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The basic data on the micropinch in a high-current, low-inductance spark are reviewed. This
phenomenon was discovered by Cohen er al. in 1968. A theory for the equilibrium and collisionless
emission of a plasma compressed to a degenerate state by the magnetic field of the high current yields a
natural explanation for several properties of the micropinch which are unexpected at first glance: the
hard x-ray burst, the time evolution and directional pattern of this burst, the power-law spectrum above
150 keV, the confinement of the emission sources to certain spatial regions, and the highly ionized atoms,
among others. (Similar effects are observed in z pinches, the plasma focus, and the explosion of wires.)
At maximum compression, the micropinch seems to be similar to the Thomas-Fermi “linear atom,”
which consists of ions which are at rest on the whole and drifting electrons which carry the current. The
micropinch has potential applications (in the fusion problem and in developing sources of induced
synchrotron radiation for the x-ray range), but it is also of much physical interest in itself, since it allows
laboratory research on a supercontracted hot plasma, i.e., matter in a state approaching that in stars. In
order to prove unmistakably that supercontracted matter is present in a micropinch, however, it would
be necessary to carry out direct experiments to observe the strong electromagnetic fields and the high
density of matter in regions with dimensions measured in angstroms.

PACS numbers: 52.55.Ez, 52.25.Ps, 52.25.Lp
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1. INTRODUCTION The first scientific conference on spark discharges
was held near the end of the last century,’ just after the
One of the most interesting effects which have been discovery of x rays. At the time, physicists had prob-
observed in sparks, in our opinion, is the formation of ably not yet run into this phenomenon, which, although
a micropinch region in which the state of the matter very interesting from the experimental standpoint, is
approaches that in stars, discovered in 1968 by Cohen very awkward to deal with theoretically. The situation
et al! in experiments with a low-inductance vacuum was such that, despite constant study of the nature of
spark. Levedev ef al.? Plyutto ef al.* and Handel the spark for more than half a century, not a single one
et al > all came close to discovering this unique prop- of the properties of sparks which were observed exper-
erty of sparks. Today we also know that the physical imentally had been predicted theoretically beforehand
nature of this effect has much in common with that of (among these properties are the x-ray bursgt,’ the high
the plasma focus of Filippov’ and Mather.? Our major temperature .and the multiple ionization of atoms,'®
purpose in this paper is to review the present state of self-contracted electron beams,' fast ions,'? and the
experimental research and the theory regarding the explosive nature of the electron emission'®'?), Re-
physical nature of the micropinch. search of recent years has shown that we still have
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much to learn about thig type of discharge, although the
spark is nearly the most common type of naturally oc-
curring discharge.

By “spark” we mean a brief stage (lasting ~10~7 gec,
according to experiments) in the formation of those
conditions which are required for a stable arc.!®
Clearly, all types of vacuum breakdown, including the
explosive emission in the diodes of high-current elec-
tron accelerators,'®® are sparks. Events character-
istic of sparks also precede the establishment of an
electric arc at atmospheric pressure.l®%

In addition to reviewing the standard concepts here, -
we shall outline a nontraditional approach to the theory
of the micropinch, based on an analysis of the equili-
brium of a plasma in the magnetic field produced by the
current.?? The results show that conditions can be cre-
ated in the course of the micropinch such that the mag-
netic forces due to the current compress the hot plas-
ma to the point of electron degeneracy, i.e., to a con-
densed state. At maximum compression, the micro-
pinch is similar to a Thomas~Fermi “linear atom,”
consisting of ions which are at rest on the whole and
drifting electrons which carry the current. This state
of matter, which has never arisen before, would seem
to be a unique example of a macroscopic quantum ob-
ject® at high temperatures. The emission observed
experimentally can be explained in a natural way as the
colligionless emission resulting from electron trangi- .
tions between quantum levels in the course of the fil-
ling of the states of the linear atom? and the subsequent
radiative cooling of this linear atom.

2. EXPERIMENTAL RESEARCH ON MICROPINCHES
(a) Apparatus for spark research

The micropinch in a vacuum arc is today the object of
widespread study. Until recently, the only motivation
for this research came from gpectroscopic applica-
tions, i. e., the need for a laboratory source of x-ray
spectra comparable to stellar spectra. It is thus not
surprising that most of the work was concentrated on
the same aspects of the effect, and the experimental
conditions were pretty much the same. We will des-
cribe only one particular experimental device here,
but this is apparently not the only device in which a
micropinch region could be created.

The experimental arrangement is shown in Fig. la.
A gpark is produced between cathode 2 and anode 3 in a
vacuum gap <1 cm in size, either by a low-energy dis-
charge (10-30 J) at the central part of the cathode or
by a laser beam focused on the anode surface (Fig. 1b).
In the laser case, the laser beam passes through a hole
~2 mm in diameter in the cathode and can partially va-
porize the material around the hole. The anode is a
protruding cone with a vertex angle ~90°. The vapor of
the anode material usually produces a spectrum of
highly ionized atoms. Various metals are used as an-
ode (Ti, Fe,Ni,Cu, Mo,and W), while the cathode is us-
ually made of stainless steel. Electrodes 2 and 3 are
connected to a capacitor bank either directly or through
a controlled switch. If the bank is initially charged to

728 Sov. Phys. Usp. 22(8), Sept. 1979

a b

FIG. 1. Experimental arrangement for studying the micro-

pinch. a: 1) Trigger electrode; 2) cathode; 3) anode; 4) di-

agnostic window; 5) vacuum chamber. b: Laser ignition. 6)
Laser beam focused through an aperture in the cathode onto
the anode.

~10-15 kV, the energy stored in it is ~1-2 kJ. Vacuum
chamber 5, with diagnostic windows 4, serves as the
return conductor. The coaxial electrode geometry min-
imizes the circuit inductance: <107 H. Variations

in the residual gas pressure over the range 103-10°
torr do not significantly affect the characteristics of the
spark®® or the properties of the micropinch region.

The discharge current and the emisgion in various
parts of the spectrum, from the microwave region (10—
20 GHz) to the region of hard x rays (100-500 keV),
carry information about the properties of the micro-
pinch. Particularly valuable results have been obtained
from a study of the variation of the x-ray emission over
space and time and from a study of the x~ray spectrum.
The techniques which have been used will be discussed
below in connection with the description of the corres-
ponding experiments. We might note that the electro-
magnetic noige level is high, and it forces the experi-
mentalist to be very careful in the electrical measure-
mentg and to use great caution in drawing conclusions
from these measurements.

(b) Current characteristics

The current and its time derivative are measured by
means of a Rogowski loop with a time resolution <10-®
sec. The discharge current, a damped sine wave, rea-
ches a maximum amplitude of ~100-200 kA in ~(1.5-2)
%10 sec. We can take the spark stage to be the first
quarter-period of the current, and we can arbitrarily
break this stage up into two substages. The “starting”
or “breakdown” substage ends with the filling of the
vacuum gap by the plasma bursts from the anode and
the cathode'*?° and the decay of the voltage to a level
approximately equal to the potential drop across the in-
ductance of the current channel. The diodes of high-
current electron accelerators are essentially operating
in this starting substage. The explosive emission of
the cathode,'* the formation of electron beams in the
cathode burst, and the acceleration of ions of the cath-
ode material?” are some of the basic events which occur
in this substage, and they largely determine the trans-
jient effects which culminate in a high conductivity in the
diodes.

