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Abstract—Prolonged plasma creation in heterogeneous liners, in which the liner substance is separated into
two phase states (a hot plasmaand a cold skeleton), is investigated both experimentally and theoretically. This
situation is typical of multiwire, foam, and even gas liners in high-current high-voltage facilities. The main
mechanisms governing the rate at which the plasma is created are investigated, and the simplest estimates of
the creation rate are presented. It is found that, during prolonged plasma creation, the electric current flows
through the entire cross section of the produced plasma shell, whose thickness is comparable with the liner
radius; in other words, a current skin layer does not form. During compression, such a shell is fairly stable
because of itsrelatively high resilience. It is shown that, under certain conditions, even athick plasmashell can
be highly compressed toward the discharge axis. A simplified numerical ssmulation of the compression of a
plasma shell in a liner with prolonged plasma creation is employed in order to determine the conditions for
achieving regimes of fairly compact and relatively stable radial compression of the shell. © 2001 MAIK

“ Nauka/Interperiodica” .

1. INTRODUCTION

In recent years, significant progress has been
achieved in generating high-power X-ray pulses in
high-current high-voltage Z-pinch facilities[1, 2]. This
progress has been made possible due to the implemen-
tation of the idea [3] of optimized radial collapse of a
light liner onto a central target (the so-called double-
liner scheme) under conditionstypical of facilitieswith
sufficiently high currents (such as Saturn and Z), when
the light liner can be composed of many (up to 200—
300) thin metal wires. Specificaly, in the Z facility at
Sandia National Laboratory (USA) [2], a 20-MA cur-
rent with arise time of 105 ns was switched on to a 2-
cm-long and 4-cm-diameter cylindrical multiwire liner
composed of 240 tungsten wires, each having a diame-
ter of 7.5 um. In a series of experiments carried out
without a central target, 2-MJ X-ray pulses with a peak
intensity of 200 TW and a full width at half-maximum
(FWHM) of 5.5 ns were generated at the time at which
the liner collapsed onto the discharge axis. One of the
most important results obtained in those experiments
was that of achieving such arelation between the cur-
rent rise time and the FWHM of the generated X-ray
pulse.

These experimental results motivated investigations
of inertial confinement fusion (ICF) in Z-pinch facili-
ties, the more so since facilities of this type are less
expensive in comparison with, e.g., facilities for laser-
driven ICF. Further progress in this field requires that

the power of an X-ray pulse be made severa times
higher; such X-ray pulses could in principle be gener-
ated in machines that would be capable of operating
with current pulsestwo to three times higher. Following
from this, the question arises of how to scale the results
obtained previously. To answer this question and,
accordingly, to optimize the liner design and parame-
ters, we must find the physical factors that govern such
a symmetric and compact compression of multiwire
liners in comparison with, e.g., gas liners with similar
parameters [4, 5]. The renewed interest in the physical
research on the compression of multiwire liners was a
reaction to these important issues [6-14].

The main (and still undoubted) point in interpreting
experimental data is that the multiwire structure of a
liner leads to the compact compression of the produced
plasma shell, thereby ensuring high densities of the
kinetic and magnetic energies of the liner near the sys-
tem axis. In attempting to explain such acompact com-
pression of the plasma shell produced in a multiwire
liner, most of the authors [6-13] assumed that a contin-
uous cylindrical plasma shell with afairly high degree
of axial symmetry isformed on asufficiently short time
scale. According to thisapproach, it isthe high symme-
try of the produced plasma shell that ensures the sym-
metry and compactness of the liner plasma implosion
and is responsible for the delayed onset of the Ray-
leigh-Taylor (RT) instability. In this case, the govern-
ing parameter of a multiwire liner is the ratio of the
interwire gap to the diameter of the current-carrying
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plasma cylinder produced by an electric explosion of
each individual wire[6, 11].

This paper is devoted to the experimental and theo-
retical justification of another approach to interpreting
efficient compression of plasma shellsformed in multi-
wire liners. We do not deny the importance of the sym-
metry of the initial state of a plasma liner, assuming,
however, that it plays a secondary role. Our approach
provides other ways of optimizing the compact com-
pression of plasmaliners.

The essence of our approach can be briefly
described as follows. Multiwire liners ensure much
more stabl e distributions of the produced current-carry-
ing plasmain comparison with those in gas liners. This
stems from both the heterogeneous nature of the liner
(the presence of a hot plasma, which carries the main
plasma current, and a relatively cold substance, which
is produced directly by the electric explosions of the
wires) and the associated prolonged plasma creation.
Below, the term “plasma creation” does not mean a
conventional ionization process but refers to the pro-
duction of a plasma whaose conduction is high enough
for it to carry the bulk of the generator current and
whose ohmic resistance islower than the internal resis-
tance of the generator and is comparable to or even
lower than the impedance related to the change in the
inductance of the liner. During prolonged plasma cre-
ation, the produced current-carrying plasma converges
continuously toward the system axis, thereby giving
rise to a plasma shell whose thickness is markedly
larger than the skin depth, the magnetic field and cur-
rent being, however, nonzero over the entire cross sec-
tion of the shell. At the initial stages of compression,
the plasma shell may even be discontinuous in the azi-
muthal direction. The convergence of a thick plasma
shell toward the system axis is ensured by the spatially
distributed Ampere force j x B/c, which is ailmost uni-
form over the entire cross section of the shell, rather
than by a magnetic piston, which acts on the outer sur-
face of the liner and gives rise to strong instabilities.
Such plasma liners are much less subjected to the RT
instability as compared to thin plasma shells of thick-
nesses comparabl e to the skin depth.

At the same time, the plasmashell resilience caused
by the frozen-in magnetic field may reduce the extent
of radial compression. Obviously, there exists an opti-
mum shell thicknessthat is small enough to ensure suf-
ficiently compact compression, as if the instability
were absent, and islarge enough for the instability to be
suppressed. We think that, in increasing the number of
wiresin theliner while keeping the liner massfixed, the
authorsof [1, 2] groped experimentally for an optimum
design for the given liner.

Here, we will not only attempt to validate some of
the above assertions but al so present argumentsin favor
of the fact that arelatively cold, thick plasmashell hav-
ing a certain radial resilience caused by the frozen-in
magnetic field can be highly compressed toward the

system axis. In order to achieve such a high compres-
sion, the plasma pressure should be low enough and the
initial current and mass densities should obey certain
radial distributions. The analytic solutions presented
below support this conclusion and disprove the widely
accepted opinion that thick resilient plasma shells can-
not be compressed effectively. Our results provide new
ways of optimizing the design of multiwire liners.

The high-power pulsed electric energy sources in
which we areinterested here were designed and built in
the 1970s with the purpose of generating megaampere
relativistic electron beams with a duration of severa
tens of nanoseconds. Such generators were later used,
in particular, to supply fast self-compressed plasmadis-
charges. As aresult, a qualitatively new situation arose
that had never been encountered in classical megaam-
pere Z-pinches and microsecond plasma foci. The
essential features of this situation can be explained as
follows. The requirement that the pinch compression
rate be consistent with the much faster rise time of the
discharge current necessitated a proportional (other
conditions being the same) decrease in theinitial pinch
radius (to approximately one centimeter). Accordingly,
theinitial density of the plasma-producing substance to
be compressed wasincreased by afactor of several tens
or even several hundreds. Consequently, fundamentally
new methods were devel oped to create substances with
the desired initial density distributions. As aresult, the
final parameters of a compressed fast Z-pinch were
found to depend critically on itsinitial shape and other
characteristics. This is an important feature in which
fast Z-pinch devices differ from plasma focus devices
and which makes it possible to carry out experiments
with fast pinches of complicated initial shapes,
unachievablein classical devices|3, 15, 16], and subse-
guently with pinches whose heterogeneous substance
contains a condensed plasma-producing component [1,
17, 18].

It was found that, under the “cold start” conditions
of afast pinch (when the plasmais created by the dis-
charge current itself), the plasma creation process is
spatially nonuniform. Using as an example foam and
gasliners, Branitskii et al. [ 18] thoroughly analyzed the
cold-start effects, which result in nonuniform plasma
creation in fast superterawatt self-compressed dis-
charges. In gas liners, the appearance of a hot plasma
component in aninitial, almost uniform, cold substance
most likely stems from thermal and ionization instabil-
ities, which lead to plasma filamentation at the very
beginning of the discharge. At later stages, the hot
plasma component formation is probably maintained
by various interchange instabilities (transverse stratifi-
cation of the discharge), primarily, by the RT instability
(here, we mean the second, strongly nonlinear stage of
the RT instability, whichwas ssimulated in [10, 13, 19]).
In foam liners, the plasma configurationisa priori het-
erogeneous because of the structure of the liner sub-
stance. Nevertheless, the filamentation and stratifica
tion instabilities peculiar to gasliners can also occur in
PLASMA PHYSICS REPORTS  Vol. 27
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foam liners. Here, we are interested only in one aspect
of the heterogeneous nature of plasma configurations
originated from gas or foam liners; specifically, we will
consider it as a cause of prolonged plasma creation—
the most typical property of dischargesinitiated in het-
erogeneous plasma-producing media. In this sense, we
can say that gas and foam liners resemble, to some
extent, multiwire liners.

Hence, our study will cover not only multiwire lin-
ers but also other analogous heterogeneous structures,
first of al, foam liners, which were thoroughly investi-
gated by Branitskii et al. [18]. After the dischargeisini-
tiated, “conventional” gas liners acquire a heteroge-
neous nature and, as was aready noted, possess all of
the properties of prolonged creation of a hot plasma.
However, gaslinersdiffer from multiwire and foam lin-
ers in that their heterogeneous nature stems from the
onset of instabilities and, therefore, (like the plasma
creation rate) is hard to control. Various heterogeneous
liners can probably be classified by the extent to which
their structures are regular and accordingly controlla-
ble, namely, gas, foam, and multiwire liners.

