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Abstract—A review is presented of experimental results of the studies of the distinctive features of the struc-
ture and evolution of plasma current sheets that are formed in three-dimensional (3D) magnetic configura-
tions with an X line in the presence of a longitudinal magnetic field component (guide field) directed along
the Xline. It is shown that, during the development of the current sheet, the longitudinal component of the
guide field increases within the sheet. The excess guide field is sustained by the plasma currents that flow in
the transverse plane with respect to the main current in the sheet, and as a result, the current structure
becomes three-dimensional. When the guide field increases, the degree of compression into the sheet
decreases, both of the electric current and the plasma, which is caused by the change in the balance of pres-
sures in the sheet with the appearance of excess guide field. The deformation of plasma current sheets, and in
particular, the appearance of asymmetrical and tilted current sheets in 3D magnetic configurations results
from the excitation of Hall currents and their interaction with the guide field. It is shown that the formation
of current sheets in 3D magnetic configurations with an Xline is possible in a relatively wide but limited range
of initial conditions.
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1. INTRODUCTION

The processes of magnetic reconnection and the
transformation of magnetic energy into the energy of
the plasma and the accelerated particles occur in the
regions of magnetized plasma where magnetic field
lines of opposite (or different) directions approach
each other. These regions are characterized by high
densities of electric current and small sizes, so even
under condition of high plasma conductivity, the
effect of dissipation processes becomes substantial. In
these regions, the condition of magnetic field being
frozen in matter is violated, which leads to the recon-
nection of oppositely directed magnetic field lines and
transformation of magnetic energy into thermal and
kinetic energy of the plasma and the energy of acceler-
ated particles and radiation. The regions of the plasma
in which the electric current is concentrated and
which separate magnetic fields of the opposite direc-
tions usually take the shape of current sheets [1—4].

Under real conditions, i.e., in space objects and
installations for confinement and heating of the
plasma, the magnetic fields are usually thee-dimen-
sional (3D). Therefore, the study of the possibility of

formation of current sheets in 3D magnetic configura-
tions and the analysis of the distinctive features of cur-
rent sheets that can be formed in such configurations
is of a principle importance for the problem of mag-
netic reconnection as a whole.

Among the wide variety of 3D magnetic configura-
tions, of special interest are configurations that con-
tain X lines due to their roles in the formation of cur-
rent sheets and, consequently, in magnetic reconnec-
tion phenomena [1]. In 3D configurations with Xline,
the magnetic field can not turn zero anywhere, and at
the same time, both transverse components of the
magnetic field are zero at the X line, similar to config-
urations with a null line. Along the Xline, longitudinal
magnetic field can be present, which distinguishes the
Xline from its particular case, the null line. In general,
the magnetic configuration with X line is a more gen-
eral configuration than the configurations that contain
both null lines and null points. In configurations with
isolated null points, the X line is present both in the
region of null magnetic field and away from this
region.
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The simplest magnetic configuration with X line
can be written as

B(x,y) = {By; By; B} = (hx y;hx x; By}, (1)

Here, B is the vector of magnetic field induction, By,
By, and B are its components in the Cartesian coordi-
nates system, (x, y) are the coordinates of an arbitrary
point in which the vector B is determined, the X line
follows the Oz axis; along the same axis the uniform

longitudinal field component Bg is directed, and the
magnetic field in the (x, y) plane is characterized by
the constant gradient 4. Magnetic field B does not
become zero anywhere, and neither of its components
depends on coordinate z.

Note also that the magnetic configuration (1) has a
number of advantages for experimental studies, in par-
ticular, from the diagnostic viewpoint. It allows one to
efficiently apply interferometric methods that mea-
sure parameters averaged over the line of sight (see
below).

It was shown in a number of experiments that the
formation of current sheets can occur in 3D configu-
rations in the presence of a relatively strong longitudi-
nal magnetic field component directed along the
Xline [5—10]. The current sheet has two substantially
different sizes in the transverse (relative to the X line)
plane (x, y): the width of the sheet (in this case, its size
in the x direction) usually exceeds the thickness (its
size along the y axis) approximately by an order of
magnitude. In this, the current sheets formed in
3D configurations are quite close to the sheets that
develop in the 2D magnetic configurations with null
line [11, 12].

