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Abstract. The main stages of experimental studies of the dy-
namics and evolution of current sheets formed in plasma in
strong nonuniform magnetic fields are reviewed. These studies
were initiated by Sergei Ivanovich Syrovatskii, who made an
outstanding contribution to the creation of the MHD theory of
current sheets. The experiments were developed in close inter-
action with the theory and under the influence of theoretical
ideas and concepts. It was found that, in high-conductivity
plasma, the formation of a current sheet leads to a concentra-
tion of magnetic energy, while during explosive destruction of
the sheet, the magnetic energy is converted into the energy of
plasma and accelerated electrons. It is shown that in many cases
the rupture of the sheet is triggered by a rapid local increase in
the plasma temperature and a violation of the transverse equili-
brium within the current sheet. It has been proven that current
sheets can develop in 3D magnetic configurations, and the range
of such configurations has been determined. Reverse currents
are found to play an important role in limiting the duration of
plasma flows accelerated in current sheets.
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1. Introduction

The study of the formation and evolution of current sheets in
plasma was largely stimulated by the exploration of the physical
nature of ‘flare’ phenomena in space plasma, which are
characterized by the rapid conversion of magnetic field energy
into thermal and kinetic energy of the plasma and into flows of
high-energy charged particles. The best known and well-studied
phenomena of this kind are flares in the solar corona, grandiose
events with the release of energy up to ~ 10 erg, a duration of
about ~ 10> —10> s, and the generation of accelerated particles
with energies exceeding 100 MeV.

As a result of numerous long-term observations of solar
flares, it was established that they usually occur in active
regions of the Sun with strong nonuniform magnetic fields
and a complex magnetic structure, including in areas where
the polarity of the magnetic field alters and the magnetic field
becomes zero [1, 2]. The reservoir of colossal energy released
during flares is the magnetic field energy associated with
electric currents flowing in the solar corona.

The data from astrophysical observations initiated theo-
retical studies. Stationary models of plasma flows in the
vicinity of zero magnetic field lines were proposed, in which
the transformation of magnetic energy into thermal plasma
energy was considered [3—5]. However, stationary models fail
to provide a satisfactory interpretation of the entire set of
phenomena observed during solar flares, especially the
generation of high-energy charged particles.

S.I. Syrovatskii formulated a general two-dimensional
problem of nonstationary flows of high-conductivity plasma
arising from the initial equilibrium state in a nonuniform

* The review is based on a talk given at the Scientific Session of the Physical
Sciences Division of the Russian Academy of Sciences on 5 March 2025
(see Phys. Usp. 68 (8) 745 (2025); Usp. Fiz. Nauk 195 (8) 793 (2025)).
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magnetic field with a zero line [6, 7]. This problem was
considered in the approximation of a strong magnetic field
using the equations of magnetohydrodynamics. The nonsta-
tionary plasma dynamics, which lead to the accumulation of
excess magnetic energy in the vicinity of the zero line, were
discussed in close connection with the possibility of the
emergence of conditions for the generation of strong electric
fields and effective acceleration of charged particles.

2. Theoretical concepts of formation
of current sheet in vicinity
of zero line of magnetic field

The development of a current sheet in the vicinity of the zero
line of a magnetic field was considered in detail in [6, 7]. At the
initial moment of time, a plasma at rest with a constant
density and pressure is in a 2D magnetic field with a zero line.
The magnetic field lines lie in the plane (x, y), and the zero line
is aligned with the z-axis. In the vicinity of the simplest first-
order zero line (Fig. 1), the field strength B increases linearly
with distance r from the zero line:

B = {By; By; B.} = {—hy; —hx; 0}, |B|=hlr[; (1)

here, & is the magnetic field gradient in the plane (x, y). The
plasma density p and pressure p are constant, and the
velocities v and electric current density j are zero:

v=0, j=0, p=const, p=const. (2)

As follows from the exact solution obtained in the linear
approximation [6, 7], the perturbation of the initial state,
which arose far from the zero line, then propagates through
the plasma in the form of a magnetosonic wave with a local
velocity close to the Alfvén velocity:

hir|

(4nN; M) )
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Here, N; and M; are the concentration and mass of the plasma
ions. As the wave approaches the zero line, its propagation
velocity (3) decreases, while the amplitudes of all perturba-
tions carried by the wave: magnetic field, current density,
plasma velocity, and density increase. Thus, at a certain stage,
the wave becomes nonlinear.

The motions of matter in the wake of the wave front are
two-dimensional, and in two opposite quadrants of the plane
(x, y) the plasma flows are directed from the periphery to the
zero line, while in the other two quadrants, from the zero line
to the periphery (see Fig. 1). In the conditions of the magnetic
field being frozen into the substance, the plasma motion from
the regions of a strong magnetic field to those of a weak field
should lead to the magnetic field strengthening near the
zero line, i.e., they should have a cumulative nature. As a
result, the magnetic field lines should concentrate near the
zero line, which is the ‘stagnation point.’

The divergent nature of plasma flows (see Fig. 1) leads to
the field lines of opposite directions being stretched near the
plane (y = 0), and the strengthening of the magnetic field can
be accompanied by a decrease in the plasma density.
Favorable conditions for the generation of induction electric
fields and acceleration of charged particles can arise [6].

The exact solution to this problem in the linear approx-
imation is valid, strictly speaking, only at a significant
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Figure 1. Two-dimensional magnetic field with zero X-line; plasma
velocities are shown by double arrows.

Figure 2. Pattern of magnetic field deformation in vicinity of zero line
based on properties of freezing-in and continuity of magnetic field lines [6].

distance from the zero line. However, this solution displays
the main trends in the variation of all quantities during
plasma flows in a magnetic field with a zero line.

Based on the exact solution obtained in the linear
approximation and a number of physical considerations,
S.I. Syrovatskii proposed a qualitative picture of the
magnetic field deformation that occurs during plasma
flows with a frozen-in magnetic field in the vicinity of the
zero line of the magnetic field (Fig. 2) [6]. Such a structure
of the magnetic field actually corresponds to the concentra-
tion of magnetic energy in the vicinity of the zero line and
the formation of a current sheet. In the case of rapid
destruction of the sheet, it may be possible to transform
the magnetic energy into the energy of plasma and
accelerated particles.

The formation of a current sheet during plasma flows in
the vicinity of the zero line of the magnetic field was
substantiated in subsequent studies by S.I. Syrovatskii and
his colleagues [8—12], in which it was shown that the current at
the nonlinear stage takes the form of a thin sheet separating
magnetic fields equal in magnitude and oppositely directed.
Accurate nonlinear self-similar MHD solutions correspond-
ing to a magnetic collapse process were obtained, with the
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Figure 3. Current sheets developing in vicinity of zero line of magnetic field
(shown as thick horizontal lines); thin curves are magnetic field lines.
(a) Current sheet with current flowing in one direction; (b) current sheet
with reverse currents at lateral ends of sheet [10].

magnetic field gradients and plasma density turning to
infinity and a current sheet forming in a finite time [8, 9].
Rarefaction of the plasma near the surface of the current sheet
was demonstrated in [11-13].

In [10], in the strong magnetic field approximation, it was
established that, under conditions of a magnetic field frozen
in the plasma, the appearance of an electric field directed
along the zero line inevitably leads to the formation of a
neutral current sheet. Note that the normal component in the
neutral current sheet is absent, B, ~ 0. Analytical expressions
were derived for the structure of the magnetic field of the
neutral current sheet, and it was shown that both direct and
reverse currents can be present in the current sheet (Fig. 3).
For a current sheet without reverse currents, simple relation-
ships were obtained between the magnetic field gradient 4, the
total current in the sheet J and the half-width of the sheet b,
and the dependence of the tangential component of the
magnetic field B, near the sheet surface on the distance |x|
to the zero line [10]:

47

2
4
hb e (4)

xz 1/2

These relationships were later used to estimate the parameters
of the current sheets that were formed in the experiments.

It should be noted that the concept of the formation of a
current sheet in the course of plasma flows in a magnetic field
with a zero line was not generally recognized in the 1960s—

1970s. The stationary Petschek model with four slow shock
waves was very popular, especially among foreign physicists
[S]. However, the following question was very urgent: what
structure is formed in the vicinity of the zero lines — a current
sheet or a Petschek flow? S.I. Syrovatskii proved that, under
given boundary conditions, plasma flows arising in a
magnetic field with a zero line are nonstationary and must
inevitably lead to the formation of a current sheet [12].

One of the differences between a current sheet and
Petschek flow is the structure of the magnetic field and
electric current in the central region, i.e., in the vicinity of
the zero line. In the current sheet, the current density in this
region is maximum, in contrast to the local minimum in the
Petschek model. This implies that this dilemma could be
resolved if the structure of magnetic fields that are formed as a
result of plasma flows in a magnetic field with a zero line is
examined in detail. Such studies can be carried out, for
example, using laboratory experiments.