We can distinguish between the following three
stages of compression of the plasma of a heterogeneous
liner with prolonged plasma creation: the creation of a
hot plasma, the convergence of ahot plasmatoward the
system axis, and the fina stage of compact compres-
sion. Although our experiments were aimed at achiev-
ing the desired parameters of the compressed hot
plasma at the final stage, in what follows we restrict
ourselves to studying the first two stages of the dynam-
ics of the plasma shell in a heterogeneous liner with
prolonged plasma creation.

Our paper is organized as follows. In Section 2, we
give amore detailed experimental and theoretical justi-
fication of the proposed scenario for compression of the
plasma shell in a multiwire liner; in particular, in Sec-
tion 2.2, we present new experimental data from the
Angara-5-1 facility. In Section 3, we systematicaly
describe the compression scenario. In Section 4, we
theoretically examine different stages of this scenario.
The most important point in our investigations is that
plasma creation and plasma compression are analyzed
separately. Specifically, taking into account the possi-
bility of controlling the plasma creation process, we
study the dynamics of aplasmashell inaliner with pro-
longed plasma creation by treating the creation rate as
an independent external parameter, which is to be
adjusted as necessary to optimize the compression of
the shell toward the device axis. In Section 4.1, we
make simple estimates of the plasma creation rate in
heterogeneous plasma systems and determine how this
rate depends on the current flowing through the plasma.
In Section 4.2, we construct a simple model of the
boundary layer near the plasma source. It is the struc-
ture of the boundary layer that governs the plasma cre-
ation rate. In Sections 4.3 and 4.4, we develop simple
theoretical models of both the plasma dynamics in the
No. 2
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presence of a continuously operating plasma source
and the compression dynamics of a thick-walled cur-
rent-carrying liner. In Section 4.5, we briefly discuss
the stability of compression of a thick-walled current-
carrying liner. In the Conclusion, we summarize our
main results.

2. REVIEW OF EXPERIMENTAL
AND THEORETICAL RESULTS
ON HETEROGENEOUS LINERS

2.1. Exploding Wires and Early Experiments
with Multiwire Liners

In the physics of Z-pinches, heterogeneous struc-
tures with prolonged plasma creation have been known
for many years. Thus, heterogeneous structures are
characteristic of the simplest dense Z-pinches produced
by an electric explosion of metal or dielectric wires
[20-25]. In the current range 10-300 kA, thermal insta-
bilities[21, 24, 25] cause the discharge plasma of elec-
tricaly exploded wires to separate into two phase
states—a hot plasma corona with a temperature of 50—
200 eV, which carries essentialy all of the discharge
current, and a cold substance, whose density is some-
times comparable with that of solids. In thisrespect, the
most illustrative pinch is that formed as a result of the
explosion of acryogenic deuterium fiber [22—25], when
the emitted radiation plays a negligible role. In this
case, the electron heat flux from the hot corona toward
the cold core of the pinch causesthe coreto “ evaporate”
progressively, so that the cryogenic fiber becomes a hot
plasmawithin atime scale of 20-100 ns (depending on
both the current magnitude and wire mass [23-25]).
During this process, the plasmacoronatied to its source
remainsglobally stable, despite pronounced local insta-
bilities.

Another example of heterogeneous structures with
prolonged plasma creation is multiwire liners, which
have been studied for a long time (see, e.qg., [26, 27]).
These early experiments differed from present-day
experimental investigations[1, 2] in that they were car-
ried out with liners comprised of a relatively small
number of wires (usualy, from 8 to 24), because, for
relatively low currents switched on to the liners, the
liner mass consistent with the desired compression rate
(see below) was too small (and the technology for pro-
ducing thin wires was far from being perfect at the
time) in order to use alarge number of wires (about sev-
eral hundred). Also, in early experiments, there was no
need to progress in this direction. Since the distances
between thewiresin such liners are large enough for an
exploding wire to be insignificantly affected by the
other exploding wires, each individual explosion can be
regarded as being essentially independent of the others
and can be described by the above approach: at theini-
tia stages of explosion, a small-mass hot plasma
corona surrounds a relatively cold and dense vapor of
the exploding wires, in which case the bulk of the cur-
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rent should flow in the coronal plasma because of its
much larger transverse cross section and much lower
specific resistance (due to much higher temperatures).

An important factor originating from the multiwire

nature of the liner is the collective azimuthal field By ,
which accelerates each wire toward the liner axis. If
each exploding wire with the complicated heteroge-
neous structure described above were accelerated as a
single entity, then the acceleration would be equal to
g = |, By /(m,c), where I, is the current flowing in a
wire and m, isthe mass per unit length of awire. How-
ever, for the core of the heterogeneous structure to
move with such an acceleration, it should carry a cur-
rent at least as high as |,.,;, = m,cg,/B,,..x, where B,.,, =
21,/(R;c) is the maximum magnetic field near the outer
boundary of the plasma coronaformed asaresult of the
explosion of awireand R, istheradius of the dense part
of the coronal plasma. Such compression rates can be
achieved under the condition
R,

2
(0]

Rg 0> om

R,0, A

ey

where R, isthe radius of the cold core; 0, and o, arethe
conductivities of the corona plasma and core sub-
stance, respectively; and A is the interwire gap. In the
experiments performed up to now, this condition has
not been satisfied even for A > R,, i.e., when the coro-
nal plasmais expected to occur deep inside the regions
bounded by the separatrices between the magnetic
fields of the individual wires. This means that the coro-
nal plasma accelerated toward the liner axis aways
remains separated from the essentialy immobile
exploding wire core, in which case the exploding wire
substance cannot be accelerated as a whole toward the
liner axis. Here, we have briefly reiterated (in the
proper terminology) the analysis made by Bobrova
et al. at the end of their paper [21],1 which was aimed,
in particular, at interpreting experiments carried out in
[27]. Inthose experiments, it was found that the plasma
“blown out” from a multiwire liner reached the dis-
charge axis a fairly long time before the current had
reached a maximum,; this plasma formed a relatively
stable pinch at the system axis. Then, the plasma pro-
duced by the explosions of the wires continued to flow
toward the central pinch for afairly long time after the
current had reached a maximum. In[27], the properties
of thisradia plasmaflow were studied both experimen-
tally and theoretically. At that time, reducing the diam-
eter of the wires while smultaneously increasing their
number was not thought to be the best way of shorten-
ing the time required for the wires to become plasma
and, accordingly, achieving more compact plasma
shells at the final stage of radial compression of the
explosion-produced plasma.

L This paper contains some misprintsin the formulas.

2.2. Experiments on the Visualization of Prolonged
Plasma Creation

In this section, we report the results of experiments
with multiwire liners in the Angara-5-1 facility that
provide clear evidence of the prolonged creation of a
hot plasma through electric explosions of the wires.
These experimental results, which were briefly
described in [28], not only confirm but also signifi-
cantly refine the results of earlier experiments carried
out in [27] with liners comprised of a smaller number
of wires. Note that the results of [27] clearly demon-
strated the important role of prolonged plasma creation
in multiwire liners.

Our experiments were performed with tungsten
wires 6-10 um in diameter placed along the genera-
trices of a cylinder 8-20 mm in diameter. The number
of wireswas varied from 8 to 120. The liner discharges
were initiated by passing a 3-4-MA current with arise
time of 90-120 nsthrough the cylindrical multiwirelin-
ers. Before the main current pulse, a current prepulse
heated the wires by no more than 10°C.

First, we report the results from our experiments
with an 8-mm-diameter liner composed of 80 wires
each having adiameter of 6 um. Notethat, sincethelin-
ers in our experiments were smaller in diameter than
the linersin the experiments of [1, 2], the interwire gap
(about 300 um) and the current per unit length of the
circumference of the liner (about 1 MA/cm) are both
fairly close to those in the experiments of [1, 2].
Accordingly, in our experiments, soft X-radiation
(SXR) pulses were shorter than the current rise time by
approximately the same factor (Fig. 1), the maximum
achievable SXR power being 5 TW.

The plasma dynamics was experimentally visual-
ized by laser shadowgraphy. A probing laser beam was
first divided into three spatially separated rays, which
were delayed with respect to each other in order to
ensure probing over the desired time intervals. In
experiments with laser shadowgraphy, we used liners
without four “central” wires, in order to ensure the
viewing of the central region of aliner through the ver-
tical gap between the wires. These experiments were
conducted with somewhat lower currents than the cur-
rent in the experiment illustrated in Fig. 1. The repre-
sentative laser shadowgraphs are shown in Fig. 2. We
do not discuss here the pronounced axial inhomogene-
ity of the plasma. We draw attention to the quasi-planar
plasma flows from each wire toward the liner axis. In
Fig. 2, the most interesting phenomenon is the forma-
tion of a plasma prepinch (precursor) at the liner axis,
which is distinctly seen in the second and third frames.
These experimental results clearly indicate that the
plasma flows toward the discharge axis for a relatively
long time, while the liner periphery, which serves as a
plasma source, remains immobile and contains most of
the original liner mass.

We do not focus on the interferometric images of the
plasma flows in the plane paralld to the discharge axis
PLASMA PHYSICS REPORTS  Vol. 27
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Fig. 1. Time evolutions of the SXR power and the current
flowing through an 8-mm-diameter liner composed of 80
tungsten wires each having a diameter of 6 pum (shot
no. 3594).

[28]. In experiments carried out inthe MAGPI E facility
at the Imperia College of Science and Technology
(London, UK) [8], such plasma flows were visualized
by interferometric measurements along the discharge
axis. Recent MHD simulations carried out by Chit-
tenden et al. [12] for liners comprised of a small num-
ber of wires and treated using cylindrical geometry (the
coordinates being r and ¢) confirm the qualitative anal-
ysis that was performed about ten years ago and was
briefly repeated in the previous section and also agree
with the experimental data presented here.

In our experiments, prolonged plasma creation was
also studied with the help of fast scanning photometry
combined with X-ray frame-by-frame photography.
The experimental data on an electrical discharge in an
8-mm-diameter liner composed of 32 wires each hav-
ing adiameter of 10 um aredemonstrated in Fig. 3. The
upper frame of the figure presents the time evolutions
of the total current and SXR intensity. The middle
frame shows an optical image of the liner plasma
scanned in time through a dlit perpendicular to the dis-
charge axis. The four lower frames are photos of the
SXR from the liner.