At the same time, the current sheets that develop in
3D magnetic configurations can substantially differ
from current sheets in 2D configurations by a number
of parameters. These differences can affect the pro-
cesses of magnetic reconnection and, consequently,
the processes of transformation of magnetic energy
into the thermal and kinetic energy of the plasma and
the energy of accelerated particles and radiation.

In this review, we generalize and organize the ear-
lier obtained experimental data on the plasma param-
eters and structural features of current sheets that were
formed in 3D magnetic configurations with X line (1)
at different ratios between the transverse magnetic
field gradient /4 and the longitudinal field component

Bg. Our main focus of attention here is the effect of the
longitudinal magnetic field component on the charac-
teristics of current sheets. The experimental results
presented in this work were obtained in the plasma of
the CS-3D device (Prokhorov General Physics Insti-
tute of the Russian Academy of Sciences) using differ-
ent diagnostic methods.
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2. EXPERIMENTAL DEVICE
AND DIAGNOSTIC METHODS

3D magnetic configurations (1) are produced in
the CS-3D device (Fig. 1) by superposition of two
magnetic fields: the 2D field with a null line of X type
along the Oz axis and the gradient 4 < 1 kG/cm, and

the uniform longitudinal field with induction BY <
8 kG [5, 6, 12]. Each field is induced independently,
which allows us to form magnetic configurations with

different ratios between 4 and Bg. Both magnetic
fields are quasi stationary relative to the faster plasma
processes.

The quartz vacuum chamber with diameter 2R =
18 cm and length 100 cm is initially evacuated and then
filled with one of the noble gases: argon (Ar), krypton
(Kr), or helium (He). The initial plasma with electron

density N = 10'—5 x 10'5 cm=3 and ionization degree
40—70% is produced in magnetic field (1) by ioni-
zation of the neutral gas with the © discharge with a
strong initial preionization. Then, the electric
current J, directed parallel to the X line of magnetic
field (1) is induced in the plasma. The half-period of

the current is 7/2 = 6 us and its amplitude is Jg ~ 46—
50 kA. The plasma current J, initiates plasma flows in
the (x, y) plane, which then lead to the formation of
the current sheet, i.e., to current concentrating in the
vicinity of the plane (y = 0) (at certain directions of
field (1) and current J,), see Fig. 1.

For diagnostics, in our experiments we used mag-
netic measurements [13—17], holographic interferom-
etry [8, 10, 18—21], and spectroscopic methods [22—
24].

The structure of the magnetic field was studied
using a set of magnetic probes that were moved either
along the surface of the sheet (line 44", y = 0.8 cm) or
across the sheet, at two distances from the Xline (BB',

= —0.8 cm and CC', x = —5 cm), Fig. 1b. In each
point, the probes registered time variations of the three
mutually perpendicular components of the magnetic
field created by the plasma currents. Based on these
measurements, the space—time characteristics of the
magnetic fields and electric currents were determined.
The 2D distributions of electron concentration N, in
the (x, y) plane were recorded by holographic interfer-
ometry. The thermal and directed velocities of ions,
the electron temperature, and the plasma concentra-
tion were determined using spectral measurements.

3. FORMATION OF THE CURRENT SHEET
IN THE MAGNETIC FIELD WITH X LINE AND
AMPLIFICATION OF THE LONGITUDINAL
COMPONENT OF THE MAGNETIC FIELD
IN THE SHEET

The formation of a current sheet in 3D magnetic
configurations with X'line starts from the propagation
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Fig. 1. Scheme of the CS-3D device: (a) side view and (b) cross section. /—Current conductors used to excite the 2D (transverse)
magnetic field whose lines are shown in panel (b) by dashed lines with arrows; 2—current coils used to excite the longitudinal field

Bg; 3—vacuum chamber; 4—coils of the © discharge used to generate the initial plasma; and 5—plasma current sheet. AA', BB,
and CC' in panel (b) are lines along which magnetic probes were moved.

of a magnetosound wave in plasma [15]. The exci-
tation of plasma current J, directed in parallel to the
Xline initiates perturbations of the transverse mag-
netic field in the (x, y) plane near the side boundaries
of the plasma, similarly to the same process in the 2D
configuration with a null line [25].