In the second substage, the rate of increase of the
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current is limited, for the most part, by the circuit
inductance. This substage can be called the “unstable
arc substage.” Its most characteristic features are
brief drops in the current (lasting <10~" sec), which are
accompanied by overvoltage pulses: these pulses
sometimes exceed the initial voltage across the diode
by a factor of two or three. At the same time, there
are intense bursts of emission. In contrast with the
starting substage, in which it is primarily the anode
which is radiating, the primary source of the x rays

in the second substage consists of the discharge chan-
nel® and the micropinch region in the dense vapor of the
anode material.»?® In this substage, as in the starting
substage, self-contracted electron beams are observed,
and ions are observed to be accelerated toward the an-
ode !?2%3% Similar x-ray bursts are observed from a
plasma focus, whose formation near an anode is also
accompanied by drops in the discharge current.™8

The discharge current does not fall by more than 30%
from its value at the instant of the drop.®* These cur-
rent drops (of which there may be several®?; Fig. 2a)
are random in nature, although many investigators re-
port that the time at which they.occur depends on the
conditions under which the discharge was produced, the
circuit parameters, and the electrode shape and mater-
jal 33334 After the current maximum-more precisely,
after the last x-ray burst-an arc is establigshed.>*®

(c) Emission from the micropinch region

These drops in the current are accompanied by bursts
of emigsion over a broad spectral range, from the mi-
crowave region to the hard x-ray region (Fig. 2).

1) Microwave and infrared emission

The submillimeter emission from the plasma of a
vacuum diode was observed in Refs. 32 and 35. Abso-
lute values of the emission intensity were not measured.
At present, there have been no time-resolved direc-
tional measurements of the microwave emission of
vacuum diodes. Under these circumstances, there is
accordingly much interest in the corresponding meas-
urements for the plasma focus. Herziger et al 3¢ have
reported directional patterns of the microwave emis-
sion from a plasma focus. Their measurements showed

‘
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FIG. 2. Time evolution of various properties. a) The current;
b) the intensity of hard x rays; c, d) Intensity of the submilli-
meter emission.3?
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that there are two types of microwave emission, which
are separated in time and which have different direc-
tional patterns. Figure 3a shows directional patterns
of the microwave emission at the beginning of the burst,
while Fig. 3b shows the corresponding results for the
final stage of the emission.”® The emission intensity
here is®® ~1 W. At present, these are the only results
which have been reported on the directional pattern of
the microwave emission; confirmation of the results of
Ref. 36 would be desirable.

An intensification of the infrared emission in the re-
gion 0.7-1.2 1 was observed in Refs. 31 and 34. Inter-
preting this emission as the emission from the micro-
pinch at twice the plasma frequency, Cilliers ef al **
and Turechek and Kunze®* estimated the electron densi- -
ty in the plasma to be n,~ (1-5) X10?° ¢cm™S, In terms
of the theory which will be discussed below, the emis-
sion from the micropinch (this includes the microwave
emission, in particular) can be interpreted as emission
due to the motion of electrons along finite trajectories
in a collective interaction field.

2) Visible emission

Lee and Elton®® studied the emission in the visible
region, They detected the light by using electron-opti-
cal image converters with a continuous time sweep of
the image, synchronized with measurements of the dis-
charge current. It was concluded from their observa-
tions that the micropinch region is formed at the front
of an anode plasma which is propagating toward the
cathode at (0.5-1) X 10® cm/sec. This velocity of the
vigible boundary of the anode plasma increases just
before the drops in the current. During the x-ray burst,
this emission boundary suddenly reverses direction and
moves back toward the anode. The characteristic vel-
ocity of the fast motions is 107~10% cm/sec, but the
velocity of the micropinch region along the discharge is
no more than 10° cm/sec.

3) X-ray emission

Handel ef al,>® observed x-ray emission from the
discharge channel over the entire length of this channel.
The most intense emission occurs near the anode at the
time corresponding to the minimum value of the deriv-
ative of the current at a current drop. The intensity of
the x-ray burst and the relative hardness of this burst
both increase with increasing value of the current at
the time of the drop.3® As the x-ray energy increases,
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FIG. 3. Directional patterns of the microwave emission of the
plasma focus.® a) During the burst; b) in the final stage of
the emission. Circles) Experimentalss; curves) plotted from
Egs. (13) (2) and (9) (b).
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the duration of the emission falls off®3'32 (Fig, 4). The
obgerved intengity of the hard x-ray emission at x-ray
energies 2100 keV falls off by a power law**® (Fig. 5).
The x rays which have been detected have had energies
=1 MeV (Ref. 32). At energies <100 keV, the spectrum
corresponds to the emission of a plasma with a temper-
ature ~10 keV, averaged over space and time .

A better time resolution was achieved in the x-ray
range in Ref. 31 with the help of a monochromator. It
can be seen from Fig. 6 that the emission in the line
corresponding to the resonant transgition of the helium-
like iron atoms beging 3 nsec after the burst at the
broadened Ka line and ends after 10 nsec. The x rays
- with energies >10 keV appear after an even shorter de-
lay (1 nsec). The length of this signal at half-maximum
is <3 nsec. The pogsibility of separate x-ray bursts
was studied in Refs. 31,37, and 38, but distinct bursts
were not time-resolved.

In special experiments carried out to determine the
region in which the Ko line was excited it was found
that in the stage of the current drops, in which there is
intense ionization of the anode plasma and a micropinch
appears, no Ko line is detected from the anode 3 The
implication is that the region of intense ionization is
away from the anode; this suggestion agrees with the
results of Refs. 33 and 39. '

Herziger et al.*® observed a strong angular aniso-
tropy in the soft x-ray emission (fw=1-1.5 keV) of a
plasma focus of the Mather type. The voltage across
the circuit capacitance was 10 kV, and the energy
stored in the capacitance was 1 kJ; the diameters of the
outer and inner electrodes were 18 and 6 mm; these
electrodes were both 40 mm long; and the initial hydro-
gen pressure was 7 torr. The angular separation of the
apertures in the screen was 70 mrad. It was found that
the x-ray emitting region lies near the axis above the
hollow anode and has a complex structure. The x rays
from the various individual sources pass primarily
through only a single aperture in the screen. Then the
angular divergence is less than 70 mrad. According to
Turechek and Kunge,* the pronounced angular aniso-
tropy is a consequence of the induced emission of a
large number of electrons which have been accelerated
to relativistic energies and which are moving in a
gtructure with a periodic density, which may arise be-
cause two-stream instabilities are driven in the plas-
ma.

M  f2keV
FIG. 4. Time evolution of
the emission intensity for
w2 60keV various x-ray energies.3
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FIG. 5. Variation of the intensity of the emission of the hard

" x rays with their energy. Circles) Experimental’?; solid

curves) power-law decay of the intensity with an exponent of
4.5; dashed curve) the same, with an exponent of 2.5.

4) Multiply ionized jons.

The emission from the micropinch region was studied
in Refs. 1, 27-29, 37, 39, 41, and 42 in order to deter-
mine the spectra of ions with a high charge. The inter-
est in the spectroscopy of multiply charged ions stem-
med from the need to be able to identify the lines in
solar flares and in fusion devices. Figure 7 shows a
typical spectrum of iron ions®*’ over the interval 1.7-
1.95 A. The micropinch spectrum contains lines cor-
responding to resonant trangitions of hydrogen-like
(A~1.85 A) iron ions and their satellites. The most in-
tense lines are of the K spectra of Fe II and the ions
Fe IX-Fe XVIII, but thege lines are emitted from re-
gions adjacent to the micropinch3® Figure 8 shows a
spectrum®’ in the region of the K8 line of Fe and the
corresponding line from an x-ray tube. The blue shift
of the spectrum is evidence of the high degree of ioni-
zation in the spark plasma.