Fast scanning photometry of the SXR from the liner
clearly shows that the wires are immobile for a long
time, while the plasma flows (in the form of narrow
strips) from the wirestoward the liner axis. The dynam-
ics of the development of plasma flowsis aso seenin
X-ray frame-by-frame photographs. The plasmais seen
to fill the liner interior so that the pinch at the axis
grows from the prepinch, which is maintained by the
plasma inflow. The wires remain immobile for about
130 ns. The current per wire increases to 50-55 kA.
Only the last X-ray photograph shows that the wires
evaporate completely, although the X-ray image of the
plasmaisonly dlightly smaller in size than the original
liner. At the original positions of the wires, the optical
luminosity of the plasma starts to decrease 130 ns after
the beginning of the current pulse. The residual plasma
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8 mm:

Precursor

Fig. 2. Laser shadowgraphs of an 80-wire liner (shot
no. 3205): (1) before the current pulse, (2) 87 ns after the
beginning of the current pulse (the current per wire being
9kA), (3) 100 ns after the beginning of the current pulse
(the current per wire being 12 kA), and (4) 113 ns after the
beginning of the current pulse (the current per wire being
15 kA). The prepinch (precursor) is seen to formin the cen-
tral region of the initially empty diagnostic gap.

converges toward the discharge axis at a velocity of
about ~107 cm/s.

Hence, we can conclude that the liner consists of a
plasma flowing toward the axis and a dense substance,
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Fig. 3. Compression of a 32-wire liner (shot no. 3623).

which serves as a plasma source. This can naturally be
attributed to the fact that a highly conducting plasmais
produced from the substance of the exploding wires
almost throughout the current pulse.

2.3. Other Examples of Liners
with Prolonged Plasma Creation

Another example of heterogeneous liners with pro-
longed plasma creation is foam liners prepared by dry-
ing agar-agar gel [18]. A foam liner is composed of dry
agar fibersand plates distributed randomly in space, the
characteristic size of aspatial cell being 50 um. Such a
liner is uniform on spatial scales longer than 100 pm.
Animportant distinctive feature of thefoam liner isthat
the diameter of the corona that can form around each

fiber is markedly larger than the size of an elementary
spatial cell. Therefore, we can assume that the skeleton
of the heterogeneous liner isimmersed entirely in ahot
plasma. Although, at the initial discharge stages, the
mass of the hot plasmais substantialy smaller than the
total liner mass, it carriesessentially all of the discharge
current, while the current carried by the cold skeletoniis
negligible. For this reason, the hot plasma accelerates
toward the axis at a much higher rate than a liner with
auniform current distribution over mass. Although the
Ampéreforce causesthe hot plasmato converge toward
the axis, the liner skeleton aways remains inside the
hot plasma component (in the presence of astrong axial
electric field whose strength is proportional to = v, B/c)
dueto prolonged plasma creation viathe evaporation of
the liner substance. Hence, in the experiments of [18],
PLASMA PHYSICS REPORTS  Vol. 27
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a heterogeneous liner consisting of two components—
acold skeleton immersed in a hot plasma—also serves
as along-term source of hot plasma, which accelerates
toward the discharge axis. The radia size of such a
plasma (with a frozen-in magnetic field) can substan-
tially exceed the skin depth.

As was noted in the Introduction, due to the cold-
start effects, the gas liner also evolves into a heteroge-
neous structure with prolonged plasma creation.

An important feature of foam liners (as well as gas
liners) is current filamentation at the initial discharge
stages [18]. Presumably, the current filamentation
results from the thermal—ionization instability, which
occurs on spatial scales from one millimeter to frac-
tions of amillimeter (in the azimuthal direction). How-
ever, thisinstability islikely to be suppressed in multi-
wire liners comprised of periodically spaced wires, the
interwire gap (fractions of a millimeter) being of the
same order as the instability scale length; at the very
least, the cited papers, as well as other papers devoted
to multiwire liners, contain no information on the ther-
mal—ionization instability, which, however, may
develop in liners composed of alarger number of more
closely spaced wires.

3. SCENARIO OF THE EVOLUTION
OF A HETEROGENEOUS LINER
WITH PROLONGED PLASMA CREATION

Summarizing the above considerations, we propose
the following scenario of the evolution of heteroge-
neous liners. As an example, we analyze a multiwire
liner composed of wires that are equally spaced over a
circle and are oriented perpendicular to it. Neverthe-
less, the proposed scenario refersto afar larger class of
liners.

Heterogeneous liners are those in which, immedi-
ately after breakdown, the substance separates into two
phase states—a relatively cold skeleton with a density
close to that of solids and a hot plasmawith atempera-
ture of several tens of electronvolts. The cold liner skel-
eton aways remains immersed in the hot plasma,
which, however, may not form a continuous shell in the
azimuthal direction. The plasma carries amost all of
the discharge current and thus is Joule-heated to high
temperatures. The electron heat flux and radiation flux
from the hot plasma cause the cold liner skeleton to
evaporate continuously. Under the action of the
Ampéreforce, the hot plasma convergestoward the dis-
charge axis, while the massive skeleton, which carries
a much smaller fraction of the total current, is amost
immobile. When a portion of the hot plasma gets dis-
placed toward the axis by adistance large enough for it
not to interact with the skeleton, the processes of evap-
oration, ionization, and heating of the liner substance at
the skeleton surface give rise to the next portion of hot
plasma. We are thus dealing with the continuous cre-
ation of new portions of hot plasma, which are acceler-
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ated toward the axis. At the same time, the converging
hot plasma carries afrozen-in magnetic field (magnetic
flux); consequently, the electric current parallel to the
discharge axis flows through it. Below, we will refer to
this plasma as a converging current-carrying plasma
flow with afrozen-in magnetic field. Thefrozen-infield
gives rise to plasma flow resilience. If the elements of
the liner skeleton are separated by large distances, then
each element gives rise to its own plasma jet acceler-
ated toward the discharge axis. In the axial region, indi-
vidual converging jets can merge into a continuous
ringlike flow. This processes is captured well by the
two-dimensional modeling (in cylindrical r—¢ geome-
try) of amultiwire liner [12]. If the skeleton elements
are sufficiently close to each other, then the hot plasma
forms a continuous shell around the liner skeleton. In
our scenario, the difference between these two casesis
not of crucial importance.

The process just described lasts until the liner skel-
eton evaporates compl etely. An important guestion then
arises concerning the evaporation rate or the time
required for the liner skeleton to evaporate completely,
under the assumption that the liner mass is matched
with the rise time of the current pulse in the sense that
aliner with auniform current distribution over the mass
should stagnate near the discharge axis some time after
the current has reached a maximum. If the hot plasma
iscreated at aslow rate, the plasma continues to be cre-
ated after the current has reached amaximum. Sincethe
mass of the hot plasmais smaller than the matched liner
mass, the portions of hot plasma that are produced at
the very beginning of the pulse arrive at the discharge
axis along time before the current has reached a maxi-
mum. Thus, we are dealing with along-term and almost
steady-state hot-plasma flow from the periphera
regions where the hot plasma is continuously created
toward the discharge axis. In this case, the recorded
X-ray pulse from the central dense pinch is greatly
smoothed and has nothing in common with the desired
pulse. Otherwise, if the hot plasmais created at a very
fast rate, then the plasma creation process terminates a
long time before the current has reached a maximum. In
this case, the plasma shell turns out to be thin in the
radial direction, the frozen-in magnetic flux is far less
intense, and the plasmaiitself isfar lessresilient. A fur-
ther increase in the current gives rise to a magnetic pis-
ton, which leads to even stronger compression of the
hot plasmainto athin shell that israpidly destroyed due
to the RT instability. This situation is analogous to a
thin-walled plasma liner, which is less attractive from
the standpoint of the parameters of the generated X-ray
pulse. A comparison between these somewhat unfavor-
able limiting cases provides evidence for the existence
of the optimum plasma creation rate. |f the plasma pro-
duction comes to an end approximately at the time
when the current reaches its maximum, then the effect
of the magnetic piston, which should come into play at
alater time and may be dangerous due to the possible
onset of the RT instability, isinsignificant, the more so



96 ALEKSANDROV et al.

because the substantial frozen-in magnetic flux makes
the converging plasmaflow highly resilient in theradial
direction. On the other hand, by that time, aliner whose
mass is matched with the current rise time is displaced
toward the axis only dlightly. Consequently, the thick-
ness of the hot plasma shell can be appreciably smaller
than the liner radius. Presumably, this situation pro-
vides the possibility of achieving highly compressed
plasma pinches and, accordingly, generating short
high-power X-ray pulses. This means that, for a liner
with a matched mass, the optimum time for finishing
the plasma creation process is about the time during
which the current reaches its maximum.

Hence, we can see that the plasma creation rateisa
key parameter for heterogeneous liners with prolonged
plasma creation. It is important to investigate the
plasma creation rate as a function of both the current
per unit length of the liner in the azimuthal direction
and the interwire gap at a prescribed surface mass den-
sity of the liner.

A comparison between the old experimental data
[27] and the new results presented here and in [1, 2]
clearly indicates that the plasma creation rate increases
with decreasing interwire gap, the remaining parame-
ters of the liner (in particular, its mass) being fixed, at
least until the distance between the wiresis larger than
the transverse dimensions of the individual converging
plasma jets. This important conclusion requires addi-
tional experimental and numerical verification. If this
conclusionisinfact valid, then the published datafrom
the experiments carried out by Sanford et al. [11] in
order to investigate how the number of wiresin aliner
affects its dynamics might be reinterpreted in a radi-
cally different manner.