This is seen in Fig. 2a, where perturbations of the
tangential component of magnetic field 3B,(y) are
shown at consecutive times. Perturbations d By appear
near the plasma boundaries (Fig. 2a, # = 0.5; 1.0 us)
and propagate from the both sides in the direction of
the X line located at y = 0. As the wave front
approaches the X line, the values of 6By and deriva-
tives dBy/0y, i.e., the current density j,, increase, see
Fig. 2a, r=~1.5; 2.0 us.

The propagation of the magnetosound wave in

plasma in magnetic field (1) at Bg # 0 is also accom-
panied by the appearance of perturbations of the lon-
gitudinal field component 8B, (fig. 2b, # = 1.0 us).
From comparison of the curves in Figs. 2a and 2b that
correspond to the same time, it is seen that perturba-
tions 8By and B, appear simultaneously in the same
regions of space. A substantial increase in 8B, occurs
when the wave front approaches the Xline, Fig. 2b, r =
1.5 ps.

At 1= 2.0 us, when the magnetosound wave reaches
the X line (Fig. 2a), the density of plasma current j,
increases sharply, and the size of the region of current
localization along the y axis decreases: the current is
compressed in the y direction, i.e., the formation of
the current sheet takes place. At the same time, as is
seen from Fig. 2b, in the midplane of the current

sheet, at y =~ 0, B, increases substantially and reaches
its maximum value, 6B, = 0.9 kG, by the time ¢ =~
3.0 us, while the halfwidth of the distribution dBAy) is
20y~ 1.2 cm.

Note that the direction of the additional longitudi-
nal field 8B, in the plasma current sheet always coin-
cides with the direction of the magnetic field compo-

nent Bg of the initial magnetic configuration (1).

This is seen from comparison of curves 7 and 2 in
Fig. 3, which characterize the change of 8B, during
the formation of current sheets in two magnetic con-

figurations (1) with oppositely directed Bg. From this,
it follows that during the formation of the current sheet
in the magnetic configuration with X line, the longi-
tudinal component of the magnetic field increases

compared to its initial value Bg [15].

Note also that the increase of the longitudinal
component occurs over the entire width of the current
sheet, both in the vicinity of the Xline, at x = —0.8 cm
(Fig. 3a) and at a substantial distance from the X line,
at x = —5 cm (Fig. 3b).

Thus, the flows of plasma that appear in the (x, y)
plane and result in the formation of the current sheet
also carry into the vicinity of the X line the longitudi-
nal component of the magnetic field, which leads to it
increase within the current sheet. This effect demon-
strates that the magnetic field is frozen into the
plasma.

The additional longitudinal field dB, is present in
those and only those regions of the current sheet,
where the main current j, is concentrated. The distri-

PLASMA PHYSICS REPORTS  Vol. 48 No.5 2022
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¥y, cm

Fig. 2. Propagation of perturbations of (a) the tangential
mangetic field component 3By(y) and (b) the longitudinal
component dB,(y) along line BB' (x = —0.8 cm) in the

current sheet plasma at consecutive times: (/) Bg =hyis
the tangential component of the vacuum magnetic field;
t=1(2)0.5, (3 1.0, (4 1.5, (5) 2.0, and (6) 3.0 us. Experi-

mental conditions: Bg = -29KkG, h = 0.64 kG/cm, Kr,
p =36 mTorr, and J ™ = 48 KA.

bution of current j (y) and in particular, the transverse
width of the sheet 2Ay can change both with time and

when the initial longitudinal magnetic field Bg is
changed. At this, the distributions dB(y) at every time

and at different fields Bg almost completely repeat the
current distributions jAy) [15]. Thus, during the evo-
lution of the current sheet, the width of the sheet 2Ay
decreases, i.e., the plasma current is concentrated in
the region near y = 0, and at the same time, the region
of increased field 8B, also decreases. Comparison of
Figs. 4a and 4b shows that the formation of the sheet

at high values of longitudinal component Bg leads
both to the increase of the sheet width 2Ay and the size
of the region of increased field 8B, (see also [8, 10,
13, 18]).
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Fig. 3. Distributions of longitudinal magnetic field pertur-
bations 6 B4(y) in the plasma current sheet at two opposite

directions of initial field 32. Measurements were carried
out along two lines: (a) BB' (x =—0.8 cm) and (b) CC' (x =

—5cm). Curves / were obtained at B% = +2.9 kG; curves 2
at Bg = —2.9 kG. Experimental conditions: A =
0.57 kG/cm, Kr, p = 36 mTorr, £ =3 s, and J ;X = S0 KA.

