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Abstract—Two-exposure holographic interferometry was used to study the structure of current sheets formed
in three-dimensional magnetic configurations with a singular X line in heavy noble gases (Ar, Kr, and Xe). It
is found that, in the presence of a longitudinal magnetic field B, directed along the X line, plasma sheets take
on an unusual shape: they are tilted and asymmetric. Their asymmetry becomes more pronounced as the mass
of a plasma ion increases—a manifestation of the two-fluid properties of the plasma. The observed effects can
be attributed to additional forces arising due to the interaction of the longitudinal magnetic field B, with Hall
currents excited in a plane perpendicular to the X line. A qualitative model describing plasma dynamics with
allowance for the Hall effect and accounting for most of the experimentally observed effects is proposed.
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1. INTRODUCTION

This paper is devoted to studying the structure of
current sheets formed in three-dimensional (3D) mag-
netic configurations with a singular X line in heavy
noble gases (Ar, Kr, and Xe). Singular X lines are of
fundamental importance for magnetic reconnection,
because it is in the vicinity of these lines that current
sheets form and magnetic reconnection occurs [1]. The
magnetic field perpendicular to the X line has a saddle
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structure (see Fig. 1). When small perturbations of the
initial equilibrium state propagate in the plasma, they
cause finite effects in the vicinity of the X line due to
cumulative processes. As a rule, the nonlinear stage of
the evolution of such perturbations is concluded with
the formation of a current sheet.

The simplest 3D magnetic configuration with an
X line has the form

B ={B,; B,; B.} = {hy; hx; B_}. (D

(b)

3 2

Fig. 1. (a) Longitudinal cross section of the CS-3D device in the (y, z) plane and (b) cross section in the (x, y) plane, perpendicular
to the X line: (/) coils producing the uniform longitudinal field B,, (2) conductors producing the transverse magnetic field with a
null line, (3) quartz vacuum chamber, (4) lines of the transverse magnetic field with a null line at the axis of the vacuum chamber,
(5) coils of the © discharge for creating the initial plasma, (6) initial plasma, (7) end grid electrodes for the excitation of the electric
current J, in the plasma, (8) spark gap, (9) current sheet, and (/0) Rogowski coil for measuring the current J,.
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Here, the X line is aligned with the z axis, B, = const is
the magnitude of the uniform longitudinal magnetic field
B, directed along the X line, and & = const is the gradient
of the transverse magnetic field in the (x, y) plane.

In [2, 3], we investigated the effect of the longitudi-
nal magnetic field B, on the process of plasma compres-
sion into a sheet and on the parameters of the formed
plasma sheet. It was found that current sheets formed in
heavy noble gases had an unusual structure: in the pres-
ence of a longitudinal field B, the sheets produced in
3D magnetic field (1) become tilted and asymmetric.
For the first time, these effects were observed in [4, 5],
where current sheets were produced in an argon
plasma. Asymmetric plasma sheets differed substan-
tially from both sheets developing in an argon plasma
in the absence of a longitudinal magnetic field (B, = 0)
[6-8] and those formed in 3D magnetic field (1) in a
helium plasma [9]. An analysis of the plasma parame-
ters showed that the observed asymmetry of plasma
sheets was due to the two-fluid properties of the
plasma, the generation of Hall currents in the (x, y)
plane, and their interaction with the longitudinal mag-
netic field B, [4, 10]. The subsequent experiments dem-
onstrated that these effects become more pronounced as
the mass of a plasma ion increases and that the charac-
ter of asymmetry depends on the direction of the longi-
tudinal magnetic field B, [10-12].

Note that the first observations of the generation of
Hall currents in current sheets produced under labora-
tory conditions were reported in [13, 14]. Recently, the
generation of Hall currents in current sheets has
attracted considerable attention. Phenomena of this
kind were investigated in a number of experimental
works [15-17], and the effect of the two-fluid proper-
ties of the plasma on the process of magnetic reconnec-
tion (in particular, as applied to the physics of the
Earth’s magnetosphere) is being actively studied theo-
retically (mostly by numerical simulations [18-26]).

The present paper is devoted to experimental studies
of the structure of current sheets in successive stages of
their evolution in 3D magnetic fields with an X line in
plasmas of heavy noble gases (Ar, Kr, and Xe). The
effect of the magnetic field topology on the spatiotem-
poral characteristics of plasma sheets, including their
tilt and asymmetry, is investigated. A simple qualitative
model of plasma dynamics with allowance for the Hall
effect in a magnetic field with an X line is proposed and
is used to analyze the experimental results.