Figure 9 compares part of the spectrum of a vacuum
spark with the corresponding data from a solar flare.*
The same type of pronounced line broadening in com-
parison with the solar spectrum is observed in the .
spectra of exploding wires.® The observed broadening
of the micropinch lines can be attributed to the Doppler,
Zeeman, and Stark effects. If it is assumed that the
Doppler broadening is caused by the thermal velocity

1s%-152p

] 0 20 30 nsec
A
Kev > 10keV
1 1
g 20 3 nsec

FIG. 6. Intensity of the emission of the helium-like line of
iron, the Ko line, and the hard x-ray component.3!
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FIG. 7. Spectra of iron ions with various charges.3'

spread of the emitting ions, the ion temperature would
be estimated* to be T,~20-40 keV. If, on the other
hand, the Doppler broadening is attributed to directed
motion (a contraction or expansion), the ion velocity
would be ~4 X 10" cm/sec. The observed line width
might also be attributed to the Zeeman effect, and in
this case the magnetic field would have to exceed 10°
Oe. That there are magnetic fields of 10°-10° Qe in a
micropinch follows directly from the fact that the spark
radius at currents of the order of 100 kA ig?*% 4 ~10"
cm. The possibility of fields of the order of 10° Oe and
higher is discussed by Nardi,*® who suggests a possible
complex spatial structure of the micropinch-a struc-
ture which cannot be resolved with the diagnostic ap-
paratus currently available.

If the observed line broadening is attributed to a
Stark mechanism, there would have to be electric fields
of the order of 10"“V/cm. The operation of the Stark
mechanism for the broadening of the Lyman series of
Al XIII was observed by Datla and Griem.*® Stark
broadening is easily identified, because only in this
case does the line width increase with increasing prin-
cipal quantum number (n) within a single series of
spectral lines.

ey
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1.740 1745 1750 1755 1760 1765
A

FIG. 8. Spectrum of the plasma of a vacuum spark in the vi-
cinity of the characteristic line K8 of Fe; the KB line of Fe
from an x-ray tube. The Roman numerals show the positions
of the KB line for the ions with various charges.

731 Sov. Phys. Usp. 22(8), Sept. 1979

200}- ’\ -lsoa
"
‘é‘ - § T
5 E
€ 5
® 100t o —400
© Q
E
8
S i @
g S
(]
-~ &
°
oL Lab. plasma _J,5; 9
Solar flare
L L 1
185 1.86 1.87 a
rA

FIG. 9. Part of the spectrum of the vacuum spark and the cor-
responding part of the spectrum of a solar flare.4

The detection of lines of resonant transitions and
their satellites in hydrogen-like and helium-like ions
has made it possible to determine the electron temper-
ature. At the time at which emission of these lines be-
gins, the electron temperature is®” T',=4.5-5 keV.
Bhalla et al.*” conclude that the ions at the various
charge levels are not at an ionizational equilibrium at
this electron temperature. The time over which emis-
sion occurs in the lines of multiply ionized ions is much
longer than the time required for the ions of intermedi-
ate size to traverse the micropinch region.?3" It can
be concluded that the ions are restrained from trans-
verse expansion by the electromagnetic field of a col-
lective interaction.®®

{d) lon acceleration

During the current drops, the spark is a source of
fast particles. Plyutto et al.'?-?®2° have observed an
acceleration of the ions in the cathode plasma toward
the anode, to energies in the MeV range. At the same
time, self-contracted electron beams have been obser-
ved to form in the cathode plasma 3%%%%° Streams of
high-energy ions of the anode material have also been
observed,®® and the energy associated with their direc-
tional motion toward the cathode has been comparable
to the thermal energy in the micropinch (20-40 keV).
Lee®? suggests that a large part of the energy which is
evolved in the discharge, primarily in the micropinch,
is carried away by this stream of particles. According
to observations of a plasma focus,’™® the energy of the
deuterons in this stream can reach 1-5 MeV, which is
much higher than the thermal energy of the deuterons in
the focus (~1 keV). Neutron emission is observed at the
same time as the current drops.®? To a large extent,
these neutrons may be a consequence of the high density
and temperature in the plasma focus® and the micro-
pinch. The presence of this state of matter follows
from the theory discussed below, but it is difficult to
actually prove that this state exists on the basis of the
experimental evidence presently available.
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{e) Structure, spatial position, and time evolution of the
micropinch

The dimensions and position of the micropinch have
been determined by an x-ray pinhole-camera meth-
od,!+41.48.52.3 The regults show that nearly all the x-
ray emission during a current drop comes from a re-
gion with a longitudinal dimension L <100 u (along the
digcharge axis) and a transverse dimension d < 10-40 p
(Table I). This region is in the vapor of the anode ma-
terial, ~1 mm from the anode surface. On a finer scale
it can be seen that there are inhomogeneities in the x-
ray emission 3%4%5 Figure 10 shows dengitometer tra-
ces of an x-ray image obtained through 10-p slits ori-
ented perpendicular to the discharge axis. The slits
were covered with foil of various metals (Fe, Mn, and
Cr) for which the absorption edges (Fig. 10) fall in dif-
ferent parts of the spectrum of the highly ionized iron
atoms (Fe XII-Fe XXV). The foil thicknesses were
chosen so as to provide a uniform attenuation of the x-
ray emisgion at the absorption edge for all three slits.
It was thus possible to determine the temperatures of
the various parts of the micropinch region from the
populations of ions with different charge levels. The
curves in Fig. 10 are the results of an analysis of a
photograph of a single spark. It can be seen that the
micropinch consists of a group of clearly defined sour-
ces, each of which has a dimension ~20-40 . along the
discharge axis. The sources are separated by regions
which are not as bright. It follows from a comparison
of the shape of the curves that the source temperature
is =3 keV, while the temperature in the intervening re~
gions is 1 keV. Usually, one or two groups of sources
are observed, on roughly a common axis, which coin-
cides with the discharge axis. The regions between
these sources, ~100 p in size, emit only faintly in the
X-ray range.

Analogous structures have been obgerved in the plas-
ma focus.i>>* The sources of the harder x rays are
smaller in size and are “buried” in a region of softer
X-ray emission.

According to the experimental data of Refs. 1, 3135,
41,37,38,39, and 54 (summarized in Table I), the plas-
ma in the gpark has an average density n,~10* ¢m™
and a temperature T,~10 keV. The relaxation time due
to Coulomb collisions is 7,~0.04 nsec at this density
and this temperature. Figure 11 shows the relaxation
time 7, plotted against the temperature 7, for various

TABLE 1. Properties of the micropinch plasma according to ex-

perimental data

Reference ! Burst duration,|

H T n, 0, -

andyear || keV’ TokeV | jpu cm~? 10% om | L. 10-tom nsec

1, 1968 4—6 10-2—10 < 45 ~ 100
31971 2—10! *1 <L 7.5 ~ 100
41, 1972 ~4 ~ 30 ~1 2 ~ 50
35, 1972 30 ~ 20 ~ 10 ~ 50
541974 2.5 . 10 8 40 > 20
321974 8+2 10 10—25 100 ~ 30
38,4975 3 100
34 4975 35 - 40 5 . - 20
31, 1975 <15 < 10 5 40 20
37, 1977 4.5 20—40 5 :
3%, 1977 1.5 20—100
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values of the electron density n,. The points show the
plasma properties reported in the experimental pa-
perg 3'32:3%35:3%.41 1, a]] these experiments, the relax-
ation time 7, was less than a nanosecond, while the
duration of the emission burst ranged from 1 or 2 nsec
for the hard x rays to hundreds of nanoseconds in the
microwave region. The leading edge of the emission
pulse is far steeper than the trailing edge, and this ef-
fect is particularly noticeable for the x rays with Zw
~10 keV (Fig. 4). It is thus natural to suggest that after
a rapid contraction in the course of the pinch an equil-
ibrium is established in the plasma of the vacuum
gspark, and the subsequent evolution of the plasma is
governed by the slow changes in the equilibrium values
of the various properties.