4. ELECTRIC CURRENTS
IN THE TRANSVERSE PLANE (x, y) THAT
PROVIDE THE AMPLIFICATION
OF THE LONGITUDINAL COMPONENT
IN THE PLASMA CURRENT SHEET

From general physical considerations, it is clear
that the excess magnetic field 8B, in the current sheet
that forms in a 3D magnetic configuration with X line
can exist only due to electric currents in the transverse
plane with respect to the X line and the main current
in the sheet J.

Based on results of measurements of space distri-
butions of dB,, it is possible to estimate the current
density in the (x, y) plane taking into account that both
the magnetic field and the plasma are uniform in the
z direction (d/dz = 0). Since in current sheet, usually
0B,/0y > 0B,/0x, then the electric current that
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Fig. 4. Distributions along line BB' (x = —0.8 cm) of

(1) tangential magnetic field component of the current
sheet By, (2) perturbation of longitudinal component 8B,

and (3) current density in the current sheet j,at two values

of the initial longitudinal field: 32 = (a) 1.5 kG and
(b) 4.3 kG. Experimental conditions: # = 0.5 kG/cm, Ar,

p =28 mTorr, and JJ** = 50 kA.

ensures the existence of the increased longitudinal
magnetic field is mainly the current jy that flows
along the surface of the sheet:

Jx(¥) = ¢/4mdB, /dy. 2

Figures 5a and 5b show distributions of current
Jjx(») together with distributions of the main (longitu-
dinal) current j(y) in two cross sections: x = —0.8 cm
and x = —5 cm [26]. Distributionsj(y) have the shape
of bell-like curves with currents of one direction that is
independent of the direction of the longitudinal mag-

netic field component Bg. Transverse currents jy(y)
are localized in the same areas as currents jy), but
they are directed oppositely at y < 0 and y > 0, while
the reversal of the direction of current jy occurs in the
region where the main current j, is maximum. Note
also the obvious fact that the directions of currents jy

also reverse when the direction of field Bg is reversed
and, consequently, when the direction of the longitu-

FRANK

(b)

Fig. 5. Distributions along the y axis of the main (longitu-
dinal) current j,(y) and transverse currents jy(y): x =
(a) —0.8 cm and (b) —5 cm. Experimental conditions:
BY = +2.9kG, h = 0.5 kG/cm, Ar, p = 28 mTorr, Jo ~
46 kA, and = 2.2 us.

dinal component that is increased within the sheet is
reversed [15, 26].

It follows that as a result of the increase of the lon-
gitudinal component and the appearance of transverse
currents jy, the complexity of the structure of currents
in the sheet increases substantially, since at different
regions shifted along the normal to the midplane of
the current sheet the total currents are not parallel, but
inclined with respect to one another. The current
structure is shown in Fig. 6, where the distribution of
total currents is shown depending on the y coordinate
[26]. The total currents are shown as vectors whose
ends are connected by the solid line; the longitudinal
currents j,(y) are the black vertical lines in plane
(v, j2); and the transverse currentsjy(y) are the dashed
curves in plane (jy, ¥). In other words, the current dis-
tribution in the sheet differs substantially from the pla-
nar “ribbon” current. Thus, during the formation of
the current sheet in the magnetic configuration with
Xline, the structure of both magnetic fields and cur-
rents becomes three-dimensional.

5. DISTINCTIVE FEATURES
OF THE COMPRESSION OF ELECTRIC
CURRENT AND PLASMA INTO A CURRENT
SHEET IN MAGNETIC FIELDS WITH X LINE

Comparison of current sheets that developed in
magnetic configurations with X line at different values

of longitudinal component Bg or in its absence shows
substantial differences in distributions of main cur-
rent j, and of plasma density in the sheet. One of the
main effects is the decreasing efficiency of compres-
sion of the electric current and plasma into the sheet

with increasing longitudinal component Bg.