2. EXPERIMENTAL STUDIES OF THE PLASMA
IN CURRENT SHEETS FORMED
IN PLASMAS OF HEAVY NOBLE GASES

2.1. Characteristic Features of the Structure of Plasma
Sheets Formed in Plasmas of Heavy Noble Gases
in a 3D Magnetic Field with an X line

The experimental layout and measurement tech-
nique (holographic interferometry) were the same as
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those used in our previous studies [2, 3, 9]. The forma-
tion and evolution of current sheets in 3D magnetic
configurations with a singular X line were studied in the
CS-3D device shown schematically in Fig. 1 [2, 9, 27,
28]. A characteristic feature of this device is that the
parameters of a quasi-steady magnetic configuration,
namely, the gradient of the transverse magnetic field &
and the longitudinal magnetic field B, (see expression
(1)), can be varied independently. Note that initial mag-
netic field (1) is uniform in the z direction. The plasma
is produced in an 18-cm-diameter 100-cm-long cylin-
drical quartz vacuum chamber. The chamber is filled
with a noble gas (He, Ar, Kr, or Xe) at a pressure of p =
300 mTorr for helium and p = 20 mTorr for the other
gases. The initial plasma in magnetic field (1) is pro-
duced by a © discharge with strong preionization. The
uniformity of the initial plasma along the z axis is
ensured by the uniform distribution of the loops of the
© discharge throughout the length of the plasma gap
(60 cm). A current sheet is generated by exciting a
pulsed plasma current J, directed parallel to the X line.
Conditions under which a current sheet can form in the
presence of a longitudinal magnetic field B, were previ-
ously studied in [27-29].

The basic method for studying the structure of cur-
rent sheets was holographic interferometry (see [2, 3,
9-11]). Holograms were recorded in the radiation of a
ruby laser. The object beam propagated through the
plasma exactly along the X line of magnetic field (1)
(along the z axis, which was aligned with the axis of the
vacuum chamber). Since the initial conditions are uni-
form in the z direction, it can be expected that the dis-
tribution of the plasma density N, in the produced cur-
rent sheet is also almost uniform along the z axis. In this
case, the shifts of interference fringes in the recorded
interferograms provide direct information on the spatial
distribution of &V, in the (x, y) plane, which is perpendic-
ular to the X line. Under our experimental conditions,
the fringe shift equal to the distance between the neigh-
boring fringes corresponds to an averaged (along the
z axis) plasma density of N, = 5.33 x 10" cm™.

As noted above, our experiments with current sheets
produced in an Ar plasma in 3D magnetic field (1)
revealed a new effect: in the presence of a longitudinal
field B, plasma sheets took an unusual shape, namely,
they became tilted and asymmetric about the x and
y axes (see [2-5]).

Since effects of this kind were not observed when
current sheets were formed in a He plasma [9], it was
assumed that the tilt and asymmetry of plasma sheets
was a manifestation of the two-fluid properties of the
plasma and was due to the mass of an Ar ion being
much greater than that of a He ion [2-5]. In order to
verify this, we carried out experiments in which current
sheets were produced in heavier noble gases, Kr and Xe
[10, 11].

Figure 2 presents two series of holographic interfer-
ograms of plasma sheets formed in a Kr plasma in
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Fig. 2. Successive interferograms of a sheet produced in a Kr plasma at 4 = 0.5 kG/cm, B, = 1.43 kG, and J?ax =70 KkA: (a) inter-

ferograms obtained in finite-width fringes and (b) those obtained in fringes of infinite width. The black band perpendicular to the

sheet is the shadow of a tube with magnetic probes.

3D magnetic field (1). The interferograms correspond
to successive instants of time #, counted from the begin-
ning of the plasma current J.. The first series of inter-
ferograms (Fig. 2a) was obtained in finite-width
fringes, whereas the second series (Fig. 2b) was
obtained in fringes of infinite width. In the latter case,
the interference fringes correspond to contour lines of
the electron density and the difference in the electron
density between two neighboring fringes is ON, =
5.33 x 10" cm™. Such interferograms visualize the
plasma structure in successive stages of the sheet evo-
lution. In contrast to plasma sheets formed in the
absence of a longitudinal magnetic field B, the sheets
shown in Fig. 2 are asymmetric about the x = 0 and
y = 0 planes. The deviation from the plane symmetry is
most pronounced in the early stage of the sheets evolu-
tion and at the side edges of the sheet, far from the
X line. The sheets are seen to be not only tilted to the x
axis but also curved.

That sheets are curved can be seen even more
clearly in interferograms of plasma sheets formed in Xe
(Fig. 3). It is seen that, in the early stage of the sheet
evolution, the edges of the sheet are tilted more strongly
than its axial region.

The effect of the mass of a plasma ion on the sheet
structure is illustrated in Fig. 4, which shows 2D spatial
distributions of the electron density N,(x, y) in sheets
formed in different gases (He, Ar, Kr, and Xe). The dif-

ference in the electron density between neighboring
contour lines is N, = 2 x 10'5 cm=. Holographic inter-
ferograms used to construct the distributions N,(x, y)
were obtained for the same topology of magnetic field
(1) (h=0.57 kG/cm and B, = 2.9 kG), the same maxi-
mum plasma current (J, = 70 kA), and the same instant
of time (¢ = 3 us). However, the initial gas pressures in
the vacuum chamber differed substantially: p =
300 mTorr for He and p = 20 mTorr for other gases. It
can be seen from Fig. 4 that an increase in the atomic
weight of the working gas (from A =4 for Heto A =131
for Xe) is accompanied by a substantial increase in the
angle at which the sheet is tilted with respect to the
y =0 plane. The electron density distribution in the
sheet formed in He (Fig. 4a) is symmetric about the y =
0 plane and differs only slightly from distributions
observed in 2D magnetic fields with B, = 0. The side
edges of a sheet formed in Ar (A = 40) are bent appre-
ciably in opposite directions with respect to the y = 0
plane (Fig. 4b). This effect is even more pronounced for
sheets formed in Kr and Xe (Figs. 4c, 4d). Note that, at
the side edges of the sheet, the regions where N, reaches
its maximum are shifted in opposite directions along
the y axis (Figs. 4c, 4d).