3. THEORETICAL CONCEPTS REGARDING
MICROPINCHES

Our analysis of the micropinch is based on a study of
the equilibrium of the plasma with the current. By
taking this approach we can find a consistent descrip-
tion of the variety of phenomena which accompany the
pinch in the vacuum diode, and at the same time we can
at least partially bridge the gaps which arise because of

107,
Ty, NSEC /
/gll
70°
-]

// o,
0"

A7

107 ' 0*
7o, keV
FIG. 11. Variation of the relaxation time 7y due to Coulomb
collisions with the temperature 7, for fixed values of the den-
sity n, (the curve labels). The circles show the states of the
plasma according to the experiments of Refs. 31, 32, 34, 35,
37, and 41.
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attempts to single out various individual properties of
the micropinch for explanation.

The stage of the slow decay of the emission burst
from the micropinch can be described on the basis of
the equilibrium theory of Ref. 22 and the theory of col-
lisionless emission.? The theoretical conclusions - '
agree with experiment and make it possible to recon-
struct the time evolution of the decay of the electron
temperature during the radiative cooling.

An accurate quantitative description of the initial
stage of the rapid contraction of the micropinch re-
quires a theory for the evolution of the plasma in the
course of a pinch-a theory which is not available. The
question becomes even more complicated when we try
to take into account the effect on the contraction of the
synchrotron radiation of the electrons in the magnetic
field produced by the strong current. To a large ex-
tent, the difficulties stem from the fact that the micro-
pinch is optically dense for the synchrotron radiation of
the plasma, but at the same time (during the contrac-
tion stage) it is very nonequilibrium formation. Under
these conditions, the radiation transport is not simply
radiative heat transfer, as it is in the physics of stel-
lar atmospheres.*®* Because of the large number of
photons (the radiation is trapped) and the nonequilibri-
um energy distribution of the electrons during the fast
contraction stage we must take into account the induced
synchrotron radiation. Below we shall estimate the in-
tensity of this radiation in order of magnitude.

The theory for the micropinch is far from complete
at present. Questions which remain to be dealt with are
neutron emission and the collective acceleration of
charged particles.

(a) Plasma equilibrium in the magnetic field of the
current

The equilibrium of a self-contracting plasma in the
strong magnetic field produced by a current was first
studied by Bennett.’” There is a detailed bibliography
on the question in the reviews in Refs. 58-61.

Since the relaxation time 7, is short in comparison
with the duration of the emission burst, it can be as-
sumed that an equilibrium is established separately in
the electron subsystem and the ion subsystem. A ther-
mal equilibrium between these subsystems is not at-
tained because of both the large mass difference and
the drift caused by the external field applied to the di-
ode. In this formulation of the problem there is no
ambiguity in the choice of a distribution function. In
Refs. 22 and 62 there is a detailed analysis of all pos-
sible cylindrically symmetric configurations of a plas-
ma consisting of ions which are at rest on the whole
and electrons which carry the current,

The equilibrium state of a cylindrically symmetric
plasma with a current is characterized by the five
properties

Neo Niy To, Tu, B (1)

Here N, and N, are the numbers of electrons and ions
per unit length of the spark, 7, and T, are the electron
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and ion temperatures, T,=T,VI = @ is the effective
electron temperature in the transverse direction, 8
=v,/c, and v, is the electron drift velocity with respect
to the ions, which is related to the total current I by I
=eN t,. Since the electrons as a system are in motion
with respect to the ions, the two systems are attracted
to each other as parallel currents. This attraction oc-
curs in addition to the electrostatic interaction with the
space charge. If the numbers of particles per unit
length of the discharge, N, and N,, satisfy the inequal-
ities N,>ZN >N_ (1 - %), then both the electrons and
the ions are subjected to long-range forces, exerted by
the other charges, which attract them toward the axis.
The potentials for these forces are different for the
electrons (U,) and the ions (U;). These potentials are
quadratic functions of the radius near the axis, while
far from the axis they increase logarithmically with
increasing r:

Uy, =2e.lnr, U; = 2¢;Inr, r - oo,

Here ¢,=¢* (ZN,-(1-p%)N,) and £,=Z¢* (N, - ZN ) are
the energies associated with the attraction of the elec-
tron and the ion by the other charges in the collective
interaction field. In this field, the equilibrium density
distributions for the electrons and ions fall off in a
powerlaw manner with increasing r: n,~v e n,~v 2Ky
in the limit » —, where K;=¢,/T, and K ,=¢,/T. The
conditions that the numbers of particles, N, and N,
must be finite, which are equivalent to the conditions
that the current and charge of the spark must be finite,
are®?

K.>1, K; > 1, (2)

so that the energy of the attraction between the charges
must exceed the energy associated with the thermal
dispersal of these charges in the transverse direction.
Conditions (2) are essentially unrelated to the existence
of an equilibrium in the plasma; they simply follow
from the convergence of the normalization integrals

N, =27 fo“’nm(r)rdr at the upper limit,

The properties in (1) are not independent if the plas-
ma is at equilibrium in the approximation of the classi-
cal statistics of ideal gases. These properties must
be chosen to satisfy a balance equation involving the
energy associated with the magnetic compression,
$e2N?8?, that associated with electrostatic repulsion,
(3)e*(N, -~ ZN,)?, and the kinetic energy of the charges,
N,T,+N_T,, per unit length of the spark®:

NTit NI+ € (No— ZN )2 = eV, 3)

For an electrically neutral plasma, with ZN,=N_ =N,
Eq. (3) reduces to the Bennett equilibrium condition®’:
I2=23N(T + T)).

The radial profiles of the charge densities of the po-
tentials U, and U, have only been determined numeri-
cally for the general case.®*® Some illustrative pro-
files n,(») and U (») (a =i, ¢) are shown in Fig. 12 for
certain values of the parameters.

A distinguishing property of the equations governing
the structure of the equilibrium, cylindrically symme-
tric discharge channel in the approximation of the clas-
sical statistics of ideal gases is gauge invariance .
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FIG. 12. Radial profiles of the charge density (a) and the po-
tential () found through a numerical integration for the follow-
ing parameter values: B=0.98, K,=1.01, K;=4.28 (T;/T,=5).

The equilibrium profiles of the potential U (a =i,¢) de-
pend on r through the combination r/7,, where 7, is an
arbitrary scale parameter. The physical reason for the
gauge invariance is that, as the cross section of the
discharge channel changes, the energies associated
with the magnetic contraction, the electrostatic repul-
sion, and the thermal expansion in the radial direction
all vary with the radius in the same way. Where gauge
invariance holds, the conditions for an equilibrium of
forces do not determine the micropinch radius.

In order to determine the micropinch radius and also
the temperature of the charges—~these properties deter-
mine the plasma configuration at equilibrium-~it is nec-
essary to study the energy transport equation. The ev-
olution of a plasma with Joule heating and with energy
removal by radiation is studied below, in Subsection d1
of Chapter 3. At a current of the order of 1 kA, how-
ever, the energetically equilibrium value of the pinch
radius may be so small that it is actually not reached,
because electron degeneracy comes into play. When a
plasma is compressed to a degenerate state, the pres-
sure of the electron Fermi gas increases more rapidly
with decreasing radius of the current channel than does
the pressure of an ideal gas or the magnetic pressure.
The equations governing the mechanical equilibrium of
a plasma in a collective interaction field with electron
degeneracy are no longer gauge-invariant,??> Conse-
quently, when a plasma is compressed to the point of
electron degeneracy, the radius of the current channel
is determined directly from the condition for mechani-
cal equilibrium.

Electron degeneracy comes into play at a density n,
~Mpaeg =M T,/H?/?. The equilibrium radius 7, of a
plasma which has contracted to the point of electron
degeneracy varies over a broad range, depending on
the discharge current (or on N,). To estimate this
radius it is convenient to work from the condition
%o4es™ 7o =N, We find

ro~ NY2RY2 (mT )34, 4

In micropinch contraction to a degenerate state, the
typical electron density is n,~10% cm™, and the typical
equilibrium radius is »,~10 cm.