It is seen in Figs. 7a and 7b that when Bg is
increased from 0 to 4.35 kG, the width of the current

PLASMA PHYSICS REPORTS  Vol. 48 No.5 2022
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Fig. 6. Structure of total currents jg in coordinates jy, y,j
at x = —5 cm. The experimental conditions are the same as
in Fig. 5.

sheet 2Ay increased from 1.2 to 2.9 cm, while at the

.max

same time, the current density j,  in the midplane of
the sheet decreased from 3.75 to 2.1 kA/cm? [13]. This
effect is also seen in Fig. 4, since the width of the cur-
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rent sheet at Bg = 4.3 kG (Fig. 4b) substantially
exceeds its width at Bg = 1.5 kG (Fig. 4a).

Similar dependences were found when studying the
plasma compression into the current sheet in magnetic
configurations with Xline [6, 8, 10, 18]. When current
sheets develop in 2D magnetic fields with null line (the

longitudinal component Bg = 0), an effective com-
pression of plasma into the sheet occurs, so that the
maximum concentration of electrons in the midplane
of the sheet can more than 10 times exceed the density
of the plasma that surrounds the sheet and the density
of initial plasma [11, 27—29]. However, in 3D config-
urations with X line in the presence of longitudinal

magnetic field component Bg, the plasma density in
the sheet decreases, which was first recorded based on
spectral measurements [6].

The specific features of compression into the sheet
of the plasma that was created by ionizing different
neutral gases were studied in detail by holographic
interferometry [8, 10, 18, 21]. In these works, the main
attention was paid to studying the structure of the cur-
rent sheet depending on magnetic field topology.
Interferograms of the plasma of current sheets were
recorded that developed under different conditions,
and based on those, 2D distributions of electron con-
centration N.(x, y) were obtained. Here, we will con-
sider the effect of the longitudinal magnetic field com-
ponent on the most important parameters of plasma
current sheets.
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Fig. 7. (a) Distributions of current density j ) over the plasma current sheet width at Bg =0; 1.5; 2.9; 4.3 kG and (b) experi-

mental dependence of current density and sheet width 2Ay at the level 0.25 5

0.5 kG/cm, Ar, p = 28 mTorr.
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Fig. 8. (a) Electron concentration N, (y) profiles in the central region (x = 0) of the current sheet formed in 3D magnetic field with

Xline at 32 =1.5;2.9; 4.3 kG and (b) dependences on Bg of the maximum electron concentration No"** in the midplane of the

sheet, the sheet thickness 2Ay at the level O.SNén X and the integral over the sheet thickness of number of electrons per 1 cm of

sheet width. Experimental conditions: # = 0.43 kG/cm, J 5%

The distributions of plasma concentration N,(y)
over the sheet width in its central region (x = 0) shown

in Fig. 8a for three values of Bg show clearly that the

triple increase in Bg leads to a decrease in the maxi-
mum electron concentration in the midplane of the

sheet N,"™ =3 times and a simultaneous increase in
the sheet width =2.5 times.

The dependences of the parameters of the plasma
sheet formed in Ar on the longitudinal component Bg
are shown in Fig. 8b. These are N,""*, the sheet width

2Ay, , at the level 0.5 x N.™, and the total number of
electrons per 1 cm of sheet width integrated over the
sheet thickness, N *' = INe(y)dy =~ N X2Ay, ).
This data relate to the central region of the sheet (x =
0) and correspond to time # = 3 us. It is seen in Fig. 8b

that both maximum electron concentration N, and
sheet width 2Ay, , are very sensitive to the value of the

longitudinal component Bg, whose increase leads to

max

the decrease in N, ~ and increase in the sheet width.

When Bg changes from 0 to 5.8 kG, the maximum

=~ 50 kA, Ar, p = 28 mTorr, and = 3 us.

electron concentration decreases from 1.3 x 10'° to
0.26 x 10'¢ cm~3 while simultaneously, the sheet width
increases from 0.35 to 1.4 cm. It is seen that as a result,
the gradient of plasma density decreases in the direc-
tion perpendicular to the sheet surface. Note that the
total number of electrons per 1 cm of the sheet width is

almost independent of Bg (with an accuracy of about
20%).

The dependences shown here demonstrate that the
presence of the longitudinal magnetic field compo-
nent in the 3D magnetic configuration with X line
leads to the decrease of the degree of electric current
and plasma compression into the sheet.

It is natural to connect the decrease of the effi-
ciency of current and plasma compression with the
increase of the longitudinal magnetic field component
in the sheet compared to its value outside the sheet
(see above).