This effect is also observed in Fig. 5, which shows
the electron density profiles N,(y) (along the sheet
thickness) measured both in the central region of the
sheet (at x = 0) and at its edges (at x = 4.5 cm). The
No. 11 2007
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Fig. 3. Successive interferograms of a sheet produced in a

Xe plasma at h = 0.57 kG/em, B_ = 2.1 kG, and J, = =
70 KA.

profiles N,(v) measured at the edges of sheets formed in
Kr and Xe are not only shifted in opposite directions
from the x axis but are also asymmetric about their peak

values N, . It can be seen from Fig. 5 that, in sheets
formed in He, the peaks of N, are practically unshifted.
In sheets formed in Ar, the shift is less than 2 mm, but
in sheets produced in Kr and Xe, the shift reaches 4—
6 mm. At the same time, the profiles N,(y) measured at
the center of the sheet (at x = 0) are symmetric and their
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Fig. 4. Plasma sheets produced in plasmas of different
gases: (a) He (A = 4), (b) Ar (A =40), (c) Kr (A = 84), and

max

(d) Xe (A = 131) (h = 0.57 kG/em, B, = 2.9 kG, JI™ =
T0KA, t =3 us).

maxima lie at the x axis for all of the sheets formed in
both He and heavy noble gases.

Thus, as the atomic weight of the working gas (and,
accordingly, the ion mass) increases, the edges of the
sheet shift by a progressively increasing distance from
the y = 0 plane and the density profiles N,(y) at the sheet
edges become more asymmetric.

Figures 4 and 5 also demonstrate another depen-
dence of the sheet structure on the sort of noble gas. In
sheets formed in a He plasma, the electron density is
maximum at the center of the sheet (at x =0, y =0) and
decreases monotonically toward its edges. In an Ar
plasma, the density distribution N,(x) over the sheet
width is more flattened and the peak values of N,(y)
measured at the center and edges of the sheet (at x=0
and x = 4.5 cm, respectively) lie within the range
(6-8) x 105 cm™. Finally, sheets formed in Kr and Xe
are characterized by the presence of two maxima of N,
at the sheet edges, the electron density in this maxima
being substantially higher than at the center of the sheet
(atx =0, y=0). Thus, as the atomic weight of the work-
ing gas increases, a unimodal distribution of the elec-
tron density over the sheet width (for He) changes to a
double-hump distribution (for Kr and Xe). Double-
hump distributions are typical of plasma sheets formed
in Kr and Xe both in the presence of a longitudinal
magnetic field B, and in 2D magnetic configurations
(i.e.,at B,=0) [3].

Note also that the electron density in the central
region of the sheet is almost the same for sheets formed
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Fig. 5. Electron density profiles N,(y) measured in the cen-

ters of plasma sheets (x = 0) and at their side edges (x =
+4.5 cm) at ¢t = 3 us. The sheets were produced in different
noble gases (He, Ar, Kr, and Xe) at & = 0.57 kG/cm, B, =

29kG,and J, " =T0kA.

in different noble gases and is equal to (5-7) x 10" cm™.
Hence, neither the 15-fold difference in the initial gas
pressure (between He and the other gases) nor more
than 30-fold difference in the ion mass (between He
and Xe) affect the value of N, at the center of the sheet.
In agreement with our previous results (see [2, 3]), this
value depends primarily on the plasma current J,

BOGDANOV et al.
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Fig. 6. Plasma sheets produced in a Kr plasma at two oppo-
site directions of the longitudinal magnetic field B, = #2.9 kG

and at B, =0 (h=0.57 kG/cm, J, =70 kA, 1 = 3 us).

directed along the X line and on the topology of mag-
netic field (1), i.e., on the values of B, and #.

2.2. Effect of the Longitudinal Magnetic Field
on the Tilt and Asymmetry of a Plasma Sheet

The effect of the magnetic field topology on the pro-
cess of plasma compression into a sheet and on the
parameters of the formed current sheet was thoroughly
examined in [2, 3, 9]. Here, we only consider the effect
of the longitudinal and transverse components of a 3D
magnetic field on the tilt of a plasma sheet.

Figure 6 illustrates the effect of the direction of the
longitudinal magnetic field B, on the tilt of a sheet
formed in a Kr plasma. It is clearly seen that the shifts
of the sheet edges Ay from the y = 0 plane, which are
indicated by arrows in Fig. 6, change their signs when
the direction of the longitudinal field B, is reversed. In
the absence of a longitudinal component (at B, =0), i.e.,
in 2D magnetic fields, these shifts are absent.