The equilibrium of a pinch contracted to the point of
electron degeneracy was studied in Refs. 22, 64, and
65. Since the ion mass is much larger than the electron
mass, the ions can be treated as an ideal gas obeying
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Boltzmann statistics. The calculation of the structure
of the spark channel with a Fermi electron energy dis-
tribution is reminiscent of the calculations of the struc-
ture of a many-electron atom by the Thomas—Fermi
method® and the calculation of the structure of a non-
relativigtic cold star.’”

In contrast with atoms, ions are not localized at the
center as in a nucleus; their radial profile is algo de-
termined from the equilibrium conditions. Generally
speaking, the size of the volume occupied by the elec-
trons is of the same order of magnitude as that of the
volume occupied by the ions. Furthermore, the elec-
trons are drifting along the discharge channel with re-~
spect to the ions. The state of maximum compression
can be thought of as a “linear atom” consisting of ions
which are at rest on the whole and drifting electrons.
Different electrons transverse the micropinch region
at different times, while the radial profile of the elec~
tron dengity is approximately a steadystate profile.

If the micropinch contracts to the point of electron de~
generacy, then we would have in the micropinch region
a laboratory case of condensed matter at high temper-
atures, i. e., matter in a state similar to that in the
interior of stars.®®

At temperatures T,>> E,=27.2 eV, which are of in-
terest in connection with the fusion problem, the radius
of the micropinch region increases in accordance with
(4) as the electrons cool off.

The energy of the collective magnetic contraction per
atom is given in order of magnitude by

Ecol = Zg, + & = Ze*N,f2. (5)

Since the ions are at rest on the whole, the potential
(U;) of the forces acting on the ions is equal to the scal-
ar potential ¢ of the electromagnetic field of the collec-
tive interaction. Assuming U,~2¢, ln (v/7,)~ ¢, We
find the following estimate of the electric field E, in the
micropinch region, using (4) and (5):

B ()" ()™

~1onpz(:’&)”2( 7.

me?* me?

£coll - m:c5/2
Zer, 312

E ~

)3“ Viem

At a current of the order of 100 kA, this field could
explain the observed spectral-line broadening in the
micropinch plasma’”**® ag a consequence of the Stark
effect. It would thus be possible to explain the observed
increase in the line width with increasing value of »,
the principal quantum number 4®

(b) Motion of the charges in the micropinch region

Let us examine the motion of the electrons in the
cylindrically symmetric plasma of a micropinch. The
motion of the individual charges is governed by collec-
tive-interaction forces. The transverse motion of the
charges is bounded, and the energy spectrum is dis-
crete. However, under the condition

med et \1/2 4 T, \3/4
¢ (_h?) ( me? )
even if the plasma is compressed to the point of elec-

tron degeneracy, the level spacing is small in compar-
ison with the characteristic values of the energy, so

>
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that the motion is semiclassical, and classical mech-
anics can be used.

Gratreau® has analyzed the trajectories of the indiv-
idual particles in a plasma with a high current for the
case of a Bennett equilibrium. We shall restrict the
present discussion to the most important limiting cases
of weak and strong currents.

In the weak-current limit,

I TE1TKA, Bt (8)
the electron Larmor radius in the magnetic field of the
current is large in comparison with the plasma radius.
In this case the electron motion reduces to transverse

oscillations in the field U (7) and an equilibrium motion
along the axis.

In the opposite limit, of a strong current,

Iy mn /2 @

the electron Larmor radius is small in comparison
with the transverse plasma dimensions 7,. In this case,
with T « mc® and 8« 1, each individual electron moves
uniformly along the azimuthal direction (along the mag-
netic field), executes small oscillations in the direction
perpendicular to the magnetic field, and drifts along
the discharge axis under the influence of the mutually
perpendicular electric and magnetic fields of the col-
lective interaction., The net electron drift of all the
electrons produces the total current in the plasma.

The ratio of the energy of the radial oscillations to
the Larmor frequency, mv’,’,o /2%, is an adiabatic in-
variant, as is the angular momentum M =rp,,. It can be
shown that at a constant current I, with slow variations
in the plasma radius 7,, for example, along the dis-
charge axis (2), the radial and drift velocities are des-
cribed by

v,o~r;’/2, vo~ThL BL UL (8)
In the case of a pronounced contraction of the discharge
channel, the electrons may be accelerated to relativis-
tic velocities; then the relations in (8) would change.

It is important to note, however, that the electron drift
at the “bottleneck” is intensified to a far greater degree
than the thermal velocity spread. This means that in
the region of maximum compression the plasma elec-
trons constitute a beam (a relativigtic beam if the con-
traction is sufficiently pronounced), while outside this
region the electrons again constitute an ordinary plas-
ma with a current. The highly magnetized electrons
constitute a sort of incompressible fluid, so that the
second relation in (8) is equivalent to constancy of the
product of the flow velocity and the cross-sectional
area, which follows from the continuity equation. The
emission of x rays in the micropinch and the absence
of emission from the anode surface reported in Ref. 31
can be explained on the basis that as the current chan-
nel expands from the micropinch region toward the an-
ode the electrons rapidly lose directed-motion energy,
in accordance with (8), and they are essentially cold
when they reach the anode.

Experimentally, the appearance of a micropinch dur-
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ing the contraction of the discharge channel is accom-
panied by a sharp decrease in the current, by about 30%
of its value at the time of the drop. Rapid changes in
the current induce strong electric fields in the plasma,
which in turn tend to prevent changes in the current.
These fields may also be responsible for the accelera-
tion of charges.” Fukai and Clothiaux™ have analyzed
the mechanism for electron acceleration upon a sudden
current cutoff in connection with the vacuum spark.
They showed that if the current before cutoff is 100 kA
the maximum energy to which iron ions can be acceler-
ated is 40 keV, while electrons can be accelerated to
20 MeV. The mechanisms for charge acceleration with
an adiabatic change in the channel radius and with a
current cutoff corresponds to the opposite limiting cases
of slow and fast changes in the plasma configuration.
Curiously, the contraction of the discharge channel is
accompanied in both cases by an acceleration of char-
ges in the current direction.

(c) Collisionless emission

The formation of the micropinch and its subsequent
evolution are closely related to the removal of energy
by radiation. The primary emission mechanism in a
plasma is usually assumed to be the bremsstrahlung of
electrons in binary collisions with ions. The emission
caused by Coulomb collisions of the charges plays the
leading role in a homogeneous plasma without electro-
magnetic fields. In the case of a strong magnetic com-
pression of the current, the plasma configuration is
governed by the electromagnetic forces of a collective
interaction. The charges subjected to these forces are
accelerated and radiate., The radiation is bremsstrah-
lung in the collective interaction field. Since this emis-
sion is not related to binary collisions of charges, it is
naturally called “collisionless.” To compare this col-
lisionless emission with the emission which occurs in
Coulomb collisions it suffices to estimate the accelera-
tion experienced by the charges in the two cases, Ina
hot plasma, with a mean free path  comparable to 7,
(the characteristic dimension for a change in the densi-
ty), the acceleration in the case of a bounded motion in
the radial direction is greater than the acceleration
caused by binary collisions. The collisionless emission
becomes predominant at I = »,, since the relative
change in the velocity is small in the case of Coulomb
collisions. Budker™ pointed out the need to. consider
collisionless emission at high currents because of the
increased importance of the collective interaction.