3. Beginning of experimental studies.
Neutral current sheet

Based on the ideas proposed by S.I. Syrovatskii [6, 7],
experiments were started in the accelerator laboratory of the
Lebedev Physical Institute to test the conclusions of the
theory and clarify the options of converting the energy of a
magnetic field into the energy of high-energy charged
particles. It should be noted that, in the 1970s, experiments
studying processes in the vicinity of zero lines of the magnetic
field were started almost simultaneously in the USA [14],
Japan [15], and in USSR, at the Lebedev Physical Institute
[16].

The basic scheme of the experimental setup developed at
the Lebedev Physical Institute (Fig. 4) included three different
systems that operated independently, which made it possible
to change the experimental conditions within fairly wide
limits [17, 18]. Using straight conductors with currents
which are located parallel to the axis of a cylindrical quartz
vacuum chamber (6 cm in diameter and 60 cm in length), a
quasi-stationary 2D magnetic field was created with lines of
force in the plane (x,y), a zero line on the z-axis, and a
gradient 7 = (0.5—2) kG em™L:

B’ = {B; B); B’} = h{—y; —x; 0}. (1)

In this field, the initial plasma was produced. Then, when
pulsed voltage was applied to the gap between two electrodes
introduced into the vacuum chamber from the ends at a
distance of 40 cm from each other, an electric current was
excited in the plasma parallel to the zero line with an
amplitude of J, < 20 kA, which ultimately should have led
to the development of a current sheet.

The first experiments, conducted in a relatively rare
plasma with an electron concentration of N0~ 1012
10'3 cm™3, revealed a fundamental problem on the way of
formation a current sheet in laboratory conditions, in the
vicinity of which a significant reserve of magnetic energy can
accumulate. Excitation of an electric current led to the
development of plasma instabilities and a sharp decrease in
conductivity, which became abnormally low, o~
(2—4) x 10'2 571, i.e., significantly lower than the Coulomb
conductivity, and featured a ‘turbulent’ character [16, 17]. As
aresult, at this stage, it was not possible to fulfill the condition
of freezing the magnetic field into the plasma, which is
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Figure 4. Current Sheet setup (FIAN) (cross section). A 2D magnetic field
with field lines in (x,y) plane and zero line on z-axis was created by
currents in four straight conductors located parallel to vacuum chamber
axis. Current sheet was formed by exciting electric current J. in plasma
parallel to zero line.

necessary for concentrating magnetic energy during the
formation of a current sheet.

The freezing of the magnetic field into a substance is
usually characterized by a dimensionless parameter — the
magnetic Reynolds number

dnolv

Re, = 2 (6)

Here, v is the velocity of the substance, / is the characteristic
size, and o is the conductivity of the plasma. If Re,, > 1, then,
when matter moves from one region to another, the magnetic
field is also transported. In the case of space objects, due to
their gigantic scale, the freezing condition is satisfied for
almost any conductivity, whereas in laboratory conditions
the plasma conductivity value is critical.

It could be assumed that an increase in the density of the
initial plasma would lead to an increase in conductivity [18].
Some experiments [19-21] showed that, with an increase in
the electron concentration N., turbulent conductivity
increases proportionally to (Ne)l/ 2. On the other hand, an
increase in the plasma density and, consequently, the
frequency of Coulomb collisions could lead to the suppres-
sion of plasma instabilities.

To create a sufficiently dense initial plasma in a nonuni-
form magnetic field (1), a special system was developed in the
form of a high-voltage theta discharge with strong prelimin-
ary ionization [18]. The vacuum chamber was filled with a
neutral gas, He or Ar, in which a breakdown was carried out,
which made it possible to obtain plasma with a density of
N2> 3 x 10" cm~? and to vary the mass composition of the
plasma.

Indeed, an increase in the density of the initial plasma led
to a significant increase in the average conductivity, which
was ¢ =~ 2 x 10" s71. As a result, it was possible to fulfill the
condition of freezing the magnetic field into the plasma in a
time interval of ~ 1.5 ps, which exceeded the time of
development of the current sheet.

Figure 5. Spatial distributions of two components of magnetic field
generated by excitation of current J. in plasma at successive moments of
time, (a) By(»), (b) B,(x). Experimental conditions: 7 =1.2 kG cm™',
helium, p = 1072 Torr, J™* 2 14 kA.

An increase in the density of the initial plasma also led to
an increase in the characteristic time of development of the
current sheet, which made it possible to trace its formation.
The process of formation of the current sheet and its
characteristics were studied based on measurements of
magnetic fields that were produced by an electric current
flowing in the plasma (Fig. 5) [22].

Figure 5a shows the spatial distributions of the tangential
component of the magnetic field B, (y) at successive moments
in time. The moment ¢ = 0.2 ps corresponds to the stage of
magnetosonic wave propagation, when the magnetic field
perturbations that arose at the lateral plasma boundaries at
t = 0 have not yet reached the zero line (y = 0). At =~ 0.3 ps,
when the wave approached the zero line, the current sheet
began to form. In the interval ¢~ 0.3—0.5 ps, the B,
component of the magnetic field, and the derivative 0B, /0y,
rapidly increased in the vicinity of the zero line, which
indicated an increase in the plasma current density j., which
att = 0.5 ps reached a value of ~ 10 kA cm~2. Concurrently,
the size of region 2Ay, where the plasma current is concen-
trated, decreased, i.e., this region was compressed to a value
of 2Ay =~ 0.8 cm. The B, component of the magnetic field
produced by the plasma currents exceeded the B, component
of the initial vacuum magnetic field, BS = hAy, on the sheet
surface by approximately fivefold (Fig. 5a).

Figure 5b shows the spatial distributions of the normal
component of the magnetic field B, (x) at times 7 ~ 0.3 and
0.5 ps [22]. From a comparison of these curves, it is evident
that the size of the region 2Ax, in which the plasma current is
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concentrated, increased with time, and at t = 0.5 psit reached
a size of 2Ax =~ 3.6 cm.

Thus, in a finite time interval, the distribution of the
plasma current in the plane (x, y) took the form of a sheet with
a width-to-thickness ratio Ax/Ay of 4.5, and, what is
especially important, as a result of the formation of the
current sheet, the magnetic energy density in the vicinity of
the zero line significantly increased.

It should be especially emphasized that in experiment [22]
a neutral current sheet was obtained with a normal compo-
nent of the magnetic field, which was virtually zero. It follows
from this observation that the magnetic field lines were
extended along the surface of the current sheet, separating
the oppositely directed magnetic fields (see [10] and Section 2).
Indeed, as can be seen from Fig. 5b, within the width of the
sheet, the normal B, component of the magnetic field
produced by the plasma current was equal in magnitude and
directed oppositely to the normal component of the vacuum
magnetic field, B}(,’ = hx. As a result, the actual, i.e., total,
value of the normal component B was virtually zero:

BX =B)+ B, =hx+ B, ~0. (7)

The main parameters of the current sheet obtained in the
experiment were in satisfactory agreement (with an accuracy
of about 10%) with theoretical relations (4) and (5), which are
characteristic of an infinitely thin neutral current sheet [10].

Based on magnetic measurements, it was also revealed
that the current density is maximum in the central region of
the sheet, i.e., in the vicinity of the zero line, and smoothly
decreases towards the lateral edges of the sheet. This indicated
that, in the vicinity of the zero line of the magnetic field, a
current sheet was actually developing, rather than the
Petschek flow. The formation of a neutral current sheet in
the experiment was one of the important arguments for
substantiating the concept of current sheets. Subsequently,
the formation of current sheets was confirmed in other
experiments [23], and was also substantiated in numerical
calculations [24].

4. Stability of extended current sheets

According to the concept of S.1. Syrovatskii, the study of flare
processes in plasma based on the dynamics of current sheets
implies two main stages: first, obtaining a current sheet with a
significant reserve of magnetic energy, and, second, imple-
menting a rupture of the sheet with the conversion of the
‘excess’ magnetic energy into the energy of the plasma and
accelerated particles [6, 7, 12]. The first stage was implemen-
ted experimentally, when a neutral current sheet was formed
in a plasma of sufficiently high conductivity, and a significant
increase in the magnetic field on the surface of the sheet, in
comparison with the initial magnetic field, was obtained
(Fig. 5a,b) [22].

It could be expected that, in the case of a rapid
‘reconnection’ of magnetic field lines through the sheet, i.e.,
during a macroscopic rupture of the current sheet, the excess
magnetic energy would be transformed into the kinetic energy
of the plasma and fluxes of accelerated particles. According to
current concepts, the most probable cause of sheet rupture is
tearing mode instability [25, 26]. As a result of the develop-
ment of such instability, the current sheet disintegrates into
separate current threads, and the magnetic field lines are
reconnected through the sheet. The criterion for the develop-

ment of the tearing mode is sufficient elongation of the
current sheet:

Ax
2
A 2 (8)

where 2Ax is the width of the sheet, 2Ay is its thickness, or the
smaller transverse size of the sheet.

To obtain large current sheets and study the possibilities
of breaking the current sheet and accelerating charged
particles, the next generation Current Sheet setup, CS-3, was
designed and produced [27, 28]. Similar to previous installa-
tions [17, 18, 29], the CS-3 setup included three independent
systems: one for produced a 2D quasi-stationary magnetic
field with a zero line, another for produced the initial plasma
in this field, and the third for exciting electric current. The
CS-3 setup was distinguished by its larger size, higher power
characteristics, and an increased lifetime of the current sheet;
it was also equipped with additional plasma diagnostic
methods.