4. SSIMPLEST THEORETICAL MODELS
OF THE DYNAMICS OF A LINER
WITH PROLONGED PLASMA CREATION

In this section, we consider the simplest theoretical
models suitable for describing the dynamics of a liner
with prolonged plasma creation. It is convenient to
investigate the dynamic problem in two steps, i.e., to
study the plasma creation process and the dynamics of
the produced plasma shell separately. Although the
plasma shell may have an inverse effect on plasma cre-
ation, we start by investigating the shell dynamics,
assuming that the plasma source is prescribed. More-
over, inthiswork, we will often choose the plasma cre-
ation rate so asto satisfy the requirement that the radial
structure of the plasma shell should be fairly homoge-
neous. We also simplify the problem under discussion
by averaging over theinternal spatial structure of ahet-
erogeneous liner. This approach leads to a volume
plasma source whose intensity depends only on the
radius and time. Therelated MHD equations, which are
rather difficult to find in the literature, are presented in
the Appendix. Meanwhile, we begin by estimating the
plasma creation rate.

4.1. Estimation of the Plasma Creation Rate

In a hot plasma flow formed by a liner with pro-
longed plasma creation, we can distinguish between
two regions. In the first region, which is located at a
large distance from the liner skeleton, the magnetic
field can be assumed to be frozen in the plasma, the heat
transport due to thermal conduction can be neglected,
and the azimuthal structure of the heterogeneous liner
isof secondary importance. Inthe second region, which
isimmediately adjacent to the skeleton of a heteroge-
neous liner, the above processes are important and the
magnetic field is not yet frozen in the plasma. This
region can naturally be called the “boundary layer,” in
view of its small thickness, which is determined by the
largest of the following spatial scales:

(i) the characteristic period 6 of the heterogeneous
structure (e.g., the interwire gap in a multiwire liner
composed of wires positioned along the generatrices of
the cylinder),

(ii) theradial thickness d, of the liner skeleton (e.g.,
the thickness of the foam liner), and

(iii) the skin depth &, = v,,/c, (Where v, = c¥/4TtOis
the magnetic viscosity, o isthe plasma el ectric conduc-
tivity, and c, isthe local Alfvén velocity).

In this section, we discuss the simplest estimate of
the plasma creation rate in order to introduce the phys-
ical processes underlying plasma creation and provide
a least a rough insight into the dependence of the
plasma creation rate on the current flowing through the
liner.

We estimate the hot-plasma creation rate m in units
of mass per unit area of the side surface of the liner,
assuming that &, > 9, &,. Under these conditions, we
are dealing with an azimuthally homogeneous and infi-
nitely thin plasma source. We also neglect radiation
from the plasma and direct Joule heating of the cold
substance of the liner skeleton. In the problem as for-
mulated, the plasma can be produced from a relatively
cold substance only via the heat flux from the hot
plasma. Consequently, the plasmacreation rate is deter-
mined exclusively by the heat transfer from the hot
plasma toward the region immediately adjacent to the
liner skeleton. Under the above assumptions, the only
process responsible for such a heat transfer is electron
thermal conduction. Since the hot plasmais accelerated
toward the discharge axis predominantly by the
Ampeére force, the plasma near the source flows at a
velocity close to the Alfvén velocity and the thermal
component of the energy density in the plasma flow is
approximately the magnetic field energy density. Thus,
we have

Bo
v Oc, O , (2)
A JATIP
2
Y B
y-1°am )
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Here, v and c, are theradia plasma velocity and char-
acteristic Alfvén velocity in the boundary layer, respec-
tively; the magnetic field B, at the outer surface of the
liner is uniquely determined by the total current and
liner radius; p and p are the typical plasma density and
pressure inside the boundary layer; and y is the adia
batic index. The left-hand side of Eq. (3) representsthe
specific plasma enthalpy. The numerical coefficient on
the right-hand side of this equation is fairly small
(about 0.1-0.2, see the next section). Nevertheless, we
can use these relationships to obtain order-of-magni-
tude estimates and to establish the qualitative depen-
dence of the plasma creation rate on the discharge
parameters (primarily, on the discharge current).

Thethickness of the boundary layer, where the mag-
netic field becomes frozen in the converging plasma
flow, is determined by the skin depth

5, vam' )

Since, under the above simplifying assumptions, the
electron thermal conduction serves as the main mecha-
nism for heat transfer inside the boundary layer, the
contribution from electron heat conduction should be
comparable with the Joule heating effect:
) 2
K12 ok D-B—gvm, (5)
5 0 &
where T and j are the characteristic plasmatemperature
and electric current density in the boundary layer,
respectively, and K isthe thermal conductivity.
Relationships (2)—(5) make it possible to estimate
the four main parameters of the boundary layer—spe-
cificaly, p, T, v, and ds—as functions of B, or, equiva-
lently, the total current flowing through the liner of
given radius. Assuming the Coulomb logarithms to be
constant, we turn to conventional expressions for the
plasma electric and thermal conductivities:

O'DT, (6)

KDT. ()

We al so assume that the mean ion charge number zisa
power function of temperature,

zOTY,
where a lies between 0 and 1, depending on the liner
substance. Asaresult, we arrive at the following depen-

dence of the plasma creation rate (m ~ pv) on the total
current flowing through the liner of given radius:

m 0 [AB(()ll—Scx)/(3—a), (8)

where A isthe atomic weight of the liner substance. We
can seethat, asa increasesfrom 0 to 1, the power index
PLASMA PHYSICS REPORTS  Vol. 27
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of B, decreases from 1.866 to 1.5. The remaining
parameters of the boundary layer depend on the liner
current and the atomic weight of the liner substance as
follows:

p O ABS 3G~ 1 gglG-a)
(1+a)/(3-a)
[Bo
v A » o0 (4-a)/(3-a)’
Bo

Note that, according to relationships (3) and (5), the
ratio of the electron gyrofrequency ws, to the electron
collision frequency v, is on the order of unity and, in
our approximation, does not depend on B,. This cir-
cumstance justifies the use of relationships (6) and (7),
which are valid for wg./v, = const. The numerical coef-
ficientsin formulas (8) and (9) will be discussed at the
end of the next section.

4.2. Seady Plasma Flow near a Heterogeneous Liner
with Prolonged Plasma Creation
(Boundary Layer Srructure)

Recall that, in a plasma flow formed by a heteroge-
neous liner with prolonged plasma creation, there exists
a boundary layer in which an important role is played
by the azimuthal liner structure and the processes of
heat transport, Joule heating, and plasma diffusion
transverse to the magnetic field. The boundary layer is
thin enough to assume (at least, in the first approxima-
tion) that the plasma flow is steady and to neglect the
cylindrical character of the flow. In contrast, in the bulk
of the flow, the above processes are of secondary
importance, whereas the unsteady nature of the plasma
flow and its cylindrical geometry play agoverning role.
In this section, we completely discard the azimuthal
inhomogeneity of the liner and take into account only
diffusion, heat transport, and Joule heating. In other
words, we treat the problem in slab geometry. In order
to provide aqualitative (for the most part, analytic) con-
Sideration of the problem, we will adopt the simplest
form of the equation of state and dissipative coefficients
of the plasma.

The above simple estimates imply that the plasma
creation rateis governed by both Joule heating and heat
transport, which occur against the background of the
hydrodynamic plasmaflow and plasmadiffusion across
the magnetic field. The related set of MHD equations,
which takes into account volume plasma sources, is
presented in the Appendix. Disregarding the cylindrical
geometry of the problem, we consider a one-dimen-
siona planar steady plasma flow in the presence of a
plasma source, which may be arbitrarily distributed in
space. In this approximation, al of the quantities
depend only on x =r_—r (wherer_ isthe outer radius
of the liner) and the only nonzero components are the
x-component of the plasma velocity, the y-component
of the magnetic field, and the z-component of the elec-
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tricfield. Sincetheflow is steady-state, the electric field
does not depend on x. Under the assumptions that the
x-component of the initial momentum of the produced
plasmais zero and the energy expended on creating the
plasmais ensured by the heat flux from the already pro-
duced hot plasma, the steady nature of the plasmaflow
also implies that the momentum and energy flux densi-
ties are constant. Hence, we have

2 2

2 B™ _ _ Bo
pv + p+§[ = const = e (10)
1 3 oT
va+§pv - E B- K&
(11)
= =_C
= const = 4T[EZBO,
_y 9B o
CE, = Vmax vB = congt, (12)
9 v = q(x) (13)
6xp q(x).

Here, v isthe x-component of the plasmavelocity; p, T,
p, and W are the density, temperature, pressure, and
specific enthal py of the plasma, respectively; q(x) isthe
intensity of the plasma source averaged over its spatial
structure; K isthethermal conductivity; B(x) isthe mag-
netic field; the magnetic field B, at the outer surface of
theliner isuniquely determined by thetotal current and
liner radius; and E, is the zcomponent of the electric
field. Consider aninfinitely thin (in theradial direction)
plasma source. Integrating Eq. (13) yields the relation-
ship

pv = const = Q, (14)

which is valid in the region enclosed by a cylindrical
plasma source (x > 0), while outside of this region
(x<0), thereis avacuum.

Equations (10)—(12) and (14), which describe the
plasma flow in the entire region enclosed by the cylin-
drical source (x > 0), should be supplemented with the
boundary conditions

v(0) = 0, T(0) = 0. (15)

We also assume that, as x/d — oo, all of the quantities
approach their finite asymptotic values, which corre-
spond to as-yet unknown plasma parameters on the out-
side of the boundary layer. The second conditionin (15)
stems from neglecting the temperature of the cold liner
skeleton in comparison with the temperature of the hot
plasma. With the prescribed electric-field component
E,, which, strictly speaking, cannot be determined in
this problem (see below for details), Egs. (10)—(12) and
(14) with the boundary conditions (15) have a solution
only for acertain Q,, value, which isthus an eigenvalue
of the problem and determines the self-consistent cre-
ation rate of the hot plasma.

In order to make the formulation of the problem as
simple as possible, we turn to an elementary but quite
realistic description of the plasma parameters. We rep-
resent the pressure and specific enthalpy of the plasma

A
asp=GpTand W= v—1

o’ , Wherethe parameter G and
adiabatic index y are both assumed to be constant. We
also assumethat the plasmael ectric conductivity o and,
accordingly, the magnetic viscosity v,, are constant and
write the thermal conductivity as Kk = K,T with K, =
const.