The presence of additional longitudinal field B, in
the sheet changes the condition of transverse equilib-
rium of the plasma concentrated in the sheet. In this
case, the equilibrium condition should be written as

Snx NI x (T, + T,/Z) + (8B,)’ = (BY)’.  (3)
PLASMA PHYSICS REPORTS Vol. 48 No. 5 2022
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Here, T, and T; are the electron and ion tempera-
tures in the midplane of the current sheet, respectively,
Z, is the effective ion charge, dB, is the excess longitu-
dinal component in the sheet compared to the value

outside of it, and B}h is the tangentical magnetic field
component near the surface of the sheet. From
Eq. (3), it is seen that excess longitudinal magnetic
field 6B, creates excess magnetic pressure (0B,)%/8T
inside the sheet, which, together with gas kinetic pres-

sure N."(T, + T./Z;) should be balanced by the man-

getic field pressure outside the sheet (B)S(h )2 /8m. Thus,
the appearance of excess magnetic field 0B, in the cur-
rent sheet should lead (all other conditions being
equal) to a decrease in the maximum electron concen-

max

tration N, .

6. DEFORMATION OF PLASMA CURRENT
SHEETS FORMED IN 3D CONFIGURATIONS
WITH X LINE AND THE LONGITUDINAL
MAGNETIC FIELD COMPONENT UNDER
GENERATION OF HALL CURRENTS
IN THE SHEET

Another interesting effect was discovered in current
sheets that develop in 3D magnetic configurations
with X line. In the presence of longitudinal magnetic

field component Bg directed along the X line, the
peripheral (side) regions of current sheet experience
oppositely directed deviations from its midplane (y =
0) so that the sheet becomes tilted and asymmetric
[19—21]. Such deviations manifest in the space distri-
butions of current flowing in the sheet and plasma
concentrated in the sheet. The deviations are maxi-
mum at the early stage of sheet evolution and decrease
with time, while the sign of the deviation reverses
when the direction of the longitudinal magnetic field

component Bg is reversed. This effect is completely
absent in current sheets that develop in 2D magnetic
configurations with null line.

Figure 9 shows 2D distributions of electron con-
centration N.(x, y) in three current sheets that were
formed in 3D magnetic fields with X line at different
values of the longitudinal magnetic field component:

Bg = —2.9; 0; +2.9 kG with all other experimental

conditions being equal. If at Bg = 0, a flat and sym-
metrical sheet appears that is located near the plane
y =0, then in the presence of longitudinal component

B) = +2.9 kG, the side ends of the sheet deviate from

its midplane. The reversal of the Bg direction causes
the reversal of asymmetry, i.e., the direction of devia-
tion of the ends of the sheet and reorientation of the
sheet, Fig. 9.
Note that the asymmetry of the sheets and the devi-
ation of their ends from the midplane are maximum at
PLASMA PHYSICS REPORTS  Vol. 48

No.5 2022
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Fig. 9. Structure of plasma of current sheets shown by lines
of equal plasma density. The change of density between

neighboring lines is 2 X 10'3 cm—3. The current sheets were
formed in magnetic configurations (1) at different direc-

tions of the longitudinal magnetic field component: Bg:
+2.9 kG; 0; —2.9 kG. Experimental conditions: & =

0.57 kG/cm, J 3™ = S0 kA, Kr, p = 36 mTorr, and ¢ = 3 ps.

175
60
{455

130 &

Fig. 10. Time dependences of deviations of plasma sheets
8y from the midplane (y = 0) at x = —5 cm. The current
sheets were formed in different gases: /—He, 2—Ar, 3—
Kr, and 4—Xe; 5—J ). Experimental conditions: # =

0.57 kG/cm, BY = +2.9 kG.

the early stage of sheet evolution and decrease with
time. When current sheets were formed in plasma with
ions of different mass, it was found that both the devi-
ation of the sheet ends and the time interval during
which these deviations exist increase with increasing
mass of plasma ions, Fig. 10.

The presented experimental data and the analysis
of the plasma parameters allow us to draw the conclu-
sion that the deformations of current sheets in
3D magnetic configurations are caused by the exci-
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tation of Hall currents and appearance of additional
dynamic effects during the interaction of Hall currents
with the longitudinal magnetic field component [12,
17, 19, 20].