An increase in the size of the setup and, most importantly,
an increase in the total current J. flowing in the plasma,
according to Eqns (4) and (5), should have provided a
noticeable increase in both the width of the current sheet
2Ax and the magnetic energy reserve in the vicinity of the
sheet. It was assumed that the thickness of the sheet 2Ay
would not undergo significant changes compared to the
previous series of experiments, and this would allow condi-
tion (8) to be met with a reserve. Indeed, as was found using
magnetic measurements, the CS-3 setup enabled forming
current sheets, the width of which was more than an order
of magnitude greater than the thickness [27, 28], which
ensured the fulfillment of condition (8).

It was found that the formation of a current sheet was
accompanied by effective compression of the plasma into a
flat extended plasma sheet, so that, as a result, the electron
density N, in the sheet was 5-10 times greater than the
concentration of both the initial plasma and the plasma
surrounding the current sheet [30, 31]. Figures 6a, b show a
typical plasma interferogram obtained by holographic
interferometry [32], and the corresponding 2D distribution
of the electron density in the plane (x,y). Figures 6a,b
clearly demonstrate that the plasma density distribution
was virtually uniform along the width of the plasma sheet,
while the width of the sheet significantly exceeded its
thickness.

The structure of the plasma sheet, and in particular the
sharp gradient concentration in the y direction transverse to
the sheet, indicate that the gas-kinetic pressure of the plasma
concentrated in the sheet was balanced by the magnetic
pressure outside the sheet:

T BX)’
N;naX<Te+Z> :(S»‘n) : )
1

Here, N"* is the maximum electron density, T and 7; are the
electron and ion temperatures in the midplane of the current
sheet, Z; is the effective ion charge, and Bf is the tangential
component of the magnetic field on the surface of the sheet.
From Eqn (9), it follows that, under typical conditions, the
effective plasma temperature in the sheet was
(T. + Ti/Z;) = (40—60) eV [27, 28].

Experiments using the CS-3 setup revealed that the
extended current sheet existed in a stable state, without
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Figure 6. (a) Holographic interferogram of current sheet plasma recorded
in CS-3 setup. (b) Two-dimensional distribution of electron density
Ne(x,y) obtained as a result of processing this interferogram. Experi-
mental conditions: /7 =0.6kG cm~', helium, p=4x 10~2 Torr,
JI =~ 40 kA, t~ 1.1 ps.

noticeable variation in its structure and parameters, for a long
period of time, at least an order of magnitude greater than the
characteristic time of tearing instability development [25, 26].
This implies that, in the experiments conducted, it was not
possible to break the extended current sheet. However, as
S.I. Syrovatskii emphasized, the high stability of current
sheets is important for astrophysical applications, since it
provides a mechanism for accumulating a significant amount
of magnetic energy, which can then be released during a flare
[33].

Thus, due to the stability of the extended current sheets
formed in laboratory conditions, a problem arose with the
implementation of the sheet break. It could be assumed that a
significant role in stabilizing the discontinuity was played by
the comparatively rarefied peripheral plasma surrounding the
current sheet, and as soon as the discontinuity began, it was
‘healed’ due to the peripheral plasma flowing into the
discontinuity [12, 34, 35]. A number of theoretical studies
have shown that the discontinuity of the current sheet could
be prevented by such factors as the finite conductivity of the
peripheral plasma [36] and the plasma flows along the surface
of the current sheet [37, 38].

The dynamics of the peripheral plasma in the vicinity of
current sheets was studied experimentally by the phase
location method using microwave radiation with wave-

lengths of 8§ and 2 mm [29]. The velocities of both the
inflow of peripheral plasma into the current sheet and the
outflow of plasma from the sheet were measured, depending
on the initial conditions under which the sheet was formed.
It was found that the peripheral plasma velocities increased
with an increase in the gradient of the initial magnetic field
h, an increase in the amplitude of the current flowing in the
sheet J., and a decrease in the density of the initial plasma.
Based on the data obtained, such initial conditions were
chosen that provided the highest velocities of the peripheral
plasma flows in the vicinity of the current sheet. Indeed,
under these conditions, after a relatively long stage of stable
existence of the current sheet, the magnetic field structure
spontaneously and rapidly rearranged, which then led to a
macroscopic rupture of the sheet [27, 28, 39]. Thus, a fairly
reproducible rupture of the current sheet was achieved,
which made it possible to study its main features in
subsequent experiments [40].

5. Pulsed phase of magnetic reconnection
and electron acceleration

The rupture of the current sheet occurred quite dramati-
cally and led to a cardinal change in all the parameters that
were characteristic of the previous stable stage of evolution
(Figs 7-9). Many of the manifestations of the current sheet
rupture are similar to the processes occurring during the
impulsive phase of solar flares and in other flare phenom-
ena.

The impulsive phase of magnetic reconnection occurred,
as a rule, in the central region of the current sheet, where the
current density was maximum. The structure of the magnetic
field altered qualitatively: the tangential component sharply
decreased with a simultaneous increase in the component
normal to the surface of the sheet [27, 28, 39-42]. Conse-
quently, the magnetic flux crossing the middle plane of the
sheet (y = 0) increased significantly, i.e., the rate of reconnec-
tion of oppositely directed magnetic field lines through the
current sheet, which previously was the boundary between
these fields (Fig. 7b), increased: ¢ ~ 1.2—1.3 ps [42, 43]. At
the same time, a local minimum of the electric current density
arose in the central region of the sheet. Then, the region of
enhanced magnetic reconnection and reduced current density
propagated from the center of the sheet to both its lateral
edges (Fig. 7c) with a velocity of v, > 107 cm s~!, almost an
order of magnitude greater than the Alfvén velocity char-
acteristic of a stable sheet [43]. As a result, the electric current
previously concentrated in the sheet was ejected beyond its
limits, i.e., rapid destruction of the current sheet was
observed.

Concurrently with the pulsed phase of magnetic
reconnection, destruction of the plasma sheet occurred,
which can be seen from the rapid changes in the 2D
distributions of the plasma density displayed in Fig. 8 [40,
44). Distributions in the form of lines of equal plasma
density N.(x,y) = const at successive moments of time were
recorded in one pulse of operation of the CS-3 experimental
setup using the cine-holographic interferometry method
[45-47]. The first frame in Fig. 8 (¢t = 1.40 ps) corresponds
to a stable stage of evolution, when the plasma density
distribution along the width of the sheet was almost
uniform. The second frame ( = 1.46 ps) shows the appear-
ance of an explosive expansion in the middle of the plasma
sheet. The next three frames (r = 1.52, 1.58, and 1.64 ps)
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Figure 7. (a) Schematic of stable current sheet and explosive destruction of the sheet. (b) Structure of magnetic field lines of current sheet at successive
moments of time (half of sheet cross section is shown). Numbering of field lines is continuous for all moments of time, interval between lines is 250 G cm.
Dashed curves are field lines of 2D vacuum magnetic field (1). (c) Time dependence of linear current density in different sections along current sheet width:
I—x=0-05cm;2—x=1-1.7cm; 3— x =2.2-2.9 cm; 4 — ratio of total plasma current to total current in half of current sheet. Experimental

conditions: 4 = 0.6 kG cm™!, helium, p = 5 x 10~2 Torr, JMX x40 KA.
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Figure 8. Spatial distributions of electron density N, (x, y) presented in the
form of equidensity lines at successive moments of time at stage of
explosive destruction of current sheet. Distributions were obtained by
processing a 5-frame series of holographic interferograms recorded by
cine-holography method. Adjacent contour lines correspond to change in
electron density by AN, = 1.25 x 10"> cm~3. Experimental conditions:
h=2.0%kGcem™!, argon, p = 1072 Torr, J™* 2 30 kKA.

demonstrate a rapid decrease in both the plasma density
and the total number of electrons in the sheet, suggesting
that at this stage plasma flows were generated that ejected
plasma beyond the sheet.

As a result of studying the dynamics of rapid changes in
magnetic fields and electron density, a spatio-temporal
correlation was found between changes in the structure of
magnetic fields during the pulsed phase of magnetic reconnec-
tion, on the one hand, and the destruction of the plasma sheet,
on the other hand [40, 44, 47]. It may be concluded that both
of these processes represent different manifestations of the
explosive destruction of the current sheet.

Rapid changes in magnetic fields during the pulsed
phase of magnetic reconnection should inevitably lead to
the excitation of induction electric fields. According to
estimates, the induction field strength was E™ > 300-
400 V cm™!, which usually exceeded the external initial
electric field used to form the current sheet [39, 40, 43]. It
was natural to assume that the excitation of induction
electric fields in the current sheet during the pulsed phase
of magnetic reconnection should be accompanied by the
acceleration of charged particles. Indeed, accelerated elec-
trons with energies reaching ~ 10 keV were detected in
experiment [48]. Using a multichannel X-ray sensor [49],
the energy spectrum of accelerated electrons was also
obtained. The analysis showed that the electron spectrum
is non-Maxwellian and is significantly enriched in particles
with energies exceeding 5-10 keV [48]. Within the measure-
ment accuracy, the obtained spectrum of accelerated
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Figure 9. Time dependences of tangential B,-component of magnetic field
in central region of current sheet and signal of X-ray radiation detector 7
indicating generation of accelerated electrons. Three different pulses of
CS-3 setup are shown. Experimental conditions: # = 2.6 kG cm™!, argon,
p =102 Torr, J™* ~ 30 kA.

electrons could be satisfactorily approximated either by a
steep power-law spectrum with the index y = —6—7 or by
an exponential spectrum close to the theoretically calcu-
lated spectrum of particles accelerated in the vicinity of the
zero line of the magnetic field [50].