Figure 7 shows the sheet tilt averaged over the sheet
width as a function of B,. As a measure of the sheet tilt,
we used the shift Ay of the peak of the profile N,(y) (see
Fig. 6) with respect to the x axis at a distance x =£5 cm
from the center of the sheet. The sheet was produced in
a Kr plasma, the transverse field gradient was h =
0.57 kG/cm, and the longitudinal magnetic field was
varied from O to 5.7 kG. The data presented in Fig. 7
refer to 1= 3 us. It can be seen that the sheet tilt first
grows linearly with increasing B,; however, at B, >
2.9 kG, the growth slows down and then saturates. For
sheets formed in Xe, an increase in B, is accompanied
not only by a change in the tilt angle at the sheet edges
but also by the deformation of the electron density dis-
tribution N,(y) across the sheet. In this case, the sheet
has a rather complicated structure, so it is difficult to
unambiguously determine the dependence of the aver-
age tilt angle of the sheet on B..

PLASMA PHYSICS REPORTS  Vol. 33
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Ay, mm
12

10+ n

Fig. 7. Shift Ay of a plasma sheet from the midplane y = 0
at x =+5 cm as a function of the longitudinal magnetic field
B.. The sheet was produced in a Kr plasma at 7 =

0.57 kGlem, and J™* =70 KA (t =3 ps).

The absolute value of the transverse field gradient &
has little or no influence on the sheet tilt: the effect lies
within the error of measurements of Ay (Fig. 9).

In some experiments, we changed both the sign of
the gradient /2 and the direction of the plasma current J..
In this case, the tilt angle of the sheet remained
unchanged. (Note that, in order for the spatial orienta-
tion of the sheet not to change, i.e., for the sheet to be
extended along the x axis, the signs of 4 and J. should
both be changed simultaneously.)

2.3. Time Evolution of the Structure of Plasma Sheets
in a 3D Magnetic Field

The spatiotemporal evolution of a plasma sheet can
be traced from a series of interferograms obtained for a
sheet formed in Kr (Figs. 2a, 2b). The interferograms
refer to successive instants of time ¢ counted from the
beginning of the plasma current J.. It can be seen that
the sheet tilt decreases with time and that it is nonuni-
form over the sheet width: the tilt is maximum at the
sheet edges, whereas the central region of the sheet (in
particular, in the late stage of its evolution) is almost
parallel to the x axis. A similar behavior can also be
observed in a series of interferograms illustrating the
formation of a current sheet in a Xe plasma (see Fig. 3).

Curves /4 in Fig. 8 show the time dependences of
the average tilt of plasma sheets formed in different
gases (He, Ar, Kr, and Xe), and curve 5 shows the time
dependence of the current J, integrated over the cross
section of the plasma sheet. It can be seen that the sheet
tilt decreases rapidly with time for all of the gases under
study. The greater the atomic mass of the working gas,
the longer the time during which the sheet is tilted. The
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Fig. 8. Time dependences of the shifts Ay of plasma sheets
from the midplane y = 0 at x =5 cm (curves /—4). Curve 5
shows the time dependence of the plasma current J,. The

sheets were produced in (/) He, (2) Ar, (3) Kr, and (4) Xe at
h=0.57 kG/cm and B, = 2.9 kG.

tilt of a sheet formed in He (curve /) becomes negligi-
bly small as early as at 1.5-2 us, whereas for heavy
gases (Kr and Xe), the sheet tilt remains appreciable up
to 4-5 us (curves 3 and 4).

Figure 9 shows the time dependence of the tilt for
sheets formed in Kr for three different values of the
transverse field gradient & in the range 0.42-—
0.57 kG/cm. It can be seen that the sheet tilt decreases
fairly rapidly with time; in this case, however, the shift

Ay, cm
3

t, us

Fig. 9. Time dependences of the shifts Ay of plasma sheets
from the midplane y = 0 at x = £5 cm. The sheets were pro-

duced in Krat B, =2.9kG, J."* =70kA, and different val-

ues of the transverse field gradient /: (1) 0.42, (2) 0.50, and
(3) 0.57 kG/cm.
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of the sheet edge depends only slightly on /4 in the range
of gradients under study.

2.4. Summary

The data obtained in our experiments on studying
the structure of plasma sheets formed in 3D magnetic
fields with an X line (1) can be summarized as follows:

(i) Plasma sheets formed in heavy noble gases (Ar,
Kr, and Xe) in the presence of a longitudinal compo-
nent magnetic field B, are found to be tilted and asym-
metric, whereas in sheets formed in He and also at
B, =0, these effects were absent.

(ii) It is shown that the tilt and asymmetry of plasma
sheets increase substantially with increasing ion mass
(see Figs. 4, 5).

(iii) The tilt angle changes its sign when the direc-
tion of the longitudinal magnetic field B, is reversed
(Fig. 6). An increase in the absolute value of B. is
accompanied by a linear growth of the sheet tilt; this
growth, however, slows down at large values of B,
(Fig. 7).

(iv) Within the range of initial conditions under
study, a change in the transverse field gradient / only
slightly affects the tilt of a plasma sheet.

(v) The tilt and asymmetry of plasma sheets are
most pronounced in the early stages of their formation
and also near the sheet edges (Figs. 2, 3).

(vi) For plasma sheets formed in all of the gases
under study, the sheet tilt is found to decrease with time
(Fig. 8). The greater the atomic mass of the working
gas, the longer the time during which the sheet is tilted.

