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Abstract—The technique is described and the results of studies of the spatial structure and dynamics of X-ray
sources in the plasma of a micropinch discharge are presented. The applied technique made it possible to
temporarily link the process of electron acceleration in a quasi-static electric field of a resistive nature to the
process of forming a microstretch in a Z-pinch in a medium of heavy elements with a nanosecond time res-

olution.
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An important task, which has to be constantly
solved in a wide variety of conditions using various
methods of plasma diagnostics when studying pulsed
electrical discharges is the study of the spatial struc-
ture of plasma and the dynamics of processes occur-
ring in the discharge plasma with a high time resolu-
tion [1-5].

This paper describes a method that allows one to
somehow shift in time the process of the influence of
an eclectric field on the conditions of the ordered
movement of electric charges in plasma relative to the
process of changing the spatial structure of the dis-
charge plasma over time due to the interaction of the
current flow in plasma and the magnetic field induced
by it, which is known as pinching. This makes it possi-
ble to better understand the cause-and-effect relations
or, at least, the sequence of the occurring phenomena.

This research was carried out on an experimental
bench with an electric-discharge device of the high-
current low-inductance vacuum-spark type, whose
design and parameters were described repeatedly [2—5].
The relative simplicity of the design and operating
conditions, compactness, and, at the same time, the
ability to obtain high-temperature dense plasma make
this device a convenient tool for conducting funda-
mental research, e.g., modeling processes that occur
in inaccessible astrophysical objects, or for use in
extremely expensive laboratory devices, which are
intended to solve the problem of controlled thermo-
nuclear fusion. In addition, the device can be used to
solve applied problems, e.g., as a simulator of natural
or artificial sources of high-power X-ray and ultravio-
let radiation pulses or directly as a source of short-
wavelength radiation in lithography technology [2, 4, 6].

The discharge was performed in a vacuum chamber
that was evacuated to a vacuum of no worse than 102 Pa.
The working substance of the discharge is ionized
vapors of the electrode material, mainly the anode.
A battery of low-inductance high-voltage capacitors is
the pulsed current source. The electrodes of the dis-
charge device are made of iron (low-carbon steel).
A rod with a diameter of 3 mm and a length of 15 mm,
which was pointed as a cone at the end that faced the
cathode, was used as the anode. The cathode has the
shape of a cylinder, whose axis of symmetry coincides
with the discharge axis and the diameter is 20 mm.
The cathode faces the anode with its flat base and has
a through hole on the axis of symmetry; a plug or a
pointed tip, which faces the anode, can be screwed
into this hole. The distance between the electrodes is
5 mm. The electrodes are combined in a single circuit
with the capacitor bank by means of coaxial current
leads that extend beyond the vacuum chamber and are
separated by a nylon insulator; the capacitor bank was
connected using a system of parallel coaxial cables.
The discharge was initiated by the injection of fore-
plasma from four auxiliary erosive-type low-current
sources, which were located around the discharge axis,
into the interelectrode space (Fig. 1).

The amplitude of the first current pulse in the dis-
charge, near whose maximum short-wave electromag-
netic radiation sources were formed, was 100 kA at a
charging voltage of the capacitor bank of 10 kV. The
time of reaching the maximum current from the
moment of the registered start of the current flow
between the cathode and anode was 1.0 ps.

The capacitance of the cables that were used to
connect the electrode assembly (current leads and
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Fig. 1. Schematic diagram of the experiment: (/) inner electrode, (2) outer electrode, (3) inner current lead, (4) outer current
lead, (5) dielectric bushing, (6) igniter electrode, (7) feedthrough insulator, (&) blocking insulator, (9) vacuum chamber,
(10) charged-particle collector with a biased potential, (/) anode of the vacuum biplanar photodiode, (12) cathode of the vac-
uum biplanar photodiode, (13) blocking capacitor, (/4) load resistance, (15) Rogowski coil, (16) oscilloscope, (/7) objective lens
of the pinhole camera, (/8) absorbing thin-film filter, (/9) photographic detector of X rays, (20) auxiliary vacuum chamber,
(21) capacitor bank in the igniter circuit, (22) forming cable line, (23) shunting resistor, (24) capacitor bank in the main-discharge
circuit, (25) ballast resistor, (26) connection of the high-voltage stabilized voltage source for charging the capacitor bank in the
main-discharge circuit, (27) triggered spark gap, (28) limiting resistor, (29) connection of the high-voltage stabilized voltage
source for charging the capacitor bank in the igniter circuit, and (30) connection of the high-voltage stabilized voltage source for

supplying the planar-photodiode circuit.

electrodes) to the capacitor bank did not exceed 0.04%
of the capacitor-bank capacitance. According to esti-
mates, the capacitance of the electrode assembly was
much lower than the capacitance of the cables. Thus,
the parameters of the current that flows when the inte-
relectrode gap is closed by the discharge plasma, i.c.,
its period and, with good accuracy, the amplitude of
the first pulse, were determined by the inductance of
the circuit and the capacitance of the capacitor bank
since the ohmic resistance of the circuit is much lower
than its characteristic resistance.