A clear correlation was revealed in time between the
pulsed phase of magnetic reconnection and the appearance
of accelerated electrons, which were recorded when and only
when the magnetic field structure of the current sheet rapidly
rearranged [48, 51]. In those modes when the sheet existed
stably and during the time intervals before the onset of the
pulsed phase of magnetic reconnection, no accelerated
electrons were observed.

Simultaneous measurements of the tangential compo-
nent of the magnetic field B, and the signal of the X-ray
detector, which corresponded to three different pulses of the
CS-3 setup, are presented in Fig. 9. In different cases, the
fast phase of magnetic reconnection began at different
moments in time and X-ray bursts appeared synchronously
[51]. Such a correlation implies that the destruction of the
current sheet is a necessary condition for the generation of
fast electrons, i.e., for the conversion of part of the magnetic
energy into the energy of accelerated particles. The fastest
electrons, with energies of = 12 keV, arose at the very
beginning of the pulsed phase of reconnection [51], which
indicates a qualitative analogy between the acceleration of
electrons during the rupture of the sheet formed under
laboratory conditions and the features of particle accelera-
tion during solar flares [33, 52].

6. Temperature of electrons and ions
in current sheet and plasma turbulence

One of the most difficult issues was to identify the physical
factors that cause the termination of the comparatively long
metastable stage of the evolution of the current sheet and the
transition to the pulsed phase of magnetic reconnection, i.e.,
to the rupture of the current sheet. S.I. Syrovatskii [33, 53]
considered the instability of the tearing mode, a sharp local
decrease in conductivity due to the development of plasma
turbulence, and thermal instability caused by a violation of
the thermal balance in the current sheet to be the mechanisms
that could cause the destruction of the current sheet.

Experimental studies of the structure of the magnetic field
within the current sheet allowed revealing that the pulsed
phase of magnetic reconnection began to develop in the
central region of the sheet, where the current density was
maximum and where in many cases a structure of the
magnetic island type, or O-type zero line, existed (see, for
example, Fig. 7b, =~ 1.0—1.2 ps [43]). These data indicated
that the destruction of the current sheet was apparently not
associated with the development of tearing mode-type
instability [40].

Analysis of the structure of magnetic fields, electric
currents, and electron density in current sheets showed that
these parameters remained virtually unaltered throughout the
metastable stage of sheet evolution, right up until the
beginning of the pulsed reconnection phase. It should be
especially emphasized that, in the central region of the sheet,
the average current velocity of electrons remained constant at
the level of ue &~ (2—3) x 10° cm s~! both before the onset of
sheet destruction and during its rupture [40, 44, 47]. The
virtually constant value of the current velocity indicated that,
in all likelihood, current instabilities could not cause an
increase in the anomalous resistance of the plasma and,
consequently, could not initiate the pulsed phase of magnetic
reconnection.

However, a number of experimental facts indicated that,
even during the stable stage of the evolution of the current
sheet, the temperature of the plasma concentrated within the
sheet gradually increased. The appearance of radiation in the
spectral lines of doubly- and triply-charged impurity ions, the
gradual increase in the intensities of such lines, and the
‘burnout’ of the spectral lines of the working gas—all these
factors testified to an increase over time in both the electron
temperature T, and the effective charge of the ions Z; [44, 47].
A gradual increase in the ion temperature 7; was also
observed [54], and at each moment in time the ion tempera-
ture exceeded the electron temperature [47]:

T, >T,. (10)

Itis characteristic that the ‘burnout’ of the spectral lines of
the working gas occurred predominantly in the middle plane
of the sheet, and to the greatest extent in the center of the sheet
[55, 56], i.e., in those areas where the current density was
maximum.

During the formation and evolution of the current sheet, a
sequential excitation of the spectral lines of ions of different
ionization multiplicities was observed, and the higher the ion
ionization degree, the later the radiation of the corresponding
spectral line appeared [57]. Of particular interest were the
short-term bursts of radiation in the spectral lines of multiply
charged ions of carbon, nitrogen, and oxygen, which were
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Figure 10. Time variations in electron temperature 7. (a) and ion
temperature 7; (b) in central region of current sheet before onset of its
destruction at T & 0. Curve / (panel a) obtained based on estimates of T,
from ionization time of oxygen ions OIV, OV, and OVI [57]; curve 2 based
on time evolution of spectral lines of oxygen ions OII-OVI as a result of | | | | |
solving equations of ionization kinetics [59]. Ion temperature (panel b) was 08 04 0 0.4 08
determined based on half-widths of profiles of various spectral lines: CIV ' s us

581.2 nm (/), NV 462.0 nm (2), OVI 381.1 nm (3), Hell 468.6 nm (4), CIIL
4647 nm (5), Hel 667.8 nm (6). Experimental conditions:
h=0.6 kG cm™!, helium, p 2 5 x 1072 Torr, J™* ~ 45 kA.

detected in the current-sheet plasma [57, 58]. The appearance
of radiation in spectral lines with excitation potentials from
90 to 130 eV indicated a sharp increase in the electron
temperature at a certain stage of the current sheet evolution.
As a result of an analysis of the time dependences of the
intensities of the spectral lines of oxygen ions, from OII to
OVI, the electron temperature in the current sheet was
calculated and its characteristic features were revealed [57,
59]. As can be seen from Fig. 10a, during the stable stage of
sheet evolution, the electron temperature increased relatively
slowly, in the range from ~ 10 to ~ 50 eV, and then T,
rapidly increased to a value of ~ 100 eV [57, 59].

The maximum ion temperature reached even higher
values immediately before the onset of the pulsed phase of
magnetic reconnection (Fig. 10b) [58]. During the metastable
stage, the ion temperature 7; gradually increased from 45 to
80 eV, and then a sharp rise in temperature to 7; ~ 300 eV
occurred. The maximum values of ion and electron tempera-
tures were reached almost simultaneously and immediately
before the onset of current sheet destruction.

These results, along with the estimates made, allowed
drawing a conclusion that intense plasma heating occurred in
a relatively small region within the current sheet, or in a ‘hot
spot’ [58, 60]. The appearance of a hot spot within the current

Figure 11. (a) Profiles of two spectral lines of nitrogen ion: NV 462.0 nm —
dashed line; NV 494.5 nm—solid line, # = 1.7 ps. (b) RMS strength of
anomalous electric fields in current-sheet plasma depending on time [61].
Experimental conditions: # = 0.6 kG cm™!; helium, p 2 5 x 102 Torr,
JIM 2 45 KA.

sheet can naturally be compared with the formation of a
magnetic island in the central region of the sheet, ie., a
configuration with closed field lines (see, for example,
Fig. 7b t ~ 1.05—1.13 ps). It can be assumed that further
plasma compression within the magnetic island led to a local
increase in the thermal energy density, especially taking into
account the probable decrease in plasma thermal conductiv-
ity [60].

The excitation of nonequilibrium electric fields in the
dense heated plasma of the current sheet was detected by
spectroscopy methods, when comparing the profiles of two
different spectral lines of the same multicharged ion [57, 58,
61]. The lines were selected in such a way that the broadening
of one of them was due predominantly to the Doppler effect,
which made it possible to determine the ion temperature,
while the other line was sensitive to both the Doppler effect
and the Stark effect. As an example, Fig. 11a shows the
profiles of two spectral lines of the four-charged nitrogen ion
NV [57]. A comparison of the profiles of such pairs of lines,
recorded experimentally, and the corresponding calculations
made it possible to prove the appearance of anomalous
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Figure 12. Time dependences of electric field E, current density jj, and
plasma conductivity oy in vicinity of zero line of magnetic field.

electric fields in the current sheet plasma and to track the
changes in their intensity at successive stages of sheet
evolution (Fig. 11b) [61]. As a result, it was found that,
during the metastable stage of the current sheet evolution,
the root-mean-square strength of the anomalous electric
fields was (E) =~ 50 kV cm~!, and the turbulence level, i.c.,
the ratio of the energy of the anomalous electric fields to the
thermal energy of the plasma,

_ (E)
=8N (I + T/ 2)

(11)

was 7~ 1073, By the end of the metastable stage, almost
simultaneously with the sharp increase in the temperatures of
electrons and ions, an increase in the electric field strength to
(E) =~ 100 kV cm~!' was observed. However, the level of
turbulence did not increase and remained at the same level,
ie,n~ 1073

This implies that neither the constant level of turbulence
nor the constant value of the current velocity of electrons
could lead to a sharp decrease in the plasma conductivity
before the rupture of the current sheet. These results show
that the immediate cause that yielded the macroscopic
destruction of the sheet was, in all likelihood, not associated
with a local decrease in conductivity [40, 60, 62]. However,
following the rupture of the current sheet, the plasma
conductivity in the central region of the sheet decreased by
approximately an order of magnitude (Fig. 12), i.e., in this
case, the drop in conductivity appeared as a secondary effect
[60].