Calculations were carried out in Ref. 24 for the col-
lisionless emission of a cylindrically symmetric plas-
ma in the simple case in which the photons emitted by
the charges escape from the plasma without any signif-
icant absorption by other charges. The corresponding
condition is 6 > 7, (6~ c¢/w, is the depth to which a field
at a frequency w < w,, where uy, is the plasma frequen-
¢y, penetrates into the plasma), and in the case g~1
it reduces to the weak-current condition in (6). The in-
tensity of the colligionless emission in the case of a
weak current is proportional to the square of the tem-
perature and inversely proportional to the square of the
plasma radius.2* During the plasma contraction and
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heating, the intensity of the collisionless emission in-
creases more rapidly than does that of the emission
which occurs in Coulomb collisions. In the weak-
current limit, the collisionless emission is associated
with the radial oscillations of the electrons. The ang-
ular distribution of this current is described by

Yot 3sinte, BgH, (9)
where 6 is the angle between the propagation direction
of the radiation and the current direction. The spec-
trum of the collisionless emission in the weak-current
limit, (6), is governed by the circumstance that each
electron emits at the frequency w~v;/7,, which is the
frequency of its trangverse oscillations. At high fre-
quencies, w> v,/7,, the intensity of the emission for
an arbitrary Zw/T, is given by*

S =4 V1 _g%(e,p[ﬂ:r_f_cﬂ]_ R
(10)

The factor A is independent of the frequency and tem-

perature. We do not need to know its exact value,

since we have not absolute measurements of the emis- .

sion intensity for comparison.

In the strong-current limit, (7), the electron Larmor
radius in the magnetic field of the current is small in
comparison with the plasma radius. The magnetic field
of the current varies only slightly over the electron or-
bit. In case (7), the collisionless emission reduces to
the synchrotron radiation of electrons in the magnetic
field of the current. Vikhrev and Korzhavin®™ have cal-
culated the intensity of the equilibrium synchrotron ra-
diation from an inhomogeneous plasma with a strong
current in connection with the plasma focus. Since the
emission is important in electromagnetic compression,
we will give the necessary estimates of the synchrotron
radiation of a cylindrically symmetric plasma. The es-
timates below do not take the exact plasma configura-
tion into account, so that they are correct only in order
of magnitude.

The total intensity of the synchrotron radiation of an
electron which is moving at a velocity v across the
magnetic field H is (Ref. 74, §74)

po BRI 2 & g

In the high-current case, (7), the depth to which the
field penetrates into the plasma, §, is small in com-
parison with 7,: 8/7,~ vmc*/&*N,~Vmcv,/el< 1. Un-
der these conditions, the only photons which escape
from the plasma are those which are emitted within a
short distance of order 6 from the surface. As N, the
effective number of radiators, we should thus adopt
N~N__8/r,~N,mc?/eaN,, where N, is the number of
electrons per unit length of the discharge. Noting that
Q~ e®NB/mcr,, and assuming v2~T,/m, we find the fol-
lowing estimate of the intensity of the spontaneous syn-
chrotron radiation:

arse eINe \5/2 T B%
@\ Tme ) 7
The electrons in the plasma also continuously emit
and absorb photons. Essentially none of the photons
escape from the plasma, so that a certain steady-state
number of photons is built up in the discharge. If the
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‘plasma were at thermal equilibrium, blackbody radia-

tion with a spectral density e,(w) would be trapped in it
(Ref. 75 §63), and the radiative energy flux across a
unit area of any surface in the plasma in each direction
would be dI~ ce(w)dw. If there is no thermal equilibri-
um in the plasma, and there is a population inversion
for the higherlying energy levels, then the photon flux
reaching the radiating surface layer will cause an in-
duced emission. The probability for this emission,
w'", ig related to 0", the probability for spontaneous
emission, by (Ref. 76, §44)

- n3er dl
in— P —— ——
w U e o -

If the photon flux density is agsumed to be on the order
of the blackbody flux density, (r*c*/k«®) dI/dw~T/hiw,
Fw< T, we would have the following estimate of the in-
tensity of the induced synchrotron radiation of a cylin-
drically symmetric nonequilibrium plasma in the high-
current limit (w~Q):

afin ( etN, )3/2T*_ﬂ (11)

= )

dz
If B <1, the synchrotron intensity reaches a maxi-

mum at the gyrofrequency, w~ 8, and in the ultrarela-
tivistic case this maximum shifts to a higher frequency
(Ref. 74, §74): w~8y%, y=(1=-@F)*t>»1, Estimate (4)
can be used for the plasma radius in a state of electron
degeneracy. Assuming H~I/cr,, we find the character-
istic energy of the emitted photons to be

o~ mes @ (L) ()" eNsme (1

For temperatures of the order of hundreds of keV and
currents of the order of 100 kA, this characteristic en-
ergy corresponds to the hard x-ray region. The emis-
gion of hard photons in the vacuum spark of a high-
current diode can thus be explained as the synchrotron
radiation of electrons in transitions betweed Landau
levels in the strong azimuthal magnetic field of the cur-
rent, in the sate of maximum contraction and heating

of the micropinch plasma.* In other words, the hard
photons are emitted in transitions of electrons between
quantum levels of the linear atom, The distance be-
tween adjacent levels, A =#8 in (12), is greatest in the
stage of the maximum contraction and heating.

The possible mechanisms for the emigsion of hard
photons in a vacuum spark, which were studied by
Fukai and Clothiaux™, involve the presence of electrons
accelerated to the necessary energy by the induced
electric field which ariges in the plasma during the ra-
pid current changes. Fukai and Clothiaux studied the
emission of hard photons in collisions of accelerated
electrons with an anode surface, and they suggested a
possible mechanism for the emission of photons as the
accelerated electrons move in a collective interaction
field. The mechanism described above, according to
which hard photons are emitted in electron transitions
between Landau levels, is essentially a specific exam-
ple of the emission of a photon by an electron in a col-
lective interaction field.

As a possible cause of the sharp current drop, Fukai
and Clothiaux™ studied the anomalous resistance of a
plasma which can become turbulent because of electro-
static instabilities. The question of the stability of an
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equilibrium plasma during the pinch effect was formu-
lated in its most general form in the review by Bune-
man.*”® The problem of the stability of pinch systems is
a complicated mathematical problem, however, and it
is gensitive to the particular experimental conditions;
the net result is that no general solution exists. With
regard to the dense plasma of a micropinch, the stab-
ility question remains open, to the best of our know-
ledge. The related problem of the resistive firehose
instability of a beam with a Bennett profile in the col-
ligionless limit was studied theoretically by Lee’” and
experimentally by Lauer ef al.™®

The mechanism for the increase in the drift velocity
during an adiabatic slow contraction of a current chan-
nel, (8), can be used to explain electron acceleration
without resorting to the mechanism of acceleration in
the induced field, which is based on the assumption
that instabilities may occur in the plasma in the current
channel.

Recent experimental evidence shows that at the time
of the current cutoff it is the micropinch region, rather
than the electrode surface, which is the source of most
of the x radiation3'° '

The angular distribution of the synchrotron radiation
differs from the distribution in (9), for the radiation
caused by radial oscillations in the weak-current limit,
{6). Since the magnetic field varies only slightly over
an electron orbit in the strong-current case, (7), we
can use the equation (Ref. 74,§74) dI/dO~2 - cos® 9,

B« 1. Here 9 is the angle between the direction in
which the radiation is propagating and the plane running
perpendicular to the vector H. This angle can be ex-
pressed in terms of #, which is the angle between the
radiation direction and the current, and the azimuthal
angle ¢? gind9=sind sin¢. After an integration over ¢,
in the nonrelativistic limit, we find

L o~1pgsi?d, B

The angular distribution of the radiation makes it
possible to distinguish between the emission mechan-
isms in the opposite limiting cases of weak and strong
currents, (6) and (7), respectively. It can be assumed
that the angular distribution found in Ref. 36 for the
microwave emission of a plasma focus (Fig. 3a) at the
beginning of the burst corresponds to the mechanism of
electron synchrotron radiation. The curve in Fig. 3a
is plotted from Eq. (13), while the points are experi-
mental 3® The angular distribution in the final stage
{Fig. 3b) apparently corresponds to the emission assoc-
iated with the radial oscillations with a weak current.
The solid curve in Fig. 3b is plotted from Eq. (9), while
the points are experimental ® Since the current in this
case is measured in hundreds of kiloamperes and is not
weak, these results may imply that the current in the
final stage of the burst is not distributed uniformly over
the plasma but instead has a complicated spatial struc-
ture. The emission is most intense from the regions of
pronounced plasma contraction; the relative importance
of these regions in the current flow may be slight. The
possibility that the current flows in distinct channels is
pointed out in Refs. 55 and 79. The conclusion that the

(13)
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current flows through distinct channels corresponds to
the inhomogeneity of the x-ray emission®® 5¢5 and the
pronounced angular anisotropy of this emissgion*® which
have been observed experimentally.