In essence, we can consider the system of coaxial
cables as a forming line with the distributed capaci-
tance and inductance along which an electromagnetic
wave propagates at the velocity

Viave = ¢/(©)"7, (1)

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

where c is the velocity of light in vacuum and € is the
permittivity if the insulator that separates the core and
the braid in the cable (¢ = 2.3 for polyethylene). In our
case, Ve =2 % 108 m/s.

The discharge mode was monitored using a
Rogowsky coil in the current-transformer mode and a
vacuum biplanar photodiode that records the dynam-
ics of vacuum UV radiation and discharge-emitted
soft X rays. The evidence of the pinching mode was the
appearance of a dip in the discharge-current curve
(the so-called “singularity”) near its maximum. Reg-
istering a pulse of vacuum UV radiation and soft X-ray
radiation, which is synchronous with the “singularity”
of a signal from the Rogowsky coil, indicated the
development of the pinching process up to the forma-
tion of a micropinch, i.e., an object with micron
dimensions.

Vol. 65

No.4 2022



610

The design basis of the photodiode is a vacuum
high-frequency electrical connector of the VRG type.
An aluminum, 10-mm diameter photocathode is
attached on a tight fit to the central current lead of the
connector. A copper bushing is screwed onto the
external current lead of the connector, on which a
mesh anode with a cell size of 0.5 mm and a transmis-
sion of 0.95 is fixed. The distance between the anode
and cathode is 1 mm. A negative potential of 0.8—
1.5 kV is supplied to the cathode from a high-voltage
stabilized voltage source. A capacitance of 2200 pF
separates the recording equipment (an oscilloscope)
from the high-voltage power-supply circuit. The radi-
ation that is incident on the photocathode initiates a
current of photoelectrons that are accelerated by an
electric field applied to the cathode, while the induced
current flows through a circuit formed by a blocking
capacitor and a 50-€2 load resistance. A registered
voltage pulse is formed across the load resistance.

The spatial structure of X-ray sources in the dis-
charge was studied using a pinhole camera, which was
placed outside the vacuum chamber. The radiation
was removed from the vacuum chamber through a
beryllium window with a thickness of 100 um in a
thick-walled metal flange. The image-forming lens
was a 0.2-mm-diameter hole made in 0.2-mm-thick
lead foil, which served as an absorbing diaphragm.
The image was recorded on a medical X-ray photo-
graphic film, which was protected against illumination
in the visible spectrum by a screen permeable to X rays
with a wavelength of A < 0.3 nm and impermeable to
optical radiation. The images that were obtained with
a pinhole camera simultaneously allowed us to control
the nature of the discharge. The development of the
pinching process up to the formation of a micron-size
microstretch of the plasma current channel in the dis-
charge, i.e., the formation of a micropinch (its size is
much smaller than the aperture diameter in the dia-
phragm), led to the appearance of a characteristic
bright image of the aperture in the diaphragm, which
is often called a “hot spot” image on an obscurogram.

The registration of signals from the Rogowsky coil
and the vacuum biplanar photodiode showed that the
development of the pinching process up to the forma-
tion of a micropinch is steadily performed in a dis-
charge that is realized on the experimental bench
described above (during the first quarter of the dis-
charge-current flow period, or rather, near the
moment when the maximum current is reached, i.e.,
obviously until the electrodes are reversed). However,
this circumstance was established and confirmed pre-
viously by us many times, including with the help of
additional diagnostic tools [1—4].

Figure 2 shows an X-ray obscurogram of the inte-
relectrode gap that was obtained under the following
conditions: at the time of the discharge initiation, the
anode served as the internal electrode, while the cath-
ode served as the outer electrode, and the forming-line
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Fig. 2. X-ray obscurogram of the interelectrode gap
recorded under the following conditions: at the time of the
discharge initiation, the internal electrode is the anode,
the outer electrode is the cathode, and the length of the
forming line is 1 m.

length was 1 m. The formation of a micropinch is
observed, which is recorded as a “hot spot,” i.e., an
almost point source of X rays. In addition, a glow is
observed in the above-mentioned X-ray spectrum
range of the inner-electrode surface and peripheral
plasma outside of the microstretch region in the space
between the micropinch and the inner electrode.
It can be noted that a relatively bright and local X-ray
source with a size of ~500 pm is present on the inner-
electrode surface in the region of the surface intersec-
tion with the discharge axis.