The obtained experimental data, first of all, the fact
that the tilt and asymmetry of plasma sheets increase
with ion mass, indicate a significant role of two-fluid
properties of the plasma, which probably give rise to
additional forces resulting in the sheet deformation.

3. DISCUSSION AND INTERPRETATION
OF THE RESULTS

3.1. Electrodynamic Forces Acting on a Plasma
in a 3D Magnetic Field with an X line with Allowance
for Hall Currents

The formation of a current sheet in a 2D magnetic
configuration with an X-type null line (B, = 0; see
Eq. (1)) was thoroughly examined in the MHD approx-
imation in [1, 30, 31]. When the plasma current J. is
excited in the direction parallel to the X line, perturba-
tions of the magnetic field initially appear near the side
boundaries of the plasma and then propagate in the
radial direction with a local Alfvén velocity v, from the
plasma boundaries toward the X line. The velocity v,

BOGDANOV et al.

depends on the strength of the transverse magnetic field
B, the plasma ion density N,, and the ion mass M;:

__ IB]
V4= ———- 2)

(4TN,M,)

As the X line is approached, the propagation veloc-
ity of perturbations, v,, decreases because the value of
|B, | decreases (see expression (1)), whereas the ampli-
tude of magnetic field perturbations and, accordingly,
the current density j, increase [32, 33]. Near the X line,
magnetic field perturbations can become comparable
with and even larger than the magnetic field of initial
configuration (1). This nonlinear stage is concluded
with the formation of a current sheet. The magnetic
structure of the formed current sheet usually differs
substantially from the structure of the initial magnetic
field [34, 33]. The formation of a current sheet is
accompanied by efficient compression of the plasma
into a sheet, in which the electron density usually
exceeds the initial plasma density by a factor of 10-15
(see [2, 3, 6-8]).

The excitation of the current j. in magnetic field (1)
gives rise to the Ampere forces in the (x, y) plane,

1

M .
f = ZJZXBJ_, (3)

which set the plasma into motion. Figure 10a schemat-
ically shows forces f1 arising in the initial stage of the
process, when the perturbation wave has not yet
reached the X line (the front of the propagating wave is
shown by the dashed line). In this stage, the plasma cur-
rents are relatively low and only slightly disturb initial
magnetic field (1). The field of forces f(") is symmetric
about the x = 0 and y = 0 planes, the force f" at each
point being directed normally to the transverse mag-
netic field B, . It can be seen in Fig. 10a that the y com-

ponents of the forces f(V) are directed from the outer
regions toward the midplane y = 0, whereas the x com-
ponents of the forces £V are directed outward from the
plane x = 0. It is under the action of these forces that a
current sheet forms near the y = 0 plane and the plasma
is compressed into a sheet.

If the electric current j flows in the plasma, then the
electron and ion velocities, v, and v;, should differ from
one another:

“)

Such a plasma should be described by the general-
ized Ohm law allowing for the two-fluid nature of the
plasma [35-41]. For a quasineutral plasma, ignoring
the electron inertia, the generalized Ohm law can be
written in the following form:

j = ENE(Vi - Ve)-

. 1 Vp. 1 .
- 6[E+-v,xB - B).
j 0( + Vi x B + N eNecJ X )

e

®)
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Here, 6 = N, eT,/m is the plasma conductivity, e and
m are the charge and mass of an electron, T, is the mean
free time between Coulomb collisions of electrons with
plasma ions (or between scattering by plasma fluctua-
tions in a turbulent plasma), and p, is the electron pres-
sure.

The first two terms in the brackets on the right-hand
side of Eq. (5) correspond to the electric field in the
frame of reference moving with the average mass
velocity, which is approximately equal to the ion flow
velocity v = v;; the third term is related to the electron-
pressure gradient; and the last term is due to the Hall
effect. In generalized Ohm law (5), the two-fluid nature
of the plasma is accounted for through the last two
terms, which are usually of the same order of magni-
tude. If the macroscopic plasma velocity v is high
enough, (|v;| > |j/eN,]), i.e., if the second term in Eq. (5)
exceeds the last two terms, then the conventional MHD
approximation is sufficient for describing such a
plasma. When the opposite inequality holds, i.e., when
the ion velocity is lower than the current velocity or the
electron velocity,

j
eN

it is necessary to take into account the two-fluid effects.

Estimates based on direct measurements of the mag-
netic field in Ar and Kr plasmas [33] show that, in the
stage in which perturbations propagate from the plasma
boundaries toward the X line, the current velocity u, =
jleN, gradually increases and can become comparable
with v, which is larger than the ion velocity v; by a fac-
tor of 2—4. Hence, already in the initial stage preceding
the formation of a current sheet, the two-fluid effects
must be taken into consideration. Since the directed ion
velocity is low and the plasma density gradients are
absent in this stage, we can ignore the second and third
terms in Eq. (5). The last term in Eq. (5), which is
related to the Hall effect, clearly indicates that the
plasma current can have components oriented perpen-
dicular to the applied electric field and to the current
that is initiated by this field. In other words, the excita-
tion of the currents j. in the plasma can lead to the gen-
eration of Hall currents in the (x, y) plane,

[vi| <

) (6)

e

. (H) o .
= - XB,
ceNe']” +
which arise due to the motion of electrons relative to the
low-mobility heavy ions. At each point, the Hall cur-
rents are directed oppositely to the vector £V (see

Eq. (3)):

«(H) ®,T,. (1)

=z i.xB, = —c%f .