We switch to the dimensionless variables
B(X) = Bob(g), E, = —-Epg,, Vv(X) = vow(g),
P(X) = PoR(Q), T(X) = To1(Q), (16)

Qn = QQ,
where
X 12— 117
c= a_o’ do — (8_,_[)IJ4V3/4 3146 ]JZB ]JZQWV SJ ’
1 1/4 —1/4 2R3 Y DUZ
E, = ——— G'B ,
°(amYe Qg ly-10
v, = ___Zl.__ll_4 m4 —:IJ4G1IZB(:I).IZ —1%%BU’
(8m) 17)
po = (81 "G B
To = (8m) " 5uni; "BoQ
Qo = (8 ((y—1)/y) "V ko G By
and obtain the set of equations
3—2 = —¢g,+wb, (18)
dt _ O 1
T 2
0= T[ 2¢ (1— b)+r+2w} (19)
Rw = 1, (20)

w+b2+‘—’-y-1Rr =1 1)
We express w and Rin terms of T and b and substitute
winto Egs. (18) and (19) to arrive at an autonomous set
of differential equations for b and 1. This set of equa-
tions, supplemented with the obvious boundary condi-
tions, constitutes an eigenvalue problem (the eigen-

value being Q) with the as-yet unknown parameter €,,
which can be obtained by solving a problem on the out-
side of the boundary layer. Below, we consider afairly
realistic limiting case, which provides an essentially
complete analytic treatment.
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Before proceeding with aqualitative analysis of this
limiting case, note that €, and y are the only parameters
that enter Egs. (18) and (19). Therefore, the eigenvalue

Q should befairly closeto unity (for €, of order unity).
To within a factor on the order of unity, this circum-
stance, together with formulas (16) and (17), deter-
mines both the self-consistent plasma creation rate and
its dependence on the liner discharge parameters—first
of al, the generator current or equivaently B, (in our
formulation of the problem).

We will use asimplifying assumption that the ioniza-
tion energy required to produce both dense-liner and
forerunner plasmas is substantialy (by afactor of 5-10)
higher than the thermal energy of the free electrons,
which govern the plasma pressure. Under this assump-
tion, we can examine the limiting casey — 1. In the
limit of infinitely large ¢ values, the left-hand side of
Eqg. (19) approaches zero, indicating that the specific
enthalpy is on the order of the magnetic field energy
B?/81t Since, in thislimit, the plasma pressure is mark-
edly lower (by afactor of 1/(y— 1)) than the magnetic
field pressure, it can be neglected, at least, in the first
approximation. In other words, on the left-hand side of
Eqg. (21), we can omit the term proportional to Rt. Asa
result, Egs. (18)—<21) become independent of the tem-
perature and can be rewritten as

db _ h2
de = ~&+b(-D), (22)
w=1-Db (23)
R= —% .. (24)
1-Db

We can see that Eq. (22) is a closed differential equa-
tion for b(¢). The remaining parameters of the plasma
flow can be expressed in terms of b(¢) by using
Egs. (23) and (24).

The solutions to Eq. (22) with the boundary condi-
tion w(0) = 0 can be parameterized by the €, value. The
condition ,> O corresponds to the plasmamotion from
the source toward the region ¢ > 0. The solutions with

g, > 2/(3./3) cannot be continued through the entire
region ¢ > 0, because, for finite ¢ values, the magnetic
field b approaches —c. Consequently, physically mean-
ingful solutionsto the problem of a steady plasmaflow

from the source are those with 0 < ¢, < 2/(3./3). For
¢ —» oo, the plasmaflow velocity dependsone,andis
determined by the condition for the right-hand side of
Eg. (13) to vanish. Thus, to find the flow velocity, we
must solve acubic equation. The dependence w(¢ — )
on g, is shown in Fig. 4. The highest flow velocity,

which is reached at €, = 2/(3./3), is equal to the local
Alfvén velocity. At lower €, values, the plasma flow
velocity at large distances from the source islower than
the Alfvén velocity and decreases monotonically with
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Fig. 4. Dimensionless plasmaflow velocity at theinner sur-
face of the boundary layer and the ratio of the magnetic
fields at the inner surface of the boundary layer and at the
outer surface of the liner as functions of the dimensionless
electricfield &,

decreasing €,. The value of €, cannot be specified by
solving the time-independent problem in slab geome-
try. To do this requires solving the time-dependent
problem with consideration of the geometric structure
of the plasma flow at large distances from the source.
The plasma flow with the highest possible velocity,
which can be referred to as a critical flow, occupies a
special place and is the most important for our pur-
poses. It is this solution that we are going to analyze,
keeping in mind that any solution intherange 0 < g, <

2/(3 /3) is qualitatively analogous to the solution with
£,=2/(3./3).

To obtain the critical solution, we can integrate
Eq. (22) implicitly by quadratures,

b +1|n(b_b°°)(1+2b°°) 1

c:b—bm 3 (b+2bm)(1—bm)_1—bm’ (25)
in which case we have
1
b CHOO = boo = —,
( ) 7
1 pn2 2
W(C —>) = 1-b, =3,
R(G»w) = —— =15,
1-b.
1-b,)(1-b2)(3b, -1
(¢ e o) = QD023 D
202 0.
= SD@ 1D 0.103.

The resulting functions b(¢), w({), and R() are pre-
sentedin Fig. 5. To determinethe plasmatemperature, we
need to solve Eq. (19) with the aready known w and b.
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Fig. 5. Boundary layer structure near the plasma source: the
dimensionless magnetic field b, plasma density R, plasma
velocity w, electric (ohmic) field € inthe comoving frame
of reference, inductive electric field wb (in dimensional
units, it is equal to vB/c), and tenfold specific plasma
enthalpy Win the limit in which the adiabatic index y tends
to unity.

Solving the eigenvalue problem (19) numerically with
the boundary conditions 1(0) = T'(c0) = 0 yields

Q= 0.965. (26)

The dimensionless plasma enthalpy W(¢) = 1(¢) com-
puted in this way is also plotted in Fig. 5. In physica
units, the self-consistent plasmacreation rateisequal to

6 2
Q, = 0.965, <2V =D
(8Mv,Gy

Note that the dimensionless enthalpy of the plasma
flow is fairly low (about 0.1). Since the dimensionless
plasmapressureiseven lower (e.g., aty=1.2,itislower
by afactor of approximately 5), we can seethat it does
not exceed several percent of the magnetic field pres-

sure Bg /8Tt This circumstance mostly validates the
corresponding simplifying assumption.

(27)

Using the above solution to the boundary layer
problem, we can rewrite Egs. (2)—<5) in the form

BO y BO
v = , YL p=0155-2,
-1
J12mp Y (28)
LB
KT = 1.14x 10 8—_,_[Vm,

where v, p, T, and p are now the plasma parameters at
the inner surface of the boundary layer. The boundary
layer thickness & corresponding to the radius at which
the ohmic component of the electric field is weaker
than the total electric field by afactor of approximately
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Fig. 6. Dependence of the steady-state rate at which a tung-
sten plasmais produced from a unit area of the side surface
of the liner on the ratio of the total current flowing in the
liner to its radius. The dependence was estimated from for-
mulas (28). The calculated points (crosses) were used to

8
obtain the power fit m = 0.2 %Eﬂ pg cm ns?t

(dashed curve).

3.8isgiven by the relationship

= 2Vm

3v’
In the model adopted in this section, reducing Egs. (2)—
(5) to Egs. (28) and (29) makes it possible to recon-
struct the boundary layer parameters exactly. In more
general cases, Egs. (28) and (29) will probably give
fairly good estimates.

The characteristic feature of the boundary layer
structure analyzed in this section (Fig. 5) isthat the heat
conduction—driven energy flux starts to play an impor-
tant role only in the region of sufficiently small ¢ val-
ues, where the plasma still remains fairly dense and
cold. Therefore, in thisregion, the electrons are unmag-
netized, wg./V. < 1, S0 that we arejustified in using the
above relationship between the electric and thermal
conductivities. For this reason, when obtaining esti-
mates, the electric and thermal conductivities in
Egs. (28) and (29) should be taken not from the general
expressions, for which the adopted relationship
between the thermal and electric conductivities failsto
hold, but from the formulas in which the electron
plasma component is assumed to be unmagnetized.

This approach was used to cal cul ate the dependence
of the rate m at which a tungsten plasma is produced
from a unit area of the side surface of the liner on the
ratio of thetotal current flowingintheliner toitsradius.
The dependence illustrated in Fig. 6 was calculated
under the assumption of the thermodynamically equi-
librium degree of ionization of the tungsten atoms at
theinner surface of the boundary layer. The expressions
for the kinetic coefficients of the plasma were taken
from [29]. Now, we can say that, within the accuracy

ds = d, (29)
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adopted in our study, this estimate of the plasma cre-
ation rate contradicts neither the experimental data
from the Angara-5-1 facility nor those from the Z and
Saturn facilities. The calculated plasma production rate
can be estimated accurate to a numerical factor on the
order of 2-3. This error stems from the simplifying
assumptions made in deriving the simple formulas that
describe the plasma properties; neglecting the original
azimuthal structure of the liner; and neglecting the dis-
charge axial structure, which occurs spontaneously and
is distinctly seen in the photographs taken in experi-
ments. To refine this estimate and to systematically
compare it with the experimental data requires a sepa-
rate study.