Figure 3 shows an X-ray obscurogram that was
obtained with the same polarity of the electrodes but
with a length of the forming line of 2 m. In this case, in
addition to the glow of the inner-electrode surface, the
micropinch, and the peripheral plasma, a glow of the
outer-electrode surface is observed.

Finally, Figs. 4 and 5 show X-ray obscurograms
that were obtained when the length of the forming line
was increased to 3 m. At the time of the discharge ini-
tiation, the anode served as the inner electrode, while
the cathode served as the outer electrode (the outer
electrode is flat in Fig. 4, while there is a pointed pro-
trusion (tip) on the flat surface of the outer electrode
in Fig. 5). A similar image is formed when the length
of the forming line is 1 m and in the case when the
inner and outer electrodes are the cathode and anode,
respectively. There is a glow from the micropinch,
peripheral plasma that runs into the outer electrode,
and the surface of the outer electrode itself; however,
no glow of the inner electrode and plasma that is
located between the micropinch and outer electrode is
observed.

The recorded time-resolved spectrum of X-ray
bremsstrahlung demonstrates that the formation of a
micropinch in the microstretch region is accompanied
by the development of accelerating processes, i.c., the
deviation of the electron distribution from the Max-
Vol. 65
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Fig. 3. X-ray obscurogram of the interelectrode gap
recorded under the following conditions: at the time of the
discharge initiation, the internal electrode is the anode,
the outer electrode is the cathode, and the length of the
forming line is 2 m.

wellian one under the action of a quasi-static electric
field of a resistive nature becomes increasingly notice-
able. According to experimental data, the duration of
the development of accelerating processes is 30 ns [2].
The formation of a micropinch region in a pinching
discharge in a medium of heavy elements with currents
flowing through the microstretch region, which
exceed the critical value (~50 kA for iron plasma),
occurs in two stages. Initially, as a result of the outflow
of matter from the microstretch, the first or magnetohy-
drodynamic compression occurs to a radius of ~10~* m.
Then, approximately 108—10-7 s later, a second or
radiative compression to a radius of ~10~® m occurs
within a time of ~10~'° s, which is caused by radiant
energy losses [1, 2, 4, 7, 8]. It should be noted that the
recorded duration of the development of the accelera-
tion processes significantly exceeds the duration of the
second compression and fits into the duration of the
time interval between the first and second compres-
sions. An approximate calculation shows that upon
completion of the first compression, the electron cur-
rent velocity turns out to be much higher than the ion-
sound velocity, which is approximately equal to the
average thermal velocity of ions. Under these condi-
tions, plasma oscillations in the microstretch region
must intensify and the ohmic resistance of plasma
must increase due to the electron scattering by them;
this will lead to plasma heating, an increase in the
multiplicity of ions, an increase in the level of radiative
energy losses, and an increase in the potential drop at
a slight current change due to the significant induc-
tance of the circuit [9]. The forming line, whose
capacitance at a length of 3 mis C = 10~ F, shunts the
discharge and decelerates the development of acceler-
ating processes that are associated with an increase in
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Fig. 4. X-ray obscurogram of the interelectrode gap
recorded under the following conditions: at the time of the
discharge initiation, the internal electrode is the anode,
the outer flat electrode is the cathode, and the length of the
forming line is 3 m.

the ohmic resistance of plasma and, as a consequence,
with an increase in the potential drop in the microst-
retch region.

The authors of [10] have shown that the pinch
resistance is also maximized at the moment of reach-
ing the local compression maximum on the time scale.
The resistance of the microstretch at the moment of
the maximum compression under conditions of low
radiation energy losses is determined only by the
plasma temperature in the microstretch [11]:

Riinen = lo/Bm)IS(Z + DKT,/GM)],  (2)

Fig. 5. X-ray obscurogram of the interelectrode gap
recorded under the following conditions: at the time of the
discharge initiation, the internal electrode is the anode;
the outer flat electrode, at whose center there is a metallic
protrusion, is the cathode; and the length of the forming
line is 3 m.
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where |, is the magnetic constant, Z is the average
ionization level of atomic particles, k is the Boltzmann
constant, 7, is the electron temperature of plasma in
the microstretch, and M, is the ion mass.