Here, @, = eB/mc is the electron cyclotron frequency
and x = ®,T, is the so-called Hall parameter [41], which
characterizes the degree to which the plasma electrons
are magnetized. It follows from formula (7a) that, tak-

)

(7a)
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Fig. 10. Structure of electrodynamic forces (arrows) gov-
erning the plasma dynamics in the (x, y) plane in 3D mag-
netic field (1) with an X line in the initial stage of the current

sheet evolution: (a) forces £ arising due to the interaction
of the current j, with the transverse magnetic field B, and

(b) forces fiH), arising due to the interaction of the Hall
currents with the longitudinal magnetic field B,. The lines
of the transverse magnetic field B | are shown by light solid

lines, and the front of the perturbation wave propagating
from the plasma boundaries toward the X line is shown by
the dashed line.

ing into account that j and f(V are oppositely directed,
the structure of the Hall currents in the initial stage of
the process can be schematically described by the dia-
gram shown in Fig. 10a.
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In turn, the interaction of the Hall currents j*¥ with
the 3D magnetic field B gives rise to additional Ampere
forces

£ 1j(H> <B
C

_ X
= Bf x B, (8)

which are directed perpendicular to both the magnetic
field B and the force f(V). Using formula (3) for £V,
expression (8) can be rewritten in the form
(H) .
£ = —CXB(JZXBJ_) xB. (8a)
Representing the magnetic field B as a sum of the
transverse and longitudinal components, B = B (x, y) +
B._, and transforming the triple vector product in expres-
sion (8a), we find
(H)

= L{i.B)"-B.(B.-j))}. ©)

Hence, the Ampere forces £, which arise from the
interaction of the Hall currents with the 3D magnetic
field, have two components, one of which is directed
along the z axis, whereas the other lies in the (x, y)
plane. The first term on the right-hand side of Eq. (9)
corresponds to the z component of the force £, which
is independent of the longitudinal magnetic field B,
and, consequently, can exist in a 2D magnetic field (at
B. = 0). This component of the force f* can give rise
to motions in the z direction without breaking the sym-
metry of the flows in the (x, y) plane.

The second component of the force £, which lies
in the (x, y) plane, is equal to

(H) _ _l s
£, = CBBL(BZ Jo)- (9a)

Obviously, the force fiH) can arise only in the pres-
ence of a longitudinal magnetic field B,. The direction

of the vector fiH) at each spatial point can either be

directed oppositely to the transverse field B (x, y) (if
the vectors B_ and j. are unidirectional) or coincide with
the direction of B (x, y) (if the vectors B, ad j, are
directed oppositely).

Figure 10b shows the structure of the force field

f(lH) in the initial stage of evolution, when the plasma
currents are still low and do not cause substantial per-
turbations in initial magnetic field (1). Note that, unlike
the force field £, the force field £\ is asymmetric
about the planes x = 0 and y = 0. It should be noted,

however, that the force field fiH) is always symmetric

about both separatrix planes of the transverse magnetic
field: x = y and x = —y (Fig. 10b). It can easily be shown

that the force field fiH) represented in the (€, n) coor-
dinates, rotated counterclockwise by 45° with respect

BOGDANOV et al.

to the (x, y) coordinates, is identical in structure to the
force field fV represented in the (x, y) coordinates. In

other words, the force field f(lH) differs from the force
field fV in the angular orientation with respect to the

(x, y) plane and also in the absolute values of f (lH) and

. The sense of rotation of the force field £\ as a

whole by +45° with respect to the force field f(V (either
clockwise or counterclockwise) depends on the direction
of the longitudinal component of the magnetic field B..

H
As was noted above, when [f(V| > |f(l )| , a current

sheet forms near the y = 0 plane and regions with an
increased plasma density form just in the vicinity of this

plane (Fig. 10a). However, when |f(lH)| > |f(V), regions
with an increased plasma density should be located
near one of the separatrix planes, i.e., they should be
rotated by 45° with respect to the y = 0 plane, either
clockwise or counterclockwise.

For the directions of the magnetic fields and currents

corresponding to Fig. 10b, the forces f iH) nearthe E=0

plane (which corresponds to the separatrix plane x = —y
in Fig. 10a) are directed toward the X line, i.e., toward
the center of the system, whereas near the 1 = 0 plane
(which corresponds to the separatrix plane x = y), the

forces fiH) are directed outward. Plasma flows that
arise under the action of these forces should increase
the plasma density near the n = O plane, by analogy
with the plasma compression near the y = 0 plane when
the flows are induced by the forces f( (see Fig. 10a).
Hence, an analysis of the two limiting cases shows
that the maximum possible difference between the
angular orientations of the regions with an increased

plasma density is 45°. Actually, the forces £ and £
in the (x, y) plane act on the plasma simultaneously and
the angle by which the plane containing the regions
with an increased plasma density is rotated relative to
the y = 0 plane should lie between 0° and 45°, depend-
ing on particular conditions.