Thermal processes associated with pulsed local heating of
the plasma seem to be the most probable cause of the
termination of the metastable stage of sheet evolution and
the onset of the pulsed phase of magnetic reconnection. Based
on experimental facts, the following sequence of phenomena
can be assumed [58, 60]. In the central region of the sheet, a
local maximum of the electric current and a system of closed
magnetic field lines arose, i.e., a magnetic island, where first
slow heating of the plasma occurred, followed by extremely
rapid heating caused, in all likelihood, by compression of the
substance. The growth of the gas-kinetic pressure of the
plasma led to a violation of the transverse equilibrium of the
current sheet (9), i.e., to a kind of thermal micro explosion,
which was accompanied by expansion of the plasma at the
speed of sound. This process initiated an increase in the

reconnection rate of oppositely directed magnetic fields
through the current sheet and a redistribution of the electric
current in the sheet. As a result of the change in the magnetic
field topology, the region of enhanced reconnection and
reduced current density rapidly expanded along the surface
of the sheet, from the center to the edges, which ultimately led
to macroscopic destruction of the current sheet.

It should be noted that, in relation to current sheets in the
solar atmosphere, S.I. Syrovatskii considered possible viola-
tion of the thermal balance after the temperature reaches a
certain critical value, when the heating of the plasma can no
longer be compensated for by radiation losses [63]. Despite
the different nature of energy losses under laboratory
experiment conditions and in the solar atmosphere, thermal
processes very probably play a decisive role in the transition
from the metastable stage of current sheet evolution to the
rapid destruction stage.

7. Laboratory experiments and solar flares

Thus, S.I. Syrovatskii’s concept of current sheets as the basis
for flare phenomena in plasma has been experimentally
confirmed. In laboratory conditions, it was possible to
reproduce the main features of the flare process, namely the
accumulation of magnetic energy over a relatively long period
of time during the formation of a metastable current sheet
followed by the rapid release of the accumulated energy
during the rupture of the sheet. The rupture of the current
sheet manifested itself in a sharp change in the topology of the
magnetic field, the redistribution of the electric current, the
destruction of the homogeneous plasma sheet, the generation
of plasma flows, the excitation of induction electric fields, and
the acceleration of charged particles. The analogy with solar
flares was, in particular, reflected in the title of
S.I. Syrovatskii’s publication “Solar Flares in the Labora-
tory” [64].

Conditions in outer space and in laboratory experiments
can naturally be compared in a quantitative way on the basis
of characteristic dimensionless parameters that allow one to
estimate the relative role of various physical factors in a
particular phenomenon [65].

Due to the enormous difference in spatial scales in space
and in laboratory setups, space phenomena can only be
reproduced in laboratory conditions within the framework
of limited modeling, when in both cases the corresponding
dimensionless parameter is greater (or less) than unity [66—
69]. The absolute values of the corresponding parameter can
differ significantly up to several orders of magnitude.

A complete system of dimensionless parameters that
characterize magnetohydrodynamic processes in 2D mag-
netic fields with zero lines was considered by S.I. Syrovatskii
in [33, 35], where estimates and comparisons of dimensionless
parameters for the solar corona and for a laboratory
experiment were also presented.

For the analysis of magnetohydrodynamic flows of
plasma with finite conductivity, without taking into account
other dissipative processes, the following dimensionless
parameters are usually used:

v OB CE
- =~ — T =
VA B Bua ’ m Vi ’ A

8mp
B2

lva t
£= =

p= (12)

Here, f3 is the ratio of the gas-kinetic pressure to the magnetic
pressure; ¢ is the nonlinearity parameter, i.e., the relative
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Table. Dimensionless parameters characterizing physical conditions in
active regions of solar corona in laboratory experiment.

Parameters Solar corona CS-3
B 4x 107 (0.4—6) x 1073
B (0.4—2) x 107* 0.1
Rep, 6 x 1013 30-120
T 6 x 10* 15-3
L (0.24—2) x 10" 3-12
02-1 (0.33—5) x 10°

magnitude of the magnetic field perturbation, or the ratio of
the matter velocity to the Alfvén velocity va (3); Rey, is the
magnetic Reynolds number (6), which characterizes the
freezing of the magnetic field into the plasma; and 7 is the
ratio between the duration of the process ¢ and the Alfvén
time tp = (4TENiMi)1/2/h.

The special nature of plasma flows in nonuniform
magnetic fields containing zero lines requires changing the
dimensionless parameters (12), since they lose their meaning
near the zero lines, where the values of B and va tend to zero.
In a general analysis of the problem of plasma flows in the
vicinity of zero lines of the magnetic field [35], S.I. Syrovatskii
introduced two special dimensionless parameters L and S,
which were subsequently called ‘Syrovatskii numbers’:

2¢

L=¢Rey, S=—.

" B

The Syrovatskii numbers determine the nature of plasma
flows in nonuniform magnetic fields containing zero lines and
the possibility of forming current sheets that have a
significant reserve of magnetic energy [70, 71]. The para-
meter L characterizes the relative increase in the magnetic
field gradient as a result of the formation of a current sheet,
while the parameter S determines the role of the directed
velocities of plasma flows compared to the speed of sound.

The table displays the values of the dimensionless
parameters characterizing the physical conditions in the
active regions of the solar corona [52, 72] and in laboratory
experiments [27, 28, 40]. As can be seen from the table, the
dimensionless parameters characterizing typical conditions in
the solar corona and in laboratory experiments satisfy the
following strong inequalities:

(13)

p<l,e<l,Ren>1,17>1, L>1. (14)
However, for the Sun, the number S < 1, while in laboratory
conditions, S'is usually > 1.

From this we can conclude that, within the framework of
limited modeling, the experiments conducted at the Current
Sheet installations have satisfactorily reproduced the physical
conditions characteristic of the pre-flare situation on the Sun
in terms of the possibilities of accumulating magnetic energy.
In all likelihood, the experiments should also correctly
reproduce the main features of flare processes.

8. Current sheets in 3D magnetic configurations

Two-dimensional inhomogeneous magnetic fields with zero
lines (1) represent a certain idealization of more general 3D
magnetic configurations. In real conditions, both in space

objects and in installations for confining and heating plasma,
magnetic fields usually contain all three components, i.e., are
three-dimensional (3D). Therefore, the study of the possibil-
ities of current sheet formation in 3D magnetic configurations
and the analysis of the structural features of current sheets
that can develop in such configurations are of fundamental
importance.

Of considerable interest is the generalization of the results
on the formation and evolution of current sheets that were
obtained in 2D fields with zero lines to 3D magnetic
configurations. Usually considered as 3D analogues of zero
lines are singular or limiting field lines belonging simulta-
neously to several independent magnetic fluxes [3, 73] and
closed field lines [74, 75]. As a result of perturbations of the
initial equilibrium state of magnetized plasma, strong electric
currents may appear in the vicinity of such lines [76].

The most apparent example of a magnetic configuration
with a singular X-type line is the superposition of a 2D field
with a zero line (1) and a longitudinal component B?, which is
directed along the zero line, changes relatively slowly in this
direction, and is uniform in the plane (x, y):

B = {By; By; B.} = {hy; hx; BZO}, (15)
oB?

= < h. 1
3% <h (16)

The formation of current sheets in magnetic configura-
tions (15) and (16) was substantiated by S.I. Syrovatskii in
studies [35, 76], in which he also showed that the presence of a
longitudinal component leads to an effective increase in gas-
kinetic pressure.

In a number of theoretical studies, based on self-similar
solutions of the equations of magnetohydrodynamics, it was
concluded that current sheets develop in 3D inhomogeneous
magnetic fields in the vicinity of isolated zero points [77-80].

To study the possibilities of forming current sheets in
various 3D magnetic configurations, the CS-3D setup
(Fig. 13) was designed and created at the General Physics
Institute of the Russian Academy of Sciences [81-83]. 3D
magnetic configurations with topological features, such as
zero points and singular lines, are created in the CS-3D setup
by superimposing two magnetic fields with different types of
symmetry, translational and axial [81]. The strengths of each
field and the structure of the axial magnetic field can be
changed independently of each other, which provides both a
variety of 3D configurations (with one or more zero points,
with singular lines, etc.) and a smooth transition from one
configuration to another. In the selected 3D magnetic
configuration, an initial plasma is produced, and then an
electric current is excited, which initiates plasma flows and
can lead to the formation of a current sheet.

When creating magnetic configurations (15) and (16), the
transverse field gradient was 4 < 1 kG cm~!, and the long-
itudinal component B? < 8 kG. A quartz vacuum chamber
with a diameter of 18 cm and a length of 100 cm was filled with
a noble gas (He, Ar, Kr), in which the initial plasma was
produced. Then, an electric current with an amplitude of
J? 22 4050 kA and a half-period of T/2 = 6 ps was excited
in the plasma.