In the case of the predominant influence of radia-
tion losses on the pinch dynamics, the micropinch
resistance is determined from the balance of the Joule
heat release power and the radiation power:

;nch = rad/Izs (3)

where P4 is the power of the radiant energy losses by
the pinch plasma, and / is the discharge current.

The resistance R}, may be significantly higher
than the resistance possessed by the microstretch
region in the case of losses due only to the plasma out-
flow. Indeed, if we estimate the ohmic resistance for
plasma within the framework of the above model, we
obtain the following results. At the stage of the exis-
tence of a quasi-static plasma column that precedes

the development of microstretch instability, we obtain

R;,?gch =2 X 1072 Q without taking the energy loss by

*(0)

radiation into account and R}, = 2 x 1072 Q taking

the energy loss by radiation into account. When the

first compression is over, we obtain Rl(JD =2x102Q

inch

without taking the energy loss by radiation into

account and R;Sgh = 10~! Q with account of the energy

loss by radiation. When the second compression is

over, we obtain R, =3 % 1072 Qand Ry, = 10Q,
respectively. For the current 7 = 10° A, the voltage of
the resistive electric field in the micropinch reaches
~10* V in the first and ~10° V in the second compres-

sion [11].

The analysis of the experimentally observed spatial
structure of X-ray sources (see Figs. 2—5), which is
based on the above experimental data and the results
of theoretical modeling, suggests the following con-
clusions. Apparently, in the interval between the first
and second compressions, the charging of the forming
line and a delay in the development of accelerating
processes in plasma occur for a period of ~10, 20, and
30 ns depending on the length of the forming line. The
delay in the appearance of an electric field of resistive
nature with respect to the dynamics of the plasma in
the microstretch region changes the conditions for the
propagation of accelerated electrons. They can be
associated, e.g., with the formation of a directed
plasma stream moving along the discharge axis. There
is experimental evidence that the micropinch forma-
tion region moves along the discharge axis from the
inner electrode to the outer one and, in addition, the
axial stream of plasma that outflows from the microst-
retch region has a noticeably higher velocity in the
direction of the outer electrode than in the opposite
direction (in the direction of the inner electrode) [12—
14]. The rate of the plasma outflow from the microst-
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retch region in the direction of the outer electrode may
reach a Mach number of 3—4 [11]. It can be assumed
that a plasma stream is formed at the stage of the tran-
sition from the first to the second compression, which
carries away “hot” electrons, i.e., electrons that are
accelerated in an electric field of resistive nature,
which are magnetized in the direction from the inner
to the outer electrode, regardless of the polarity of the
electrodes, unless the acceleration process is delayed
until the moment when the possibility of runaway of
electrons in the paraxial region of the minimum mag-
netic field disappears. Within the framework of the
above assumptions, we can give the following explana-
tion for the discharge images that were obtained using
an X-ray pinhole camera. In Fig. 2 that corresponds to
a situation with a delay in the acceleration of electrons
by ~10 ns (the length of the forming line is 1 m), we
observe evidence of the electrons runaway in the
paraxial region: this is a local X-ray source at the top
of the inner electrode [15]. Such an object is no longer
observed in Fig. 3; however, at the same time, as a
result of the emission of X-ray radiation from the dis-
charge plasma, a stream of “hot” electrons and plasma
that propagates in the direction of the outer electrode
reveals itself. The plasma stream in the direction of the
inner electrode does not reveal itself, although we can
observe traces of the bombardment of the inner elec-
trode with “hot” electrons by its glow in the X-ray
spectral range. Consequently, the axial plasma stream
in the direction of the outer electrode already exists
~20 ns (the length of the forming line is 2 m) after the
activation of the electron acceleration mechanism,
and the runaway of electrons in the paraxial region
becomes impossible. Probably, the latter circumstance
indicates that the runaway of electrons in the paraxial
region is prevented by the excitation of plasma oscilla-
tions. The images in Figs. 4 and 5 (the delay of the
electron acceleration process is ~30 ns with a length of
the forming line of 3 m) demonstrate that the effect of
the plasma stream on “hot” electrons excludes their
ingress to the inner electrode.

