mm
in diameter exploded in air at atmospheric pressure).
The experimental points correspond to different charg-
ing voltages U, and, therefore, to different rates of
rise of the current F=I. When U, is increased, the
velocity of the thermal wave rises and the pinch effect
tends to develop near the current maximum.

The time scan of the spectrum of this discharge,
shown in Fig. 16b, demonstrates that an intense contin-
uous spectrum is emitted during the first half-period
of the current and the brightness of this spectrum rises
with the discharge current. The intensity maximum
coincides in time with the discharge current maximum.
Similar results were also deduced from the oscillo-
grams of signals produced by photocells which recorded
the radiation emitted in narrow spectral intervals in the
visible and ultraviolet range.

Figure 19 shows the time dependence of the brightness
temperature deduced from the continuous spectrum dur-
ing a ‘‘blackness’’ period (10-50 usec); this dependence
is denoted by circles. The triangle in Fig. 19 represents
the temperature calculated from the conductance of the
discharge. As in the case of fast discharges, the temper-
ature rises with the current, reaching values up to 3 eV
at the current maximum (Uy= 30 kV).

All the experimental results obtained in the papers dis-

cussed here indicate that the energy is supplied mainly
during the first half-period. Most of the radiation of a
discharge is also emitted during this period (this ap-
plies particularly to the short-wavelength radiation).
The energy characteristics of a Ug=20 kV discharge
shown in Fig. 20 include the time dependences of the
total energy input Q, total energy of the radiation of an
absolute black body W (0 <X <=), and energy W (1860 A
<A <=) emitted in the transparency band of air (lower
continuous curve). This figure also gives the internal
energy at the moment of the current maximum U and
the ionization energy of air in a thermal wave J. The
value of U is calculated assuming a theoretical par-
ticle concentration in the thermal zone N=~10' ¢m™?
deduced from the self-similar theory (a misprint made
in ! is worth noting here). It follows from these
results that the energy input up to the moment when the
current reaches its maximum value is Q=17 kJ and
the dissipated energy is (W.+U+J)~4+3.5+10 kJ=17.5
kJ, i.e., the quantitative agreement is good. Here,
W.=0.23Q, U=0.20Q, and J =0.67Q. A similar relation-
ship between the internal and radiation energies has
also been reported for fast discharges, *’*"! but the
kinetic energy of directional motion is more important
in such discharges.

In the experiments discussed here, the rise of cur-
rent during the initial fairly extended stages can be
regarded quite accurately as linear and the rate of rise
of the current is ~10*° A/sec. Therefore, it follows
from Eq. (6.2) that thereis a wide range of conditions
under which the self-similar theory is valid. The re-
sults of calculations based on this theory are represented
by dashed curves in Figs. 18-20. A comparison of the
calculated and experimental dependences shows that the
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self-similar theory describes correctly the time de-
pendences of all the quantities except the plasma tem-
perature. However, the temperatures calculated from
the self-similar theory are in good agreement with the
average brightness temperatures obtained during the
first half-period. Thus, the self-similar theory gives
correct results in semiquantitative calculations of the
principal characteristics of discharges and the pre-
cision of such calculations increases for high rates of
rise of the current.

Figures 18-20 also include chain curves, which rep-
resent the discharge characteristics obtained as a result
of computer solutions of the equations of radiative hy-
drodynamics.'”®**! These calculations were carried out
using the averaged radiative transfer equation. The
boundary conditions for the electromagnetic field were
found using the equations for the external circuit and it
was assumed that the conditions following from the sym-
metry of the problem were satisfied on the discharge
axis. The initial state was assumed to be a cylindrical
plasma column on the discharge axis (in the main vari-
ant of the calculations, it was postulated that this column
had a radius r,=0.5 cm and temperature To=1.3 eV).
Figure 19 also includes the results of calculations of
T at r,=0.8 cm and Ty=2 eV (double-dotted chain
line). These computer calculations made it possible
to determine-also the current-voltage characteristic
of the discharge and its resistance. The results are
plotted in Fig. 21 together with the experimental curves
(continuous). Comparison of the curves obtained indi-
cated that the computer calculations, made subject to
the assumptions stated above, described satisfactorily
the current-voltage characteristic and the variation of
temperature. In the case of the other discharge parame-
ters, the computer calculations diverged as much from
the experimental results as the self-similar theory but
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with one important difference that the computer calcula-
tions described all the stages of the discharge process.

13. Formation and dynamics of coaxial plasma shells

It follows from the theory that the coaxial discharges
or inverse pinches have definite advantages in the form
of a larger emitting surface and a higher stability than the
conventional linear discharges. However, very little ex~
perimental work has been done on the coaxial discharges.
The present authors are not aware of any published work
on the emission from inverse pinches. Some work has
been done on thermonuclear inverse pinches“’01 and on
xenon ribbon lamps.t*!!