Experiments to study the possible development of current
sheets in the vicinity of zero points confirmed the formation
of current sheets in a wide range of 3D magnetic configura-
tions with isolated zero points [82—86]. It was also found that
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Figure 13. Schematic diagram of CS-3D experimental setup (GPI RAS):
(a) cross section of the setup, (b) longitudinal section of the setup. / —
straight conductors with currents for excitation of 2D (transverse)
magnetic field with zero line B = h{y;x,0}; field lines of 2D field are
shown in Fig. la by dashed lines with arrows; 2 —coils for excitation of
axially symmetric magnetic fields; 3 —vacuum chamber ¢ = 18 cm,
/=100 cm; 4 —theta discharge turns; 5 —current sheet; 6 — quartz
windows; 7 — mesh electrodes.

current sheets are formed far from zero points, in areas with
strong magnetic fields, and in 3D inhomogeneous magnetic
fields without zero points [83, 85, 86]. In all cases, the
necessary condition for the formation of the current sheet
was the presence of a singular X-type line (15) in the 3D
magnetic configuration.

Generally speaking, a 3D magnetic configuration with a
singular X-line is a more general case compared to both 2D
magnetic fields with zero lines and 3D fields containing zero
points. In 3D configurations with isolated zero points, a
singular X-line can be present both in the region of the zero
magnetic field and far from this region. Therefore, a 3D
configuration with a virtually uniform longitudinal compo-
nent B (15), (16) can be considered one of the elements of a
more complex 3D magnetic configuration, the components of
which vary in space.

In the 3D configuration (15), the magnetic field B never
vanishes, while on the X-line both transverse components of
the magnetic field, B, and B,, are equal to zero, as in the 2D
configuration (1). This implies that, when studying the
possible formation of a current sheet in 3D configurations
with X-lines (15), (16), it is necessary first and foremost to
determine the effect the longitudinal component B? can exert
on the possible development of the current sheet and the
changes with current sheets that may occur if they are formed
in a 3D magnetic field in the presence of a longitudinal
component.

Based on a number of experiments conducted using the
CS-3D setup, it was concluded that current sheets can develop

in 3D configurations with a sufficiently strong longitudinal
component of the magnetic field directed along the X-line
[85-90], as predicted in [35, 76]. The transverse dimensions of
the current sheets being formed, width 2Ax and thickness
2Ay, can differ from each other by a factor of 5 to 10, and, in
this respect, current sheets in 3D magnetic configurations are
very close to current sheets that develop in 2D fields with a
zero line [91, 92].

The range of 3D magnetic configurations in which current
sheets can be formed, in particular, the maximum value of the
longitudinal component B? for a given value of the transverse
gradient /, was determined. It was found that the ratio B? /h
should not exceed a certain critical value, which, in the
experiments conducted at the CS-3D facility, was ~ 15 cm
[86, 89, 92]. Thus, current sheets can be formed in a fairly wide
but limited range of 3D magnetic configurations with an
X-line, and the most significant parameter determining the
possibility of forming a current sheet is the gradient of the
transverse magnetic field / [86, 92].

When comparing the current sheets that were formed in
3D magnetic configurations with an X-line (15), (16),
significant differences were found in the current and plasma
distributions across the sheet with a change in the strength of
the longitudinal component BY. With increasing B?, a
decrease in the maximum current density in the middle plane
of the sheet and an increase in the sheet thickness 2Ay were
observed (Fig. 14) [93]. Similar changes occurred with the
plasma density distributions: with increasing B?, the max-
imum electron density decreased and the plasma sheet
thickness increased, while the total number of electrons per
cm of the sheet width remained virtually unaltered [88, 90, 94].
These results showed that an increase in the longitudinal
component B in the initial 3D magnetic configuration with
the X-line (15), (16) leads to a decrease in the degree of
compression of the electric current and plasma within the
sheet. This effect indicated a possible increase in the long-
itudinal component of the magnetic field in the sheet [87, 90].

Indeed, based on direct magnetic measurements, an
increase in the longitudinal component of the magnetic field
within the sheet was found, as compared to that outside the
sheet (Fig. 15) [95]. The excess of the longitudinal component
in the current sheet over the initial level B? was, depending on
the conditions, 3B, = (0.9—1.2) kG, and the direction of 8B,
in all cases coincided with that of BY of the initial magnetic
configuration.

As was reported in [95], at the stage of formation of the
current sheet, perturbations of the longitudinal component of
the magnetic field that arose at the periphery are transferred
by plasma flows to the vicinity of the X-line, and, as they
approach it, the amplitude of the perturbations increases. As
a result, within the formed sheet, the longitudinal component
is amplified compared to the initial level BY. This effect
indicates, in particular, that the magnetic field is frozen into
the plasma. Note also that the longitudinal component is
amplified within the entire width of the current sheet, both in
the vicinity of the X-line and at a significant distance from it
[95].

Unlike Eqn (9), the condition of transverse plasma
equilibrium in the current sheet, taking into account the
additional longitudinal magnetic field 8B., should be pre-
sented as follows:

8nNgnaX<Te +§> +(3B.)7 = (B (17)

1
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Figure 14. (a) Current density distributions j.()) over current sheet thickness at various longitudinal field strengths B? = 0; 1.5 kG; 2.9 kG; 4.3 kG;
(b) dependences of maximum current density ;™ and current sheet thickness 2Ay at 0.25;™% level on longitudinal field strength B. Experimental
conditions: 4 = 0.5 kG cm~!, argon, p = 28 mTorr, JIM x50 KA.
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Figure 15. Distributions over current sheet thickness: tangential component of magnetic field B,, current density j., and perturbation of longitudinal
component 3B. for two values of initial longitudinal field: B = 1.5 kG (a) and 4.3 kG (b). Experimental conditions: 7 = 0.5 kG cm™!, argon,
p =28 mTorr, J™* ~ 50 kKA.




836 A.G. Frank

Physics— Uspekhi 68 (8)

0 0.25 0.50 0.75 1.00 1.25 1.50 1.75  2.00
N, 101 cm~3

x=0 b

x=3cm

7

N

0.5 1.0
—y, cm

Figure 16. (a) Spatial distribution of electron density N,(x,y) in the form
of lines of equal concentration in current sheet formed in 3D magnetic field
(15), in the presence of uniform longitudinal component B? ~ 3.0 kG.
(b) Distributions of electron concentration over plasma sheet thickness
Ne(p) for three different positions along sheet width: x = 3 cm; 0; —3 cm.

The pressure of the total magnetic field outside the sheet,
(BZ)?/8n, should balance the sum of the gas-kinetic
pressure of the plasma, NM™*(T.+ Ti/Z;), and the addi-
tional magnetic pressure (SBZ)2 /8m. This observation shows
that the amplification of the longitudinal component of the
magnetic field in the current sheet should lead (all other
things being equal) to a decrease in the maximum electron
density N,

It is apparent that the amplification of the longitudinal
component of the magnetic field in the current sheet formed
in a 3D configuration with an X-line is provided by electric
currents flowing in the transverse plane relative to the main
current in the sheet. This leads to a significant complication of
the current structure in the sheet, which becomes three-
dimensional and differs significantly from the flat ‘ribbon’
current characteristic of current sheets formed in 2D magnetic
fields with a zero line [96].

The influence of the longitudinal component of the
magnetic field B was also manifested in changes in the
configuration of the current sheets, which in some cases
became curved and asymmetrical (Fig. 16) [97-100]. The
peripheral (lateral) regions of the current sheets deviated
from the middle plane of the sheet in opposite directions,
and these deviations were maximum at the early stage of the
sheet evolution. Such asymmetry was found to arise as a result
of excitation of Hall currents in the sheet and the appearance
of additional dynamic effects during the interaction of Hall
currents with the longitudinal component of the magnetic
field B [100-104].

Thus, experimental studies confirmed that current sheets
can develop in various 3D magnetic configurations; however,
both the spatial shape of the sheet and the structure of electric
currents are significantly more complex than in the case of 2D
magnetic fields with a zero line [92].

9. Plasma dynamics in current sheets

One of the most important properties of current sheets is that
they are dynamic objects with intense plasma flows. Already
the first stationary models [3—5] contained plasma flows that
propagated through the current sheet, and the flow into the
sheet was equal to the outgoing flow and was completely
compensated by this flow. Nonstationary flows of compres-
sible plasma during the formation of current sheets in the
vicinity of singular magnetic field lines feature a much more
complex nature (see, for example, [6—13, 35, 76]).

In experiments conducted at the Current Sheet installations,
plasma flows were observed that arose at different moments in
time and under different conditions, and in many cases the
kinetic energy of the flows exceeded the thermal energy of the
plasma concentrated in the current sheet [29, 40, 54, 60, 105—
108]. Of considerable interest is the study of the physical factors
under the effect of which plasma accelerates in current sheets
and which affect the further evolution and parameters of
plasma flows. To this end, the electrodynamic forces that
arose in current sheets at various stages of their evolution
were analyzed in [109-114]. The structure of electrodynamic
forces was determined based on the spatial distributions of
currents and magnetic fields in current sheets formed primarily
in 2D magnetic configurations (1) with a zero line.