Let us estimate the relative role of the forces f) and

f(lH) . According to expressions (3) and (9a), the abso-

lute values of these forces are equal to f) =j B, /c and
(lH) =j.B,(xB./Bc), so their ratio is

(H)
1

M
f

where ), =1,0,(B,) and 0,(5,) is the electron cyclotron
frequency in the longitudinal magnetic field B,. Hence,

= XEZ = Xz (10)

the force f (lH) can make a substantial contribution to the

plasma dynamics when the Hall parameter ), charac-
terizing the degree to which electrons are magnetized in
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the field B_, is high enough: y, > 1. Obviously, the
resultant of these forces at each point of the (x, y) plane
is rotated relative to the vector f') by a certain angle ¢
whose tangent is also defined by ratio (10), i.e., by the
degree to which electrons are magnetized in the field B.:
(H)

Ji

tan(p(x, )’) = W = Xz (loa)

In magnetic configuration (1), the angle by which
the symmetry plane of the field of the resultant forces is
rotated relative to the y = 0 plane is half as large:

Y = %arctan(xz), (11)
which can easily be seen from geometrical consider-
ations.

Note that the above analysis of the Hall currents and
the forces resulting from the interaction of these cur-
rents with the magnetic field applies not only to the ini-
tial stage of propagation of perturbations in field (1) but
also to the subsequent stages in which the magnetic
field configuration changes substantially due to the
development of a current sheet.

3.2. Discussion of the Experimental Results

The above qualitative analysis of the structure and
features of electrodynamic forces acting on the plasma
in a 3D magnetic field with an X line in the presence of
Hall currents allows us to explain most of the experi-
mental results obtained in this study. Among these
results is a change in the sheet tilt when the direction of
the longitudinal magnetic field B, is reversed (Fig. 6)
and the fact that the tilt does not depend on the trans-
verse component of the magnetic field (Fig. 9) (the lat-
ter is explained by the quantity , being independent of
B)). From expression (11), it is also easy to explain the
experimentally observed dependence of the tilt angle
on B, (Fig. 7). Indeed, at small values of the parameter
X the tilt angle is ¥ = 0.5y, (i.e., it is proportional to
B,), whereas at . > 1, the angle ¥ depends only
slightly on B, and is close to45°.

If the ratio ), remained constant in both time and
space, then the field of the plasma flows caused by the

resultant of the forces £ and £ would result in a

plasma sheet inclined to the y = O plane by the angle ¥,
which is determined by the parameter j, and lies
between 0° to 45°. Actually, this angle decreases with
time and varies in space. Nevertheless, a change in the
direction of the plasma flows in the early stage of the
process would affect the spatial structure of the sheet
that has already formed by that time.

Note that the Hall current exists until the plasma
ions acquire a velocity close to the electron velocity in
the (x, y) plane. Obviously, the greater the mass of an
ion, the slower the process of ion acceleration. Since
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the Hall currents decay, the forces f (LH) should decrease

with time and, accordingly, the shifts of the edges of the
plasma sheet from the midplane y = 0 should also
decrease. Hence, the greater the mass of a plasma ion,
the slower should be a decrease in the sheet tilt relative
to the y = 0 plane, as is actually observed in the experi-
ment (see Fig. 8).

All this indicates that the deformation of a sheet is
due to the generation of Hall currents and that the
reduction in the sheet deformation with time is largely
caused by the decay of Hall currents due to the acceler-
ation of the plasma ions. For the lightest of the working
gases (helium), the electron and ion velocities are
equalized and, accordingly, the Hall currents decay
well before the beginning of the sheet formation. Note
that, in plasmas of heavier gases, the Alfvén time is
longer; therefore, the current sheet forms at a slower
rate and, accordingly, the magnetic field also varies
more slowly (see [2, 3, 33]). This circumstance can also
contribute to a change in the dependence Ay(r) with
increasing ion mass (see Fig. 8).

Another factor that may be responsible for this
effect is a change in the plasma density and electron
temperature and the corresponding change in the values
of 7, and the Hall parameter .. Note, it is the appear-
ance of plasma density inhomogeneities comparable
with the sensitivity limit of holographic interferometry
that makes it possible to study the structure of plasma
sheets in the early stage of their formation (at # = 1.5—
2 us); i.e., all the experimental data presented in this
paper were obtained under conditions such that the
parameter ), was certainly nonuniform. Since 7, is spa-
tially nonuniform, the relative contributions from the

forces f0 and £'" may be different in different regions

of the sheet (e.g., in the central region and at the edge).
This may lead to the experimentally observed curvature
of the sheet in the early stage of its formation (see
Figs. 2-4), when the sheet region located near the
X line, where the plasma density is high enough, is
almost parallel to the x axis, whereas the sheet edges are
deflected from this axis by rather large angles.