(d) Evolution of the vacuum spark

No gquantitative description is available for the evo-
lution of a micropinch in a vacuum diode. A qualitative
picture and order-of-magnitude estimates can be con-
structed from the theory of the equilibrium and of col-
lisionless emission.

The logarithmic long-range increase in the potentials
U, and U, is actually not a consequence of the equilib-
rium in the plasma; it is caused solely by the cylindri-
cal geometry and the conditions that the current and
charge in the plasma must be finite. This statement
is equally true of the inequalities (2), which restrict the
range of parameters within which both the ions and the
electrons are attracted to the axis by the forces exer-
ted by the other charges. These forces are capable of
restraining the transverse dispersal of the charges. In
the absence of an equilibrium, the term “temperature”
should be understood as the average kinetic energy
of the corresponding charges.

1) Dynamics of the contraction and radiative collapse

The electrons striking the anode during the discharge
damage the anode surface. Near the anode, positive
ions are formed through the ionization of atoms by the
electrons which are carrying the current. The elec-
trons which are produced in the course of the ionization
are repelled by the electrons which are carrying the
current. The repelled electrons either reach an equil-
ibrium with the electron beam or move away in the
radial direction. The ions, on the other hand, are
attracted, and they accumulate near the discharge axis.
When a number of ions enter the region defined by (2),
both the ions and the electrons are subjected to forces
from the other charges which attract them to the axis.
These forces are capable of restraining the radial dis-
persal of the charges. These forces cause a collapse
of the plasma, and a pinch occurs. The self-contrac-
tion conditions in (2) may be arranged anywhere in the
discharge gap, not necessarily beside the anode.

The Bennett equilibrium in (3), at a fixed current of
the order of 100 kA, can occur only at a very high
temperature, of the order of hundreds of keV. Thus
the pressure of the magnetic field produced by the
current is not balanced in a cold plasma. This state is
hydrodynamically unstable, and the collective interac-
tion forces compress the plasma to the axis. In the
course of this compression, the electron temperature
rises. The behavior of this temperature is governed
by the heat-transfer equation

(14)
where S=N Iny3T3’? is that part of the electron entropy
per unit length of the spark (in the approximation of the

classical statistics of ideal gases) which depends on 7,
and T,.

Equation (14), along with the equations of motion,
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describes the dynamics of the plasma contraction and
heating. In the first part of the contraction, both emis-
gion and ohmic heating can be ignored, and it can be
assumed that the right side of Eq. (14) is zero. This
initial stage consists of the adiabatic contraction and
heating of the plasma, culminating in the attainment of
a Bennett equilibrium state, (3). During pronounced
contraction and heating of a plasma in a state near a
mechanical equilibrium, the evolution depends on the
relation between the energy flows into and out of the
plasma. We will assume that the primary mechanism
by which energy is transferred to the electrons is

Joule heating,- : : : . :
0 40 Zc‘ ml/ 2 AN‘sz cz
=), ~—m—
while the primary mechanism by which energy is lost
is radiation.

The energy balance between ohmic heating and the
radiative energy logs in pinches has been gtudied in
Refs. 80—-84. The primary emission mechanism is us-
ually assumed to be the bremsstrahlung caused by bin-
ary collisions of electrons with ions. The correspond-
ing intensity per unit length of the spark, dJ/dz, varies
with the radius of the current channel (7,) in the same
way as the Joule heating, given in (15). In the case of a
Bennett equilibrium, (3), the energy carried away by
bremsstrahlung becomes equal to the Joule heat at a
certain fixed current I 5, which is independent of the
plasma density, the temperature, and the radius 5%
This Pease~Braginskii current is of the order of 10% A4,
At a current /<I,g, the plasma expands, while with I
>Ipp it undergoes an unrestricted contraction toward
the channel axis (it collapses).

1

(15)

The usge of the equations for the emission intensity in
the case of Coulomb collisions rests on two assump-~
tions: First, it is agsumed that the plasma state chan-
ges only slowly, and that both a mechanical equilibrium
and a thermal equilibrium are established at each in-
stant. Under this agssumption it is possible to use the
standard equations for the emission intensity of an
equilibrium plasma. Second, it is assumed that the in-
tensity of the emission due to Coulomb collisions is
higher thah that of the collisionless emission. Neither
of these assumptions holds in the stage of the micro-
pinch contraction. As the temperature is raised, the
mean free path of the electrons with respect to Coulomb
collisions increases rapidly, and in the stage in which
the emission must be taken into account this mean free
path becomes larger than the radius of the spark chan-
nel. As shown in Subsection 3c, collisionless emission
is predominant in this case, and the emission caused
by binary collisions is of secondary importance. In
the strong-current case in which we are interested, (7),
the primary emission mechanism in the contraction
stage should be identified as the magnetobremsstrah-
lung of the electrons in the magnetic field produced by
the current.

During the collapse stage, the state of the plasma
changes so rapidly that a thermal equilibrium of the
electrons cannot be established. The nonequilibrium
heating of the electrons results in a population inver-
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‘sion in the energy levels. If there is no equilibrium,

the induced emission processes are not balanced by
induced absorption. In this case, we should use the
estimate in (11), for the intensity of the induced syn-
chrotron radiation of the electrons, as the emission in-
tengity dJ/dz in Eq. (14).

At temperatures of the order of the contraction ener-
gy in (5), the Joule heating becomes comparable to the
emigsgion intengity in (11) at the micropinch radius

EENESS 6)

- At smaller radii, the Joule heating is faster than the

radiative energy loss; there is a net energy transfer
to the electrons, and the plasma expands. If, on the
other hand, 7, is larger than the value in (16), energy
is carried off by the radiation faster than it is provided
by the Joulean heating. The energy difference is made
up by the internal energy of the plasma which is re-
leased during the contraction. The contraction ¢ontin-
ues until the plasma radius reaches the value in (16).
Relation (16) thus gives us, in order of magnitude, the
energetically equilibrium radius of a plasma which is
in the state of mechanical equilibrium described by (3).

As the current increases, the equilibrium radius in -
(16) falls off rapidly, and at a certain critical current
1, it fallg below the radiug in (4), which corresponds
to a plasma which has been compressed to the point
of electron degeneracy. In other words, at a current
above the critical value,

I> I o B2 (0 20 (amn
(@ =€?/fic=1/137 is the fine structure constant), the
plasma reaches an equilibrium in which the magnetic
pressure is balanced by the pressure of the electron
Fermi gas, as the result of the contraction and heating
in the initial stage and the contraction due to the radi-
ative energy loss (radiative collapse) in the heated
state. At the point of maximum contraction, the micro-
pinch is a sort of linear atom in which the ions as a
whole are at rest, while the electron states are filled
by drifting electrons which are carrying a current.