4.3. Numerical Smulation of the Dynamics
of a Liner with a Plasma Source
(Acceleration and Convergence of the Plasma Shell
toward the Discharge Axis)

In this section, we report the results of the numerical
simulation of the acceleration of the produced plasma
shell toward the discharge axis. Here, we neglect the
radial thickness of the boundary layer, whose structure
was analyzed above, and/or the radial thickness of the
plasma source. Accordingly, we can also ignore Joule
heating, heat conduction, and plasma diffusion across
the magnetic field, because these processes are only
important inside the boundary layer or inside the
plasma source, provided that its radial thickness is
larger than that of the boundary layer. On the other
hand, we systematically take into account the unsteady
nature of the discharge and itscylindrical geometry. We
also perform averaging over the azimuthal structure of
a heterogeneous liner, assuming, e.g., that the interwire
gap is smaller than the spatial resolution achievable in
both the experimental investigations of the plasmaflow
and the present theory. Since the plasma pressurein the
converging flow is lower than the magnetic field pres-
sure (see above), we take into account only the Ampére
force and discard the thermal flow parameters in the
plasma shell accelerated toward the liner axis. An
important feature of the problem that we are going to
solvein this sectionisthat the plasmacreation rate isto
be chosen so as to satisfy the conditions for the forma-
tion of the most suitable plasma shell. Thus, the prob-
lem becomes non-self-consistent. This is adopted
intentionally because we do not wish to concentrate on
the specific multiwire liner design for which the plasma
production rate has been estimated in the previous sec-
tions. This approach makes our problem more
universal.

The dynamics of the produced plasma shell can be
described by the equations (see Appendix)

2
2v + viv -1 Q—(-Eir—)— (30)
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op, 10 -
o + rar(pvr) = 0. (32)

The plasma source at the cylindrical surfacer = R, is
incorporated into the boundary conditions as follows:

(PV)], =g, = —M(1), (33)
> B _ [Bo(®)]’
prieg 2B e
V| .p < IBL (35)
©JAmp|i-r,

Here, m isthe plasma creation rate (in terms of mass)
near the cylindrical surface r = R,, per unit area of its
side surface and B (t) = 21(t)/cR,, Where I(t) isthe total
discharge current. If, in the region near the cylindrical
surface r = R, the plasma flow is subsonic (i.e, the
flow velocity is below the Alfvén velocity), then two
characteristics of the hyperbolic set of equations (30)—
(32) come from this surface inward in the positive
direction along the time axis. In this case, we need to
impose two boundary conditions on this surface and the
boundary condition (35) actually places no additional
congtraints. If, in thisregion, the flow velocity is above
the Alfvén velocity, then there are three characteristics
that comefrom this surfaceinward in the positive direc-
tion along thetime axis. In this case, the only constraint
placed by the boundary condition (35) is the fact that,
in our approximation, the flow velocity in the immedi-
ate vicinity of the plasma source should be exactly
equal to theAlfvén velocity, because the solution on the
inside of the boundary layer (see the previous section)
exists only when the flow velocity on the outside of the
boundary layer is lower than or equa to the Alfvén
velocity.

Equations (30)—(32) with the boundary conditions (34)
and (35) and with the boundary condition v (0, t) = 0 at
the axis were solved numerically using a modified ver-
sion of the Richtmyer difference scheme (see Section 3
of Chapter V in[30]). The difference scheme was mod-
ified to keep both the mass and magnetic flux
unchanged and to satisfy the radial momentum conser-
vation law when the time step approaches zero and the
spatial gradients are sufficiently high in comparison
with theinverseradius. In connection with this, we note
that the boundary condition (34) is a consequence of
the constancy of the radial momentum flux through an
infinitely thin plasma source under the assumption that
the plasma is produced with zero momentum.

The results of numerical simulations carried out
with

3t -2t

i = 1,282 L )

4

(36)
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Fig. 7. Simulation of the dynamics of the plasma shell in a
liner with prolonged hot-plasma cregtion for t, = 0.6t;: the
radia profiles of (a) the plasma density multiplied by the
squared radius, (b) the electric current flowing inside a
cylindrical surface of radiusr (i.e., the product of the mag-
netic field and the radius, Br), and (c) the radia plasma
velocity at the times 0.36, 0.6, 0.84, 0.96, and 1.08 of the
current rise time t;. The profiles are presented in the units
introduced in the text.

and

2
() = M, (3t -21) o

- (t —t),
2TRey t3(t, —05t;)

(37)

and for different ratios t,/t; = 0.6, 0.8, and 1 are shown
in Figs. 7-9. Here, I ,,is the maximum current achieved
at the time t = t; after the discharge begins, M, is the
total mass per unit length of the liner, and t = t; isthe
time at which the plasma source ceases. In order to
make the number of free parameters as small as possi-
ble, in this series of simulations, we assumed that the
plasma source depletes instantaneously at the time
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Fig. 8. Simulation of the dynamics of the plasma shell in a
liner with prolonged hot-plasma cregtion for t, = 0.8t;: the
radia profiles of (a) the plasma density multiplied by the
squared radius, (b) the electric current flowing inside a
cylindrical surface of radiusr (i.e., the product of the mag-
netic field and the radius, Br), and (c) the radia plasma
velocity at the times 0.36, 0.84, 0.96, 1.08, 1.14, and 1.2 of
thecurrent risetimet; . The profiles are presented inthe units
introduced in the tex{

when the entire cold liner substance becomes the
plasma. The depletion of the plasma source was mod-
eled using the Heaviside step function 6 in Eqg. (37).

The simulations described below were performed
with the same liner mass, which was chosen to achieve
a complete collapse at the time t = 1.2t; (in the zero-
dimensional model) and was found to be M, =
0.234(l.t;/cR)*. This duration of liner compression
was chosen to be close to the optimum duration, i.e., to
ensure the highest efficiency of conversion of the mag-
netic energy of an inductive storage into the kinetic
energy of the liner. We stopped the calculations at the
PLASMA PHYSICS REPORTS  Vol. 27
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timet=1.2t, i.e., before the discharge current started to
fall off significantly.

The problem under consideration is a scale-invari-
ant one. If we expressthe radiusin units of R,,, thetime
inunits of t;, the magnetic field in units of 21 ,,/cR, the

plasma density in units of Irznt,-z/(ﬂc2 R:x), and the
plasma velocity in units of R,,/t;, then the set of equa-
tions and the boundary conditions both rewritten in
terms of these variablesinvolve asingle parameter, spe-
cifically, theratio t,/t;. However, note that the solutions
should also depend on the shape of the current pulse
and the plasma creation rate. The profiles plotted in
Figs. 7-9 were rescaled in the units introduced above.

We emphasize that the plasma source intensity was
chosen to be proportional to the current throughout the
current pulse. According to our test simulations, thisis
the case when the plasma mass is distributed most uni-
formly over the transverse cross section of the shell. For
aweaker dependence of the plasma creation rate on the
discharge current, the plasmawill be concentrated near
the inner boundary of the plasmashell, and, for astron-
ger dependence, it will accumulate near the outer
boundary. It wasfound that, in thefirst case, the plasma
flow velocity near the plasma source is below the
Alfvén velocity, and, in the second casg, it is above the
Alfvén velocity. In this sense, our reference parameter
values (for which, at any instant of plasma production,
the plasma flow velocity at the outer boundary of the
plasma flow near the plasma source is exactly equal to
the Alfvén velocity) correspond to an intermediate ver-
sion between these two cases. When the plasma flow
velocity is equal to the Alfvén velocity, Eq. (34) shows
that the plasmain the boundary layer carries afraction

of 1—1/./3 = 42% of the total discharge current.

At the time at which the source stops producing
plasma (in our model, the source depletes instanta
neoudly), the magnetic field undergoes a jump at the
outer boundary of the source, thereby giving rise to a
shock wave, which propagates through the forerunner
plasma and converges toward the discharge axis. The
shock wave, which acts to additionally compress the
plasma shell to asmaller thickness, is clearly shownin
Figs. 8 and 9. The effect of additional compression of
theforerunner plasmaisacommon feature of heteroge-
neousliners: it occursregardless of therate at which the
plasma production terminates. However, if this rate is
sufficiently low, the additional compression is not
accompanied by the onset of a shock wave.

For t, = 0.6t;, i.e., at the time when the formation of
the plasma shell has come to an end, the shell itself
remains essentially immobile. This situation may also
be captured by a zero-dimensional model of the com-
pression of aliner as a single entity. Consequently, for
this value of the ratio t,/t;, the radial thickness of the
produced plasma shell is very small and the compres-
sion of the shell can be described in precisely the same
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Fig. 9. Simulation of the dynamics of the plasma shell in a
liner with prolonged hot-plasma creation for tg = t;: the
radia profiles of (a) the plasma density multiplied by the
squared radius, (b) the electric current flowing inside a
cylindrical surface of radiusr (i.e., the product of the mag-
netic field and the radius, Br), and (c) the radia plasma
velocity at the times 0.6, 0.96, 1.08, and 1.2 of the current
rise time t;. The profiles are presented in the units intro-
duced in the text.

way asin the zero-dimensional model for the compres-
sion of athin-walled liner as a whole (Fig. 7). At first
glance, it issurprising that this situation already occurs
at the relatively large value t,/t; = 0.6. Such compres-
sion conditions may be favorablefor the onset of strong
RT instability.

For t, =1, i.e., when the plasma production time is
exactly equal to the current rise time, the leading edge
of the forerunner plasmareaches the discharge axis ear-
lier than the compression (shock) wave (Fig. 9). Conse-
quently, the plasma shell collapses over a time insuffi-
ciently short to achieve the optimum duration of an
X-ray pulse generated in the stage of collapse, when the
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kinetic energy of the plasma shell and the magnetic
field energy are converted into thermal energy.

Among the versions that we have simulated in this
study, the version with t, = 0.8t;, which isillustrated in
Fig. 8, is optimum in many aspects. By the time the
source stops producing plasma, the leading edge of the
forerunner plasma has traveled a distance approxi-
mately equal to 0.3 of the original liner radius. After the
source is depleted, the trailing edge of the plasma shell
startsto catch up with itsleading edge, the radial veloc-
ity of the trailing edge being higher than that of the
leading edge by a factor of approximately 2. In this
stage, the plasma shell is being strongly compressed in
the radial direction. The front of the compression wave
reaches the leading edge of the plasma shell at the time
at which the shell is at a radius about halfway between
its original position and the discharge axis, the shell
thickness being about 1/5 of its radius. Then, the
plasma shell continues to converge toward the axis,
keeping its relative thickness amost unchanged and
experiencing dlight radia oscillations due to the finite
resilience associated with the frozen-in magnetic field.
In other words, the plasma shell is compressed almost
in a self-similar manner. This feature of compression
will be thoroughly investigated in the next section,
where we construct the related self-similar solutions.
Presumably, such a plasma shell is, on the one hand,
compact enough to generate a fairly short X-ray pulse
when collapsing toward the discharge axis, and, on the
other hand, it is sufficiently resilient and extended in
theradial direction to substantially suppressitsinstabil-
ities.