That the shift of the side edges of a plasma sheet in
the y direction decreases with time may also be attrib-
uted to the fact that the magnetic configuration varies
during the formation of a current sheet. As a rule, the
magnetic structure of current sheets in the quasi-steady
stage of their evolution contains a singular X line (see
[33]). However, the separatrix planes, which intersect at
the X line, make rather small angles with the midplane
of the sheet (y = 0) (Fig. 11), in contrast to the angles
1/4 in initial magnetic field (1) (Figs. 10a, 10b). This is
because the tangential component of the magnetic field,
B,, increases substantially, whereas the component By
which is normal to the sheet, decreases as compared to
that in initial field (1). Thus, we have B, = 2.5-3 kG

near the sheet surface (i.e., B,/ BS =~ 8-10), whereas



/_—:
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-
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Fig. 11. Structure of the magnetic field B, in the quasi-
steady stage of the sheet evolution; the Hall currents; and
the forces f(lH) , arising due to the interaction of the Hall

currents with the longitudinal magnetic field B,. The cur-
rent sheet is shown by shades of gray, the lines of the trans-

verse magnetic field are shown by light solid lines, the Hall
currents are shown by double arrows, and the forces fj_H)
within the current sheet are shown by solid arrows.

By/B;J = 0.3. It follows from expression (3) that the

forces (1), which act in the (x, y) plane and arise due to
the interaction of the main (longitudinal) current j_ with
the transverse magnetic field B, should be directed
perpendicular to the magnetic field B . If conditions for

the excitation of the Hall currents j# are satisfied, these
currents must be parallel but oppositely directed to the
forces fV (see Eq. (7a)). The interaction of the Hall cur-
rents j with the longitudinal magnetic field B, gives

rise to the forces fiH), which are antiparallel to the
magnetic field B, (when j. and B, have the same direc-

tions) (see expression (9a) and Fig. 11) or coparallel to
this field (when j, and B, are directed oppositely).

We emphasize that the current density j. in the
formed sheet is concentrated in a relatively thin region
of size 28y = 1-2 cm. According to Egs. (7), it is in this
region that the Hall currents directed predominantly
along the x axis can be excited (see Fig. 11). In this
stage, the plasma sheet can deform due to the interac-
tion of the Hall currents with the longitudinal magnetic
field B_, as was previously shown in our works [4, 10].

Thus, the main results obtained in studying the
structure of current sheets formed in 3D magnetic field
with an X line (1) can be satisfactorily explained by tak-
ing into consideration the Hall currents generated in the
plasma. It should be noted that it is the longitudinal
field B, (in which plasma sheets become tilted and
asymmetric) that allows one to reveal the Hall currents
when studying the plasma structure by holographic
interferometry.
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4. CONCLUSIONS

The structure of plasma sheets formed in 3D mag-
netic configurations with a singular X line in the pres-
ence of a longitudinal component B, directed along the
X line has been studied experimentally.

It is found that the shape of a plasma sheet depends
substantially on the mass of a plasma ion. Sheets pro-
duced in He are plane and symmetric, whereas those
formed in plasmas of heavy noble gases (Ar, Kr, and
Xe) are tilted and asymmetric. Characteristically, the
tilt and asymmetry become more pronounced as the
mass of a plasma ion increases.

It is shown that plasma sheets produced in plasmas
of both light and heavy gases in the absence of a longi-
tudinal magnetic field (B, = 0), i.e., in 2D magnetic
configurations, are not tilted. The tilt increases with
increasing absolute value of B, and changes its sign
when the direction of B, is reversed. The tilt and asym-
metry are mainly observed at the side edges of the
sheets in the early stage of the sheet formation and then
decrease with time.

The experimental data convincingly demonstrate
that these effects are a manifestation of the two-fluid
properties of the plasma containing heavy ions. The
proposed qualitative model of plasma dynamics with
allowance for the Hall effect explains most of the
experimentally observed effects. In this model, the tilt
and asymmetry of plasma sheets are attributed to addi-
tional forces associated with the interaction of the lon-
gitudinal magnetic field B, with the Hall currents
excited in a plane perpendicular to the X line.

The experimental results obtained in this study and
their interpretation allow us to conclude that Hall cur-
rents contribute substantially to the plasma dynamics
and the structure of current sheets formed in magnetic
configurations with a singular X line. It is worth noting
that, the excitation of Hall currents has been observed
in a number of experiments that were carried out at dif-
ferent plasma densities, different configurations and
strengths of the magnetic field, and different geome-
tries and dimensions of the device (see, e.g., [17] and
the references therein). Furthermore, space experi-
ments performed with a series of Cluster satellites
directly indicate the excitation of Hall currents in the
Earth’s magnetosphere [42]. Numerical simulations
with allowance for Hall currents yield more realistic
velocities of magnetic reconnection in current sheets
[24].

In the present study, experimental data on the
dynamics and structure of plasma sheets formed in 3D
magnetic configurations with an X line were obtained
by processing holographic interferograms. Hence, the
method of holographic interferometry proves to be very
efficient in such studies. An important advantage of this
method is that it allows one to observe the 2D structure
of plasma sheets and their evolution in time and space.
However, holographic interferometry does not give
direct information on the Hall currents and can confirm
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their existence only indirectly by observing how the
structure of a plasma sheet varies in the presence of a lon-
gitudinal magnetic field. Therefore, the results of recent
direct measurements of Hall currents in magnetic config-
urations with an X line are of particular interest [43].
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