Asnoted above, the formation of a current sheet leads to a
change in the initial magnetic configuration: the tangential
component of the magnetic field B, significantly increases
and the normal component B, decreases compared to the
values of these components in the initial vacuum magnetic
field. It is noteworthy that the real magnetic field B in the
vicinity of the current sheet is the sum of the quasi-stationary
field (1) and the magnetic field produced by the plasma
currents. Figure 17 presents the distributions along the
width of the current sheet of the tangential and normal
components of the total magnetic field, B,(x) and B,(x),
components BY and B of the initial field (1), and the linear
current density in the sheet 7.(x) (see below). The normal
component B, (x) is nonzero and has the same direction as the
normal component of the initial magnetic field Bf}.

As is known, plasma can be accelerated under the action
of a gradient of gas-kinetic pressure and electrodynamic
forces (Ampere forces):

dv
MiN; — =
dr

—Ver%[ij]. (18)
Here, p is the gas-kinetic pressure of plasma, and (1/¢)[j x B]is
the density of Ampere forces. The Ampere forces acting in the y
direction compress the current and plasma and lead to the
formation of a current sheet, while the plasma pressure prevents
compression. As a result, after the stage of current sheet
formation, an equilibrium is established between the Ampere
forces and the pressure gradient of the comparatively dense
heated plasma concentrated in the sheet (see also Eqn (9)).

In the x direction, i.e., along the surface of the current
sheet, the pressure gradient is usually negligible, and the
plasma dynamics is determined primarily by the Ampere
forces. In a 2D magnetic field of the current sheet, the density
of the Ampere forces along the surface of the sheet depends on
the magnitudes and directions of both the current density j.
and the normal component of the magnetic field B,:

S 0) = =1 o3, 0 Byl ) (19)
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Figure 17. Distributions of tangential By(x) and normal B,(x)
components of current-sheet magnetic field and linear current density
in sheet /.(x) along current-sheet width. Corresponding components of
vacuum magnetic field: B?(x) = const, B(x) = hx. Experimental
conditions: 4 =0.57 kG cm™!, argon, p =28 mTorr, JM =70 kKA,
t~1.9 ps.

This implies that the Ampere force acts on the plasma
concentrated within the current sheet thickness 2Ay in the x
direction:

Fu(x, 1) = ij\.(x, wdy = —S L0 B (D). (20)

Cc

Here, I.(x, 1) = [j.(x,p,1)dy is the linear current density in
the sheet at |y| < Ay. It should be noted that within the
integration region 2Ay the normal component B, changes
insignificantly (for more details, see [110]).

The distributions of the Ampere forces F,(x) along the
surface of the formed current sheet and those of the linear
current density /;(x) and the normal component B, (x) are
displayed in Fig. 18a. The Ampere forces F, are directed in
opposite directions in two parts of the current sheet, at x > 0
and x < 0, namely, from the middle of the sheet to its two
lateral edges. The absolute values of the Ampere forces
increase with distance along the x-axis from the middle of
the sheet to the periphery over most of the width of the sheet
[110].

It is natural to expect that, in accordance with the
structure of the forces Fy, the plasma be accelerated in the
form of two differently directed flows that move along the
width of the current sheet, from the middle of the sheet to its
lateral edges, and the flow velocities increase with increasing
distance from the middle of the sheet.

Accelerated plasma flows that arose in current sheets were
detected and studied by spectroscopy methods [105-108, 111,
113]. Figure 18b presents a typical time dependence of the
energy of directed plasma flows W.(¢), from which it is
apparent that there was a fairly large delay (=~ 2 ps) between
the onset of current sheet formation and the appearance of
directed plasma motions along the sheet surface. In the
interval t=2—4.3 ps, the plasma flow energy rapidly
increased, and this energy significantly exceeded the thermal
energy of the plasma. By the moment 7 ~ 4 ps, the average
energy of the directed plasma motion reached W, =~ 400 eV,
while the ion temperature in the central region of the sheet did
not exceed 7; < 100 eV. Then, after reaching a maximum, the
energy of the flows rapidly decreased, i.e., the plasma flows
that were accelerated in current sheets existed for a limited
time.
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Figure 18. (a) Distributions of linear current density I.(x), normal
component of current-sheet magnetic field B,(x), and Ampere forces
F.(x) along current-sheet width. Arrows show directions of Ampere
forces.  Experimental conditions: /4 =0.63kG cm~!, argon,
p =28 mTorr, J"* =~ 45 kA, t =~ 1.7 ps. (b) Time dependence of energy
of motion of accelerated plasma flows along current-sheet surface W,(7).

10. Excitation of reverse currents
and their role in plasma dynamics

When studying the structure of the magnetic field in the
vicinity of a current sheet formed in a 2D magnetic field with a
zero line, S.I. Syrovatskii showed that, in the general case, the
sheet can contain not only currents flowing in the direction of
the external electric field E. but also reverse currents arising at
the lateral ends of the sheet (Fig. 3b) [10]. In the limiting case,
the reverse currents could completely compensate for the
main current, so the total current in the sheet would be zero;
however, should this be the case, the reverse current density
would significantly exceed the forward current density in the
central region of the sheet. In [10], a situation was considered
where the component of the magnetic field normal to the
surface of the sheet was absent (B, = 0); the magnetic lines of
force of opposite directions did not intersect the infinitely thin
current sheet, but were aligned along its surface, i.e., the sheet
was ‘neutral.’

To the best of our knowledge, the CS-3D setup was the
first to experimentally detect reverse currents [110, 111].
When studying the distributions of the linear current I.(x, t)
along the current sheet width, it was found that, at the late
stages of evolution, currents in the opposite direction to the
main current in the central part of the sheet arose at the lateral
ends of the sheet (Fig. 19) [110]. The reverse currents were
relatively small, and, over the time, their magnitudes
increased somewhat, and the areas along the x-axis in which
they are concentrated gradually expanded in the direction
from the lateral edges to the middle of the sheet. It was found
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Figure 19. Distributions of linear current density /. (x) along current-sheet
width at successive moments of time: 711 = 1.5 us; 1, = 2.4 ps; 13 = 4.5 ps.
Experimental conditions: see caption to Fig. 17a.

that reverse currents can arise in a wide range of conditions,
including during the development of current sheets in plasma
with ions of different masses, but the moment of appearance
of reverse currents and their magnitudes differed [115, 116].

At the late stages of evolution, along with the appearance
of currents in the opposite direction, the transverse structure
of the current sheet significantly altered, primarily in the
peripheral regions. This was manifested both in a ‘thickening’
of the sheet, i.e., in an increase in its smaller transverse size,
and in a more rapid decrease in the maximum current density
at the periphery compared to the central region. Such changes
almost coincided in time with the appearance of currents of
the opposite direction at the lateral ends of the sheet[110, 111,
115, 116].

It is natural to assume that the appearance of reverse
currents is associated with dynamic processes in current
sheets, namely, with the propagation of fast plasma flows in
the sheet. Indeed, the motion of plasma flows along the
surface of the current sheet with velocities v, in a transverse
magnetic field B, should lead to the excitation of induction

electric fields E](x):

E!(x) :% (vx(x) By(x)) . (21)

The direction of the induction fields E] is opposite to the
original electric field E0 , which excited the current J. and led
to the formation of the current sheet. It follows from Eqn (21)
that the local value E/(x) depends both on the plasma velocity
vy(x) and on the strength of the normal component B, (x). In
the central region of the sheet, the plasma velocities are small,
but as the plasma moves from the middle of the sheet to the
lateral edges, the velocities increase. The normal component
B, is also small in the center and increases significantly at the
lateral edges of the sheet, at (x > 0). It follows that the electric
fields E!(x) arising from the motion of plasma flows must be
substantially nonuniform within the current sheet and, most
importantly, must increase sharply at the lateral edges of the
sheet.

Thus, the motion of accelerated plasma flows with
superthermal velocities v, in the transverse magnetic field of
the current sheet B, must lead to the generation of induction
electric fields E!, the magnitude of which is maximum at the

lateral ends of the sheet and can exceed the initial electric field
that caused the formation of the current sheet.

Under the action of induction fields E!(x), electric
currents j! of the direction opposite to the main current in
the sheet j, are excited in the current sheet. The superposition
of the main and reverse currents leads to a decrease in the
main current within the entire sheet; however, due to the
nonuniformity of v, and B,, the manifestations of this effect
are different in different regions. In the central region of the
sheet, the electric fields E! and, consequently, the reverse
currents j/ are small; the main current is maximum, and the
role of the reverse currents is insignificant. On the contrary,
near the lateral edges, where the field strength E! increases
significantly, the reverse currents j/ should make a predomi-
nant contribution to the total current, given especially the
decrease in the main current at the periphery of the sheet.
Indeed, as follows from the experimental results, the reverse
current appears, first and foremost, at the very edge of the
current sheet.

The moment of the appearance of the reverse currents was
determined by the time interval required for the acceleration
of the plasma and the arrival of plasma flows in the region of
strong magnetic fields. For plasma with heavier ions, this time
increases, so that the reverse currents appeared later.