As was mentioned above, in order to reduce the
number of free parameters of the problem, we have
assumed that the plasma source depletes instanta
neously and that, until this instant, the plasma produc-
tion rate depends on the current only. However, in real-
ity, the cold liner substance is depleted gradually, so

that m(t) vanishes some time after it reaches its maxi-

mum. The law by which m(t) approaches zero deter-
mines the plasma distribution outside the main pinch,
which forms at the system axis. In other words, the
character of the source depletion process may govern
the extent to which the compressed liner plasma is
compact and stable.

4.4, Slf-Smilar Dynamics of a Thick-Walled
Current-Carrying Liner Plasma
with a Frozen- in Magnetic Field

The above results of the modeling of plasma shell
compression in aliner with prolonged plasma creation
show that, under certain conditions, the plasma shell is
compressed approximately in a self-similar manner. In
this section, we construct the related self-similar solu-
tion in order to illustrate that such a compression pro-
cess is in fact possible. Hence, we consider the com-
pression of the aready produced plasma shell with a
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frozen-in magnetic field, using a one-dimensional ideal
MHD model and assuming the generator current to be
constant. The corresponding equations (in a more gen-
eral form) were written above [see Egs. (30)—<(32)]. We
will seek their solutions with separable variablesin the
form

_ 2 _r d
B(r,t) = mb(z), v (r,t) = md_tr()(t)’ .
(38)
p(r, 1) = rz—“(‘t)R(a),
where
= — (39)

ro(t)’
and r(t) is a characteristic time-dependent radial scale
of the problem. Assuming that this scaleis equal to the
outer radius of the plasma shell yields the boundary
conditions

b(1) = 1. (40)

We choose the mass parameter [ to satisfy the normal-
ization condition

1

2n[RE)EE = 1, (41)
0

inwhich case 1 isthe total mass of the plasma shell per
unit length.

On the one hand, such a solution, which actually
correspondsto uniform deformation, isageneralization
of the results obtained by Kulikovskii [31]. On the
other hand, it extends the zero-dimensional theory of
the compression of thin-walled liners (seg, e.g., [32]) to
the case of finite-thickness liners.

The conditions under which we can look for the
desired solutions can be obtained by substituting the
assumed dependences (38) and (39) into Egs. (30)—
(32):

1 d 2
——(b =C 42
d2 |2
ro(t)—ro(t) = — C, 43
o(t) e o(t) P— (43)

where C is a positive constant, which is determined
from condition (41). We can see that the functional
dependences in these solutions are specified with some
freedom. Notably, the time dependence of the inner
radius of the shell isin fact almost the same as that for
athin-walled liner [see Eq. (43)].

Asan example, we present the solution with apiece-
wise constant function R, which is nonzero only over
theinterva 1> ¢ > &, (Fig. 10). In this case, we have

1

R= ——e
m(1-£3)

(44)
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forl>¢>¢,,
c=-2 45)
1+&;
o(e) = L 1128 (46)
& 1-g
and the function r(t) satisfies the equation
d’ 21°
ro(t)=ro(t) = ———-. 47
O( )dtz O( ) uc2(1+ E]Z.) ( )

These self-similar solutions, describing the com-
pression of a plasma shell with a frozen-in magnetic
field, show that, despite the finite thickness of the shell
and its radial resilience, it is possible to achieve com-
pact radial compression such that, in the approximation
at hand, the plasma shell collapses almost instanta-
neously. This conclusion seemsto bevery important for
the theory of linerswith prolonged plasma creation: the
finite thickness characteristic of liners with prolonged
plasma creation is not, generally speaking, an obstacle
to achieving very rapid conversion of the kinetic energy
of aplasma shell to heat and X radiation.

4.5. Sability of a Thick-Walled Current-Carrying Liner

4.5.1. Instability of the body of the plasma shell.
In this section, we consider the acceleration-driven
interchange instability of the body of the plasma shell.
The next section will be aimed at an analysis of the RT
instability of the outer boundary of the shell. In the sta-
bility problem, we adopt the unperturbed state that is
characterized by the self-similar solutions, which were
constructed in Section 4.4 and describe the compact
compression of a plasma shell. The axial wavenumber
k, of perturbations remains unchanged during compres-
sion. In the geometrical-optics approximation, the
short-wavelength instability of perturbations with the
radial wavenumber k, = 0 (and with m= O for the inter-
change mode) can be studied under the assumption
[k,|(ro — ry) > 1. Hence, we can specify the perturba-
tions of the plasma density, azimuthal magnetic field,
and two flow velocity components v, and v, as

ik,z .

atf(€)e *, where & = r/ry(t) and the time-dependent
radial scale of the problem, r(t), wasintroduced above.
Because of the magnetic field-induced resilience of the
plasma shell, the perturbations under consideration
(specifically, those with frequencies much lower than
k,.ca) should not disturb the magnetic field. In other
words, the perturbed magnetic field in such relatively
slow perturbations can be neglected in our approxima-
tion. On the other hand, since the magnetic field is fro-
zen in the plasma, the quantity B/pr should be constant
along the streamlines of the plasmaflow. Consequently,
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Fig. 10. Radial profiles of the dimensionless plasmadensity
R(¢) and the dimensionless magnetic field in a plasma shell
converging in a self-similar manner for a piecewise constant
density, which isnonzero withintheinterval 1> > &, =0.8.

the perturbed plasma density p and perturbed radial
flow velocity v, arerelated by the equation

dpB .~ 0 B

=4 Vraa

= 0,

(48)

which follows from the continuity and frozen-in condi-
tions. Here, the unperturbed quantities, namely, those
that are not identified by atilde, refer to the self-similar
solutions constructed in the previous section. For
instance, the total plasmadensity isequal top + p. The
derivative d/dt = 9/0t + v,d/0r corresponds to the
Lagrange derivative along the unperturbed trajectories
of the volume elements of the plasma. Recall that the
unperturbed plasma parameters are z-independent.
From Eq. (48), we obtain

dtp Viar pr’ (49)

Linearizing the Euler equation for theradial flow veloc-
ity component yields

dg .79, P B AB) _ p.d
at’/r T VigrVr T p4mpr or pEdtZrO(t) (50
or, equivalently,

1d o - Ped

R Sl (51)

Equations (49) and (51) can bereduced to thefollowing
second-order linear differential equation for therelative
perturbed plasma density:

d 2dp _ paln(Blpr). d
Mot = —C————"1— T,
dt

dt °dtp ~ p dIné (52)
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Fig. 11. Growth of the relative density perturbations during
compressionfor (/) K=1.8andpy=1,(2) K=1.8andp, =
0.8, (3) K=4.3andp,=0.8, and () K=1and p, = 0.8. Pro-
files 7 and 2 correspond to a plasma shell whose radial
thicknessis about 1/5 of its radius.

where, by virtue of Eq. (43), we have
d _ 1%c
21'[|1c2

We denote the radius at which the derivative dr(t)/dt

vanishes by r, and pass over from the timet to the new

variable p(t) = ry(t)/rqe, Which has the meaning of the

time-dependent degree of compression of the plasma

shell. Then, we arrive at the following equation for the

amplitude a(p, &) of the relative density perturbations:
In——

/I laln(B/pr)
pdp pdp - 38 olng

As was noted above, the frozen-in condition implies
that the factor dln(B/pr)/01n& on the right-hand side of
this equation is actually dependent only on &. We can
see that, for

aIn(B/pr) _ aln(B/pr)
dIn& ainr

the perturbation amplitude increases during compres-
sion. According to Eq. (54), the characteristic time
required for the instability to develop is proportional to
the square root of the shell thickness. From this point of
view, thicker plasma shells are more preferable.

To be specific, let us turn to self-similar compres-

sion and consider how the perturbations grow in the
vicinity of a cylindrical surface of radius & =

A1+ af)/z, which divides the plasma shell into two
parts of equal mass, assuming the rectangular plasma
density profile [see formulas (44)—47)]. We treat the
case &, = 0.8, because this &, value corresponds to
therelative shell thickness, which was calculated for

(33)

(54)

(55)

ALEKSANDROV et al.

ty= 0.8t in Section 4.4 and for which the radial thick-
ness of acompletely compressed shell (after the plasma
creation processterminates) isabout 1/5 of itsradius. In
this case, the coefficient K = (1/2)01In(B/pr)/01n¢& on the
right-hand side of Eq. (54) is approximately equal to
1.8. We also present some other values of this coef-
ficient for other values of & K(, = 0.7) = 0.76,
K(&, =0.85) = 2.4, and K(&, = 0.9) = 4. Equation (54)
was solved numerically with the initial condition
Vv, (p=p,) = 0. We calculated the amplification coeffi-

cient of the relative amplitude a(p)/a(p,) of the density
perturbations for p < p,. For K= 1.8 and p, = 1, the
amplification coefficient is shown by the dashed curve
in Fig. 11. One can see that, by the time when the orig-
inal liner is compressed tenfold, the seed perturbation
amplitude increases by afactor of about 100. However,
we stress that, according to the results from numerical
simulations of the compression of a plasma shell in a
liner with prolonged plasmacresation (Fig. 8), theradial
shell thickness at the timewhen the cold liner substance
has been completely evaporated is still appreciably
larger than that after the compression by the shock
wave (and, accordingly, the gradient B/pr is apprecia-
bly smaller than thefinal one). That iswhy, before com-
pression, the instability is suppressed to a markedly
greater extent than after the compression by the shock
wave. Consequently, it ismore expedient to choosep, =
0.8. By amost the same time, the front of the compres-
sion wave reaches the middle of the shell. The profiles
displayedin Fig. 11 were obtained precisely for p, = 0.8
and for the three parameter valuesK = 0.76, 1.6, and 4,
for which the relative radia thickness of the plasma
shell equals 1/3, 1/5, and 1/10, respectively.