The formation and dynamics of coaxial discharges in
air were investigated in """}, The discharge was ini-
tiated by a simultaneous explosion of eight wires placed
on the circumference of a circle. In this way, it was
possible to produce converging, diverging, or steady-
state discharges, depending on the distribution of the
current inside and outside the plasma layer. Figures
22a—-22c show the results of high-speed photography
of such discharges viewed from the end of a discharge
chamber. Figure 22d shows, on an enlarged scale, the
region of interaction between two neighboring plasma
channels formed by the explosion of separate wires. In
the early stages of the discharge, the separate channels
expanded independently of one another at a velocity of
~(2-3)x 10° cm/sec. When these channels came into
contact, they deformed but never formed a continuous
coaxial shell. This behavior of the channels was prob-
ably due to the electrostatic repulsion of the diffuse
space-charge layers at the boundaries of the thermal
zones. Nevertheless, the radiation emitted by such a
system was close to the radiation from a continuous
plasma shell. Under given conditions in a discharge
circuit, the temperature of a coaxial shell was less than
that of a linear discharge. The temperature of a con-
verging discharge was higher than that of a steady-state
discharge and much higher than that of a diverging one.
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The velocity of motion of the shell toward the center of
the enclosure could reach 10° cm/sec and this velocity
increased when the rate of rise of the current was made
greater. The stability of these discharges was very
high and in the main stage of the process only small-
scale corrugations were observed on the surface of

the plasma and these were due to the initial perturba-
tions caused by the separate wire explosions.

11]. CONCLUSIONS

We shall now compare the characteristics of various
types of high-current discharge considered as light
sources. The main parameters of interest are the char~
acteristic dimension of the discharge and its brightness
temperature, as well as the coefficient of conversion of
the supplied energy Q into the radiation energy Wj in
a specified spectral range Ajj: 111=Wi/ Q. 1t follows
from the data on the ratiation emitted from high-cur-
rent discharges and on the temperature of such dis-
charges, given in the preceding chapters, that they are
distinguished by a high brightness of the emitted radi-
ation and the capability of producing any required ab-
solute radiation yield. Therefore, it is very important
to know the conditions for attaining the optimal opera-
tion of a discharge (maximum value of 7 in the re-
quired spectral interval and the necessary geometrical
dimensions or the velocity of propagation of a current
filament). Since the discharge length and its period
differ from one experiment to another, it is convenient
to compare the results at some particular moment and
to reduce them to a unit length of the discharge. It is
convenient to consider the rate of expansion at the
beginning of a discharge and temperature at the moment
when the current reaches its maximum value.

Figures 23 and 24 show the dependences of the velocity
of expansion v of a plasma channel and of the bright-
ness temperature T of this channel on the energy Q’
=Q/ 1 per unit length of the discharge. These depen-
dences are plotted for a vacuum discharge resulting
from the explosion of a silver wire of 0.1 mm diame-
ter'™ and for an atmospheric discharge.”™ We can
see that both v and T rise monotonically with Q’.

Figures 25 and 26 show, for the same discharges, the
dependences of the specific radiation energies Wi, Wz,
Wi and of the conversion coefficients 71,2,s on Q'. It is
very important to note that the values of 7 have max-
ima at some specific energy input: in atmospheric dis-
charges this maximum is reached at Q'=0.5 kJ/cm and
in vacuum discharges it is reached at Q=0.6-0.75
kJ/cm. This behavior is due to a redistribution of the
energy supplied between the radiation and the internal
energy of the discharge.

It should also be pointed out that, in the majority
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TABLEI.
UF Explosion of Discharge Exfp;io]:ion
: IFP-5000 lithium wire Senar of silver
Type of discharge lamp [*°] Iagng/[z’?] in vacuum [1:: ’371,1] Jire in
p [%7] [**¢*]
Length of discharge /, cm 25 90 4.5 | 92 75 75 5 95
Duration of main stage 620 150 70 140 55 55 — 86
of discharge 7, usec
Stored energy &,kJ . 5 20 26.5 72 83 225 | 56.7 | 72.3
Supplied energy Q,kJ 4 16 17.5 ] 60 60 180 | 36 51
Maximum temperature 9000 | 110 000| 17 000] 28 000| 26 000| 31 000| 21 500} 24 000!
T,°K
Radiation energy (kI)
Wy — — — 28 — — }12.5] 20,5
W, — — — — 20 35 — —
Ws 0.2 1.0 1.0 — | 4.4 9 2.6 {1 2.9
Total radiation energy 2.6 — 6.7 — 38 - 19 29
(quartz calorimeter), kJ
Conversion
coefficient (%) m — — — [46.5] — — [ 34.5] 40
g _ — — — 133.4(19.5| — —
T3 5 6.25 | 5.7 — 17,3 5 7.2 1 5.7

of the experiments described above, the coefficient of
conversion of the stored energy & into the electrical
energy is high: Q=(0.7-0.8) £.122:26:4-%8) .1 rimetric
measurements indicate up to 45% of the stored energy
is transformed into light and, in the case of atmospheric
discharges,®® the total radiation yield may amount to
40 kJ, which is greater than the absolute yield of any
other known pump lamp.

The main data on the various types of light~emitting
discharge are collected in Table I, which shows that

such discharges are promising as laser pumping sources.

Further improvement in the characteristics of light-
emitting discharges (an increase in the stability and ab-
solute radiation yield) may be expected from coaxial
discharges (inverse pinches).

DA review of the latest investigations of the high-temperature thermo-
nuclear pinch effect, known as the plasma focus, is given in [19-11] .

Iv,B] =v x B.

IThe self similar solutions of the equations of hydrodynamics in the case
of an optically transparent plasma (spark discharge) were obtained
earlier. [3*%]
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