It is known that generation of Hall currents is
caused by the motion of electrons relative to the iner-
tial and slow-moving ions. The acceleration of ions
along the sheet surface, from its midplane to the ends,
leads to a gradual decay of Hall currents, and when the
mass of plasma ions is increased, the characteristic
time during which Hall currents are flowing increases
[14]. While the Hall currents are decaying, the electro-
dynamic forces that cause the deformation of the cur-
rent sheet decrease, and as a result, the deviation of the
peripheral regions of the sheet from its midplane also
decreases.

In current sheets formed in 2D configurations with
null line, Hall currents are also excited. They were
recorded and analyzed in [ 14, 26, 30—33]. However, in

the absence of longitudinal component Bg, no addi-
tional forces appear that are capable of deforming the
sheet, and in this case, the current sheet remains flat
and symmetric.

Studies of the evolution of current density distribu-
tion over the sheet width j(y) in the peripheral region
of the sheet (x = —5 cm) showed that in the presence
of the longitudinal magnetic field component, the

.max

maximums of current profiles j, shift relative to the
plane y =0 [17]. Figure 11 shows the time dependences

of these shifts for three values of Bg, wherefrom it fol-
lows that when the direction of Bg is reversed, the

also shifts in the

.max

maximum of the current profile j,

.max

opposite direction. The values of deviations j,  agree
satisfactorily with the deviations of the maximums of
plasma density, i.e., there is a correlation between the
distributions of current density and plasma density in
asymmetric current sheets.

It is seen from Fig. 11 that at the late stage of evolu-
tion of the current sheet, the deviations of its periph-
eral regions can abruptly change direction relative to
the plane y = 0. If at the initial stage (r = 1.5—3.3 us),
the periphery of the sheet is shifted vertically, e.g., into
the region y > 0, then (¢ = 3.5—4 us) the sheet moves to
the region y < 0, i.e., reorientation of the current sheet

takes place. When Bg is reversed, this situation is also
reversed: the sheet moves from the region y < 0 to the
region y > (. In other words, during the evolution of the
current sheet, its peripheral regions experience oppo-
sitely directed deviations from its midplane (y = 0).

Since the direction of Bg remains constant
throughout the entire evolution of the current sheet,
the observed reorientation of the sheet at the later
stages indicates that Hall currents change direction. It
was shown in [34] that the change of direction of Hall
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Fig. 11. Time dependence of the deviation of the maxi-
mums of current density y from the midplane of the cur-

rent sheet (y = 0) at 32 =0; +2.9: —2.9 kG. Experimental
conditions: 2 = 0.5 kG/cm, Ar, p = 28 mTorr.

currents occurs in the regions of the current sheet in
which currents j, appear that are directed oppositely
to the main current in the central region of the sheet.
The generation of reverse currents in current sheets
and the consequences of their appearance are dis-
cussed in [16, 23, 26, 34—36].

Thus, Hall currents have a significant effect on the
structure of current sheets that form in 3D magnetic
configurations with Xline and a longitudinal magnetic
field component, and the shift of the peripheral
regions of the sheet that appears due to the oppositely
directed Hall currents is a part of dynamic processes in
current sheets.

7. RELATION BETWEEN
THE LONGITUDINAL COMPONENT AND
TRANSVERSE GRADIENT OF MAGNETIC
FIELD IN 3D MAGNETIC CONFIGURATIONS
WITH X LINE AT WHICH FORMATION
OF CURRENT SHEETS IS POSSIBLE

One of important tasks of studying the structure of
current sheets that develop in 3D magnetic configura-
tions with X line (1) is the determination of the range
of initial conditions under which current sheets can be
formed. Of particular interest is the maximum value of

the longitudinal component Bg in the presence of
which the current sheets can still develop, at a given
value of the transverse magnetic field gradient 4.

Analysis of the images of radiating plasma and
results of magnetic measurements showed that the for-
mation of current sheets can occur under conditions

when the value of the Bg component exceeds the value
of the transverse magnetic field in the majority or even

in the entire plasma volume, |By|>[B,| = & X |r|, at
Ir| < R: (where R is radius of the vacuum chamber) [6,

PLASMA PHYSICS REPORTS  Vol. 48 No.5 2022
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0 L @

BY =hR, kG

Fig. 12. Parameters of 3D magnetic configurations with
Xline in which the current sheets are formed. BY is trans-

verse magnetic field at the plasma boundary and Bg is the
longitudinal magnetic field component. Experimental
conditions: /= 50 kA, He, (a) po = 60 mTorr, and (b) py =

300 mTorr.