Hence, when the plasma creation process terminates
at atime equal to 0.8 of the current rise time (in which
case the thickness of the shell after the compression by
the shock wave will be approximately equal to 1/5 of its
radius), the relative amplitude of the seed density per-
turbations increases (due to the interna interchange
instability) by afactor of about 20 by the time the orig-
inal liner is compressed nearly tenfold. This result
allows us to hope that seed perturbations with relative
amplitudes of no more than 5% will not destroy the
plasma shell as it is compressed tenfold. This rough
analysis was performed under the assumption that,
before the cold liner substance evaporates completely,
the plasma creation rate is proportional to the current
flowing through the liner, in which case the mass of the
plasma shell is fairly uniformly distributed over its
transverse cross section. A weaker or stronger depen-
dence of the plasma creation rate on the total current
will cause the plasmato be concentrated either near the
leading or trailing edge of the plasma shell, so that the
role played by the internal interchange instability may
become more important.

4.5.2. Role of the instability of the outer bound-
ary of the shell. While the body of the plasma shell is
subject to interchange instability, which was analyzed
2001
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in the previous section, the outer boundary of the shell
may experience conventional RT instability [33].

The compression under discussion differs from
ordinary liner compression in that, before the plasma
creation process has cometo an end, the outer boundary
of the plasma shell is not a freely moving boundary,
because it is attached to the immobile cold dense liner
skeleton. Theliner skeletonisin turnimmobile because
it carries asmall fraction of the total current. Just after
the plasma source stops producing plasma (provided
that the final stage of plasma production is sufficiently
short), the fraction of the total current that flowed
through the boundary layer when the plasma was il
being produced and then accelerated the plasmato the
Alfvén velocity gives rise to a converging compression
wave, which starts to propagate through the plasma
flow. Before the compression wave reaches the leading
edge of the plasma flow, the plasmais accelerated only
at the front of the compression wave, while the plasma
behind the front converges with an almost constant
velocity. Consequently, before the compression wave
reaches the leading edge, the ordinary RT instability
cannot occur, which indicates that the compression of
the outer boundary of a light liner with prolonged
plasma creation is more stable in comparison with what
isusually expected.

Another distinctive feature of the compression pro-
cess under discussion is that the plasma shell is fairly
thick because of its resilience associated with the fro-
zen-in magnetic field. For thisreason, the time required
for the RT instability to destroy such a shell is fairly
long. The results of recent |CF-related theoretical and
experimental investigations of the RT instability (see,
e.g., [34-36]) show that, during the development of the
three-dimensional RT instability on scale lengths com-
parable with the thickness of a thin plasma shell, the
distance that the accelerated shell can travel is roughly
seven times its thicknesses (provided that there are no
additional stabilizing factors). Since the liner under
consideration is accelerated under the action of the
magnetic field, the development of the RT instability is
partialy suppressed in one direction due to the anisot-
ropy of theinstability. For this reason, the plasma shell
accelerated by the magnetic field is presumably some-
what more stable than that accelerated by the pressure
of alight gas.

Hence, we can suppose that the plasma shell with a
frozen-in magnetic field and with a thickness of about
1/5 of its radius can be successfully compressed (with-
out complete destruction) to a radius of about 1/10 of
the original liner radius. We speak of self-similar com-
pression, which was considered at the beginning of this
section. Achieving such astable compression of thinner
plasma shells may turn out to be problematic.

Summing up the results of our study of the instabil-
ities of a compressed plasma shell, we can say that the
plasma shell formed during prolonged plasma creation
can be compressed fairly efficiently under the condi-
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tionsthat the plasmacreation rate is approximately pro-
portional to the total current, the cold liner substance
evaporates completely some time before the current
reaches its maximum, and the plasma compression
comes to an end some time after the current reachesits
maximum. After the beginning of the current pulse, the
plasma creation process should optimally terminate at
atimeequal to 0.8-0.9 of the current risetime, the com-
pression time being 1.2 times aslong as the current rise
time.

5. CONCLUSION

We have shown that, in high-current high-voltage
facilities, multiwire, foam, and even gaslinersare char-
acterized by prolonged plasma creation, which can last
almost throughout the current pulse. The Ampére force
causes the rarefied hot plasma produced to converge
toward the liner axis, giving rise to the radia plasma
flow, while the liner skeleton, which carries a smal
fraction of the total current, is amost immabile. This
phenomenon is independent of whether or not the pro-
duced hot plasma forms a continuous shell in the azi-
muthal direction. This can result in the formation of a
fairly thick current-carrying plasmashell with afrozen-
in magnetic field, the shell thickness being much larger
than the skin depth. We have studied the main factors
that govern the rate at which the hot plasma is pro-
duced. We have developed the simplest theoretical
model, which allows us to estimate the plasma creation
rate and to analyze the structure of the boundary layer
near the plasma source.

A thick current-carrying plasmashell with afrozen-
in magnetic field is characterized by a certain resil-
ience, which makes liner compression more stable
against the RT instability in comparison with plasma
liners whose thickness is about the skin depth and
which are accelerated by a magnetic piston. We have
constructed self-similar solutions and have simulated
the dynamics of a plasma shell formed by aliner with
prolonged plasma creation in order to show that fairly
thick shells can a so be compressed into avery compact
pinch at the device axis. This conclusion rejects the
widely accepted objection that the compact compres-
sion of such a plasma shell is unlikely to be achieved.
The main obstaclesthat may hamper compact compres-
sion are the high plasma pressure in the shell and
plasmainstabilities. For the liners under consideration,
both of these obstacles are avoided by composing the
liners of chemica elements that are heavy enough for
the plasma creation process to terminate a short time
before the current reaches its maximum, the liner mass
being such that the plasma shell is compressed com-
pletely some time after the current reaches its maxi-
mum. Under the assumption that the plasma creation
rate is proportional to the total discharge current until
the plasma source is depleted, we have shown that the
optimum time for the complete evaporation of the cold
liner is approximately equal to 0.8 of the current rise
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time, the compression time being approximately equal
to 1.2 of the current rise time. After the plasma source
ceases, additional compression makes it possible to
achieve a plasma shell with a thickness of about 1/5 of
its radius, thereby facilitating further fairly stable col-
lapsing of the liner.

Presumably, the authors of [1, 2] grasped the exper-
imental way to achieve the optimum parameter range
for the assumed design of multiwire liners, namely, lin-
ers composed of identical wires placed along the gen-
eratrices of acylinder with agiven radius. According to
our simple estimates, for a very narrow interwire gap,
such amultiwire liner design leads to a stronger depen-
dence of the plasma production rate on the current than
desired. We think that this fact opens new possibilities
for refining the already obtained results by making the
liner design more complicated in order to further opti-
mi ze the time dependence of the plasma creation rate.

Production of anew plasma at the discharge periph-
ery (or, more precisely, at the inner surface of the insu-
lator) also occurs in explosion magnetic generators.
There are publications on this subject (see [37] and the
literature cited therein) in which the density of the
plasmaflow from theinsulator into the discharge cham-
ber is estimated. Under these conditions, the radiative
energy transfer toward the insulator surface is of great
importance. In [37], the value of m was estimated for a
Plexiglass insulator with alowance for the above
effect, but without taking into account electron heat
conduction. In our notation, this estimate takestheform
m = 0.17(I[IMA]/R[cm])*” pg cm? ns. This formula
may be compared with the result obtained in Section 4.2
for tungsten (see Fig. 6). The fact that these formulas,
which were obtained under very different assumptions,
are similar speaks well for their reliability.
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APPENDIX

Set of Equations for a Cylindrical MHD Problem
with a Plasma Source

In the absence of an axial magnetic field, cylindri-
cally symmetric plasma flows with spatially averaged
plasma-source terms are described by the following set
of modified MHD equations:

0 10 o op 1.

atpv rarpv r = —E—EjB, (A.1)
0B, 0 - _ dQ
ot Tar’B T S (A2)
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n rar(pvr) =q(r, 1), (A.3)
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~Co(Ti=To) + %z—eﬁoqu, t).

Here, p isthe plasmadensity; v istheradial component
of the plasmavel ocity; B isthe azimuthal component of
the magnetic field; j isthe axial component of the elec-
tric current density,

_cla "
T 4mror

Te; are the electron and ion plasma temperatures; p, ;
are the electron and ion pressures; €, ; are the specific
energies (per unit mass) of the electrons and ions; r is
theradial coordinate; and d/dt = d/0t + vo/dr. The mod-
ified MHD equations are supplemented with the simpli-
fied Ohm's IaN for the axial component of the electric

(A.11)

field, E = -2 vB + (JI and with the simplified expres-
sions for the electron and ion heat fluxes,

0T,
qTe,i = _Ke,i ar .

(A.12)

The continuity equations (A.3) and (A.8) incorporate
the plasma source intensity. The plasmais assumed to
be created with a zero momentum exclusively at the
expense of the energy of the plasma already produced.
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Otherwise, theright-hand sides of Egs. (A.1), (A.4), and
(A.5) should be supplemented with the corresponding
source terms. It isassumed that g ;, € i, Ke i, Cq, @d 0
are functions only of p, T, and T;; and that K, ; and
also depend on |BJ. In the above equations, the effects of
viscosity are discarded, because they are most likely
of secondary importance in the problem under study.

Many problems can be solved by assuming q =0
and by incorporating the plasma source only into the
boundary conditions. Notably, if the radius of the
plasma source is much larger than its radial thickness,
then integrating Eq. (A.1) over theradius showsthat the
quantity pv?2+ p+ B?/8miscontinuous at the cylindrical
surface corresponding to the source.
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