The observed emission burst from the micropinch is
naturally associated with the emission by electrons in
transitions between quantum levels in the course of
populating the low-lying states of the linear atom.

The critical current in (17), at which, during the rap-
id contraction, the pinch may reach a condensed state
of a linear atom, is roughly two orders of magnitude
lower than the Pease—-Braginskii current. The critical
current in (17) is relatively low because the energy
removal by synchrotron radiation is relatively fast (in
comparison with Coulomb collisions), and this synchro-
tron radiation is of an induced nature in the case ofa
rapid contraction.

In the initial stage of the pinch, the net magnetic-
compression energy per atom, (5), is of the order of
Zé&N B, so that the contraction velocity can be esti-
mated to be v,~(ZeN ,/M)/?, where M is the ion
mass. In the heated state, in the stage of the radiative
collapse, the magnetic pressure is balanced by the
temperature, and the contraction rate is governed by
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the rate at which energy is removed by radiation: v,
~cap'/? (eI/mc®)*/2. In both cases, the contraction
velocity is of the order of 10® cm/sec for a current of
the order of 100 kA,

Such a high velocity of the radial contraction may
mean that actually the intial stage of the contraction and
heating during the pinch process may not only be a non-
equilibrium stage but may also be accompanied by the
onset of MHD flows, which are generally not cylindri-
cally symmetric. The anomalous resistance which ari-
ses in the initial stage of the contraction due to the on-
set of turbulent flow may explain the drops in the cur-
rent, which have relative magnitudes™ of up to 30%.

If the current does not fall below the critical value in
(17), the plasma contraction continues, and as a result
of the radiative collapse the plasma may reach an equil-
jbrium maintained by electron degeneracy.

In the course of the radiative contraction, the scale
time for the relaxation due to Coulomb collisions, 7,
decreases markedly, and in the degenerate state this
time becomes

m1/273/2 B

~ e~y 10718 gec .

To deg ~ A

etn, deg A
This result means that in the stage of radiative collapse
the turbulent fluctuations are damped, and the plasma
rapidly reaches an equilibrium.

In describing the course of the contraction we have
ignored the energy exchange between electrons and ions,
the release of fusion energy, and several other proc-
esses, on the basis that in the absence of accurate cal-
culations of the induced synchrotron radiation the es-
timates found regarding the dynamics of the pinch effect
would be at best correct in order of magnitude. An
important conclusion is that the state of a linear atom
can in principle be reached as the result of the radia-
tive contraction of the plasma in the case of a strong
current. The actual evolution of the micropinch region
in a high-current diode, of course, depends on all the
various processes which occur in the plasma.

The subsequent evolution of the plasma in the linear-
atom state is apparently governed by radiative cooling.
It follows from an analysis of the directional pattern of
the microwave emission that the primary mechanism
for energy removal in this stage should be considered
to be the collisionless emission caused by the radial
oscillations of the electrons. Working from the results
of Ref. 24, we conclude that the intensity of the emis-
sion from the linear atom varies in accordance with
dJ/dz~T/?, The electron energy of a unit length of the
micropinch in the degenerate state is of order E
~m*n2[3N,/m~TN, (Ref. 15, §57). If the change in the
electron energy at a fixed value of N, is caused by the
radiation, and we can write dE/dt= —-dJ /dz, then the
electron temperature fall off over time in accordance
with T,~#2/5,

2) Characteristics of the emission and comparison with
experiment

Substituting the time dependence of the temperature
into (10), we find that the emission intensity in the high-
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frequency region falls off with time in accordance with
the following law during the radiative cooling of the
micropinch:

~exp(—bt2/5), ho>T,. (18)

dJ
“dzd0 do
If it is assumed that by time ¢, the temperature has de-
cayed to the value T, that is, T,(£)=T,(¢,/t)*/®, then the
constant b in 18) can be written

b= (1—P cos 0) (1 —pY) ™25,
0

Comparing the decay law in (18) with the observations
by Lee*? (see Figs. 4 and 13a), we find the following for
band ¢,: t2/°b=4, t,=20 nsec. If it is assumed that in
Ref. 32 the emission was observed in a direction per-
pendicular to the current (8=7/2), we can completely
reconstruct the time evolution of the temperature T,
during the course of the radiative cooling: T, (¢)
=3(30/t)2/® keV, where ¢ is the time (in nanoseconds)
which has elapsed since the beginning of the burst

The results found for the temperature agree in order
of magnitude with the experimental results (Table I).

The radiative cooling furnishes an explanation for the
decrease in the duration of the emission with increasing
photon energy. Figure 14 shows the temporal charac- '
teristics of the emission intensity for increasing photon
energies. In agreement with the experimental observa-
tions by Lee® (Fig. 4), the duration of the emission
falls off sharply with increasing photon energy. It is
difficult to say anything definite about the quantitative
agreement, however, for two reasons: First, Lee
measured the emission intensity in arbitrary units, and
these units are not necessarily the same for the differ-
ent photon energies. Second, the duration of the emis~
sion of photons with energies above 60 keV is apparent-
ly shorter than the resolving time of the measurement
apparatus.

The short duration of the emission of high-energy
photons means that in the experiments we are actually

dlfdz | ke >12 keV
I”VK\L
1 1 I
I/ 2 4 § & 0ty
a
Ti' keV
10+
s+
5
‘\
M
\,
2+ \_
! 1 L L L
a 2 4 6 8 10 t/t,

FIG. 13. a) Time evolution of the intensity of the x-ray emis-
sion of the micropinch [fiw >12 keV. The dashed curve is ex-
perimental, ¥ while the solid curve is constructed from Eq.
(18)]; b) time evolution of the temperature T, constructed from
Fig. 13a.
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Fw=6keV

FIG. 14. Time evolution
of the emission of x rays
with various energies, ac-
cording to (18). The
dashed curve is experi-

)
.
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0.002
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not observing an instantaneous energy distribution of
the photons; instead, we are observing average over
the total duration of the burst. Integrating (18) over
time, we find a power-law decay of the emission inten-
sity with increasing photon energy:

i exp (—BE™) dt ~ b ~ (H) ™,

This behavior is shown by the dashed curve in Fig. 5.
In this case, the experimental points of Ref. 32 corres-
pond slightly better to an exponent of 4.5 (the solid
curve in Fig. 5). The exponents reported by various
experimentalists range from 2 to 5 (Refs. 32, 86, and
85).

4. CONCLUSION

Insofar as the fusion problem is concerned, the pinch
in a high-current diode attracts interest because of the
possibility of heating to fusion temperatures a strongly
compressed plasma, whose expansion is prevented by
collective interaction forces. The idea of using a self-
contracting relativistic beam as a fusion reactor can be
credited to Budker.”” The primary objection to this
idea is the pronounced radiative energy loss of the very
hot electrons. Since the intensity of the emission by the
electrons falls off in the course of the radiative cooling
because of Fermi condensation of the electrons, it may
be worthwhile to reexamine this objection.

It is natural to attempt to make use of the very none-
quilibrium contraction in the initial stage of the pinch
to pump highpower sources of induced synchrotron ra-
diation over the spectral range from microwaves to
hard x-rays.

Aside from its practical applications, the contraction
of a plasma to the point of electron degeneracy in a
high-current device is of much physical interest in it-
self, since this effect makes it possible in principie to
produce in the laboratory condensed matter at high
temperatures, i. e., matter in a state similar to that
in the interior of stars.%®
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However, despite the fact that the experimental re-
sults on micropinches are consistent with, and in fact
find a natural explanation in, the theory of the equilib-
rium and collisionless emission of a plasma heated to
the point of electron degeneracy, there is still not
enough evidence to prove definitely that linear atoms
are present in a micropinch. Direct experiments are
required to detect the strong electromagnetic fields and
the high densities of matter in regions with dimensions
measured in angstroms.
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