7, 9]. At the same time, the ratio By /A should not
exceed some critical value which, under experimental
conditions in the CS-3D device, was =15 cm.

It is possible to draw (Fig. 12) the boundaries of the
regions where formation of current sheets is possible
(to the right of both lines a and b) and where the sheets
do not form (to the left of the same lines) in the plane

(|BY), BY| = h x R). The position of each boundary
line depends on the exact experimental conditions
such as the density of initial plasma, the ion mass, and
the plasma current [7, 9].

From this, it follows that the formation of current
sheets in 3D magnetic configurations with X line is
possible in a relatively wide yet limited range of initial
conditions. The most important parameter that deter-
mines the possibility of current sheet formation is the
gradient of transverse magnetic field #, which has to
exceed a certain critical value.

8. CONCLUSIONS

In this review, results are presented of experimental
studies of the evolution and structure of current sheets
that can form in three-dimensional (3D) magnetic
configurations with X line in the presence of a rela-
tively strong magnetic field component directed along
the Xline. Such studies attract special interest because
magnetic configurations with X line are widely pre-
sented in nature and in installations for confinement
and heating of hot plasma. The possibilities of forma-

PLASMA PHYSICS REPORTS  Vol. 48

No.5 2022

tion of current sheet and their properties determine
the specific features of the processes of magnetic
reconnection and transformation of magnetic energy
stored in the vicinity of the current sheet into the ther-
mal and kinetic energy of plasma and into flows of
accelerated particles and radiation.

Despite their outward similarity, current sheets
formed in 3D and 2D magnetic configurations have
substantial differences in a number of parameters. The
formation of the current sheet in the 3D magnetic
configuration with a longitudinal magnetic field com-
ponent directed along the X line leads to the trapping
of this component by plasma flows and, in the end, to
the increase in this component within the current
sheet compared to its values outside the sheet.

One of the results of this process consists in the
appearance of current that maintains the increased
longitudinal magnetic field and flows in the transverse
plane with respect to the main current in the sheet.
This leads to the current structure in the sheet becom-
ing more complicated: it becomes three-dimensional
and substantially different from the planar “ribbon”
current characteristic of current sheets that develop in
the 2D magnetic configurations with null line.

Comparison of current sheets that develop in con-
figurations with X line at different values of the longi-
tudinal magnetic field component and in its absence
shows substantial differences both in the distributions
of the main current in the sheet and in plasma density
distributions. In a series of experiments, it was shown
that the increase in the longitudinal component leads
to the decrease in the efficiency of compression of
electric current and plasma into the sheet. This is
caused by the increase of the longitudinal magnetic
field component in the sheet compared to its value
outside of it, which results in changing the pressure
balance due to the appearance of excess field in the
sheet.

In the presence of the longitudinal magnetic field
component directed along the X line, the peripherial
regions of current sheets experience oppositely
directed deviations from its midplane, so that the sheet
becomes tilted and asymmetric. These deviations
manifest in the spatial distributions of the current that
flows in the sheet and the plasma concentrated in the
sheet. The deviations are maximum at the early stage
of the sheet evolution and decrease in time, while the
sign of the deviations reverses when the direction of
the longitudinal component is reversed. It was shown
that the discovered asymmetry of current sheets
appears due to the excitation of Hall currents and aris-
ing additional dynamic effects under interaction of
Hall currents with the longitudinal magnetic field
component. In this, a satisfactory correlation was
observed between the current density and plasma den-
sity distributions in asymmetric current sheets. It fol-
lows that Hall currents have a substantial influence on
the structure of current sheets that form in 3D mag-
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netic configurations with X line and a longitudinal
magnetic field component.

It was shown that the formation of current sheets in
3D magnetic configurations with Xline is possible in a
relatively wide, but limited range of initial conditions
and that the most significant parameter that deter-
mines the possibility of current sheet formation is the
gradient A of transverse magnetic field, which has to
exceed a certain critical value.
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