The study of the discharge-plasma temperature
dynamics, which is based on measurements with a suf-
ficiently high time resolution of the spectral character-
istics of bremsstrahlung X-rays of discharge plasma,
shows that the electron energy distribution can be rep-
resented in a two-temperature approximation at the
stage of a transition from the first to the second com-
pression. In other words, there are two components of
the electron component in the discharge plasma that
can be conditionally called cold and hot components.
The temperature of the hot component at the stage of
the transition from the first to the second compression
reaches ~10 keV, while the temperature of the cold
component is ~2 keV [2]. The electrical conductivity
of plasma is determined by the hot-component tem-
perature and has the following value [16]:

0 =2x10" T2 /(AZ) = 3x10°Q7'm™", (@)
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where T, = 10 keV = 10® K is the maximum tempera-
ture of the hot electron component, A = 10 is the Cou-
lomb logarithm, and Z = 10 is the average ion charge.

For a duration of the considered stage of T<3 x 10%s
and a typical value of the plasma displacement s = 10~* m,
which corresponds to a value of the order of the
microstretch radius in the first compression, the fol-
lowing relationship is valid:

s> [1/(L0)]", (5)

which is the condition for the magnetic-field freezing-
in. Thus, the formation of a directed plasma stream in
the microstretch may lead to a distortion of the pattern
of the magnetic-field lines of force that are entrained
by the plasma stream. As can be easily seen, acceler-
ated electrons with energies of ~10° €V are magnetized
(except for the paraxial region [16]):

=10 m<s=10"m, A=10"m. (6)

Here, r isthe Larmor radius of a fast electron; A = v,T,,
is the free path of an electron in plasma, where v, and
T,; are, respectively, the velocity and the mean time
between collisions of electrons with ions; the latter
quantity is estimated as [17]

T, =~ 4.5% 1077, /(Zn,), )

where the average kinetic energy of accelerated elec-
trons is taken for 7, = 10° eV = 10° K; Z = 10; n, =
102 cm~—3 is the electron plasma concentration after
the first compression. The entrainment of magnetic
field lines by the plasma stream, in turn, will lead to
the entrainment of magnetized accelerated high-
energy electrons by the plasma stream.

At what stage of the microstretch development
does the formation of an axial plasma stream occur in
the direction of the outer electrode? Judging by the
images on the obtained X-ray obscurograms, the for-
mation of the axial plasma stream begins in the time
interval between the first and second compressions in
~10 ns or a little more after the activation of the accel-
eration mechanism for electrons in an electric field of
a resistive nature. A stream is formed ~30 ns after the
acceleration mechanism is enabled. According to
measurements performed on the same experimental
bench, the duration of the electron acceleration pro-
cess is ~30 ns [2]. It can be concluded that the forma-
tion of a plasma stream in the direction of the outer
electrode begins after heating the plasma in the
microstretch, which is formed in the first compres-
sion, to a temperature at which the transition to the
second (radiative) compression becomes possible.
Probably, in the compression process that proceeds at
an increasing speed, the microstretch slides along the
discharge axis in the direction from the inner to the
outer electrode and serves as a piston that entrains
plasma in the same direction in the current channel.

Thus, the use of a combined current source in the
form of a capacitor bank and a variable-length forming
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line, which are connected in parallel, made it possible
to detect a phenomenon that was not previously
described in the literature. When using a forming line
of sufficient length, a flow of high-energy electrons
with an energy of >10* eV per particle—which propa-
gate in the direction of the outer electrode, regardless
of the polarity of the electrodes—is observed. Based
on the results of the performed experiments and
numerical estimates, the authors conclude that the
presence of the forming line delays the acceleration of
electrons in a quasi-static electric field of a resistive
nature in the microstretch region at the stage of a tran-
sition to radiative compression and leads to the
advanced formation of an anisotropic axial plasma
stream. The propagation direction of the high-energy
electron flow is determined by the freezing of the mag-
netic-field lines in the plasma stream and magnetiza-
tion of electrons accelerated to high energies.

The images obtained by visualizing the spatial
structure of the discharge plasma that emits in the
X-ray range convincingly demonstrate that a paraxial
plasma stream, which is directed from the inner elec-
trode to the outer one, is formed during pinching.

Another conclusion that can be drawn from the
obtained results is that the development of accelerat-
ing processes in an electric field of a resistive nature
begins even before the second compression occurs,
contrary to the established point of view. The conven-
tional version of the mechanism for the formation of a
fast electron flow in a micropinch discharge assumes
their acceleration in an electric field, which is gener-
ated due to the development of an abnormal plasma
resistance upon a microstretch break as a result of the
radiative compression [18—20]. Consequently, the
authors’ version about the possibility of a Coulomb
explosion in a micropinch at the stage of the transition
from the first to second compression, i.e., before the
radiative compression [21], is confirmed.
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