Nevertheless, the more rapid decrease in the current in the
peripheral regions of the sheet compared to the central region
of the current sheet was also, in all likelihood, caused by the
appearance of currents in the opposite direction. However,
far from the lateral ends of the sheet, both the plasma velocity
and the normal component of the magnetic field are
significantly smaller than at the lateral ends of the sheet. As
a result, the reverse currents that arose here were smaller in
magnitude than at the edges of the sheet and were not directly
observed, but led to the effect of a faster decrease in the
density of the main current than in the center. In turn, a
decrease in the current density and, as a consequence, a
decrease in the tangential component of the magnetic field
at late moments of time caused a decrease in the forces that
previously led to the compression of the current and plasma
within the sheet. As a result, a ‘thickening’ of the current sheet
occurred.

Thus, the generation of currents flowing in the opposite
direction was manifested both explicitly and implicitly. In the
former case, reverse currents were directly recorded, and, in
the latter case, a faster decrease in the density of the main
current and thickening of the peripheral areas of the sheet
occurred.

Excitation of currents in the opposite direction should
lead to a change in the structure of electrodynamic forces and,
as a result, can exert a significant effect on the dynamics of
plasma flows. As a result of the change in the direction of the
current I;(x) at the lateral edges of the sheet, according to
Eqn (20), Ampere forces arose, which were directed from the
periphery to the middle of the sheet, i.e., towards the forces in
the central region [116, 117]. Although the reverse currents
are relatively small, the Ampere forces at the edges of the
sheet turned out to be comparable in absolute value to or even
greater than the forces in the central region of the sheet that
accelerated the plasma in the direction from the middle of the
sheet to its lateral edges (Fig. 20) [118].

The electrodynamic forces (braking forces) that arose at
the edges of the sheet began to impede the further movement
of the plasma flows and should have led to a noticeable
slowing down of the movement of the plasma flows or even to
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Figure 20. Distributions along current sheet width of linear current density
I(x), normal component of current sheet magnetic field By(x), and
Ampere forces Fy(x). Arrows show directions of Ampere forces,
t = 4.5 ps. Experimental conditions: see caption to Fig. 17a.

the cessation of the movement of these flows. Probably, this
effect is associated with the nature of the change in the energy
of the plasma flows W, over time, when, after the growth
stage and reaching a certain maximum value, the energy W,
decreased rather rapidly (Fig. 18Db).

It should be emphasized that in all the studied modes the
evolution of the plasma flow energy had a similar character
[107, 108, 119, 120]. The growth of the energy of the directed
plasma motion W, began with a certain delay after the
formation of the current sheet; W, quickly increased and
reached a maximum value, several times exceeding the
thermal energy of the plasma. Then, the energy of the
directed plasma motion rapidly decreased. The moments of
time when the plasma acceleration began and the maximum
energy was reached and the value of the maximum energy
depended on the specific conditions under which the current
sheet was formed.

The energy of the directed plasma motion was acquired
due to the work of the Ampere forces along the acceleration
length. In [117], the work of the Ampere forces operating in
opposite directions along the surface of the current sheet,
which should have caused both the acceleration and decelera-
tion of the plasma flows, was analyzed in detail. As a result, a
spatiotemporal correlation was revealed between the work of
the Ampere forces, on the one hand, and the evolution of the
energy of accelerated plasma flows W, on the other hand, for
different current sheets formed in plasma with He, Ar, and Kr
ions [116, 117].

Thus, the excitation of reverse currents in current sheets
and the appearance of significant braking forces caused by
these currents makes it possible to explain the nature of the
change in the energy of plasma flows W, over time, when,
after the growth stage and reaching a certain maximum value,
the energy decreased rather quickly.

This implies that the reverse currents that arose in the
current sheet due to the movement of plasma flows then cause
braking or even cessation of the movement of such flows.
Note that this effect is a manifestation of the general rule of
E.H. Lenz, according to which “the induction current always
has such a direction that it weakens the effect of the cause that
excites this current.”

In general, the deceleration of plasma flows caused by the
generation of currents in the opposite direction should
manifest itself when fast plasma flows penetrate into regions

with a strong transverse magnetic field. Apparently, similar
phenomena can take place in Earth’s magnetosphere when
fast plasma flows enter a region of a strong (dipole) magnetic
field. Satellite observations show that high-speed plasma
flows that propagate from the tail region of the magneto-
sphere towards Earth consist of individual plasma jets with
scales of several thousand km and a duration of 5-10 s (Bursty
Bulk Flows; BBFs) (see, for example, [121-124]). A statistical
analysis of the velocities of plasma flows shows that the flows
decelerate as they approach Earth when penetrating into the
region of a strong magnetic field of Earth’s dipole [125].

Using multi-satellite missions that measured magnetic
fields at spatially separated points in the magnetospheric
current sheet, currents of the opposite direction were also
detected, which should affect the dynamics of plasma flows
(see, for example, [126, 127]). Based on such data, it can be
assumed that one of the reasons for the slowing down and
destruction of high-speed plasma flows propagating in the
magnetosphere towards Earth may be the excitation of
currents of the opposite direction. This indicates the unity of
the basic physical processes occurring in the tail region of
Earth’s magnetosphere and in laboratory experiments, which
was noted in some studies [102, 103, 128-131].

11. Conclusions

This review is dedicated to the centenary of the birth of Sergei
Ivanovich Syrovatskii, an outstanding theoretical physicist,
who obtained fundamental results in various fields of physics,
including magnetohydrodynamics [132], cosmic ray astro-
physics (which was the subject of many joint studies by
S.I. Syrovatskii and V.L. Ginzburg, including reviews [133,
134] and monograph [135]) solar physics [136], and plasma
physics.

The processes occurring on the Sun, and especially the
physics of solar flares and other flare phenomena in plasma,
attracted Sergei Ivanovich’s attention in the 1960s. Already in
the first studies devoted to the problems of solar activity and
the acceleration of charged particles in nonstationary plasma
[6, 7], S.I. Syrovatskii showed that plasma flows with a frozen-
in magnetic field in the vicinity of the zero lines of the
magnetic field should lead to a concentration of magnetic
energy and electric current, which takes the form of a current
sheet. The flash itself can occur during the rapid destruction
(rupture) of the sheet, when the accumulated magnetic energy
is converted into kinetic and thermal energy of the plasma,
into streams of accelerated particles and radiation.

Sergei Ivanonich Syrovatskii and Vitaly Lazarevich Ginzburg.
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Based on these concepts, experimental studies were
started in the accelerator laboratory of the Lebedev Physical
Institute, which were carried out in direct contact with and
under the influence of theoretical ideas and concepts. The
experimental results confirmed the predictions of the theory:
at a sufficiently high plasma conductivity, a neutral current
sheet was formed for the first time in laboratory conditions,
and in subsequent series of experiments, a current sheet
rupture was realized, accompanied by the generation of
accelerated particles. Thus, S.I. Syrovatskii’s concept of
current sheets as the basis for flare phenomena in plasma
was convincingly confirmed by experiment.

The content of this review shows that at present many
of S.I. Syrovatskii’s ideas are still relevant and are
confirmed experimentally. One brilliant example is the
possible appearance of currents of the opposite direction
in current sheets, which was first predicted in
S.I. Syrovatskii’s theoretical work [10]. Then reverse
currents were discovered in laboratory current sheets [110,
111, 115] and, comparatively recently, by satellite observa-

tions in Earth’s magnetosphere [126, 127]. It turned out
that reverse currents play an important role in the dynamics
of plasma flows accelerated in current sheets [117].

It should also be noted that S.I. Syrovatskii’s studies in the
MHD theory of current sheets were to a large extent the
starting point for the modern development of the theory of
thin current sheets in collisionless plasma (see [137, 138] and
the references cited there).

It should be emphasized that the study of current sheets in
laboratory experiments is an important part of the general
problem of converting magnetic energy into other types of
energy. Recently, the spectrum of laboratory studies of the
dynamics of current sheets and magnetic reconnection
processes has significantly expanded (see [139] and the
references cited there). Along with the study of basic physical
problems, considerable attention is devoted to issues of
laboratory modeling of phenomena occurring in outer space
(see, for example, [128—131, 140, 141]).

The key element of the formation of current sheets with
a significant content of magnetic energy is to create the
condition for freezing the magnetic field into the plasma at
the limited scale of laboratory installations. Most impor-
tantly, it should be done under the conditions of the
development of plasma instabilities during the excitation
of electric current, which causes the transition of the plasma
to a turbulent regime with anomalously low conductivity.
Our experiments conducted in 2D magnetic configurations
with zero lines [18, 22] have shown that a satisfactory
solution to this problem can be obtained with an appro-
priate choice of the initial conditions in which current
sheets are formed.

These conditions should be determined first and fore-
most when studying the options for implementing flare
processes in current sheets formed in 3D magnetic config-
urations, which is currently an urgent and high priority task
of experimental research conducted in the Plasma Physics
Department of the General Physics Institute of the Russian
Academy of Sciences.

Gordon Conference Magnetic Reconnection in Space and Laboratory Plasmas (June 20-24, 1977, Wolfeboro, New Hampshire, USA).
First row (sitting): 4th from left—S.I. Syrovatskii, 7th from left— A.G. Frank.
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