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1. INTRODUCTION

In the end cell of the AMBAL-M device, a hot target
plasma was produced by means of a plasma gun, with-
out any auxiliary heating [1]. It was found that the
energy transfer from hot ions to electrons through Cou-
lomb collisions cannot provide a high electron temper-
ature (50 eV) in the end cell [1]. Electron heating can
be strongly affected by the longitudinal electron current
on the order of 1 kA flowing from the plasma gun. This
current was observed experimentally along the entire
device [2]. The Joule heating (assuming the Spitzer
plasma conductivity) also does not provide the electron
energy balance [1]. At present, there is no full pattern
of the processes occurring in the device fitting all the
measured plasma parameters. The fundamental diffi-
culty is associated with the variety of processes and
substantial change in the plasma parameters in a non-
uniform magnetic field. In this paper, we consider a
particular problem that can be regarded as a step toward
constructing the full pattern of electron heating.

We study the closing of current in the transportation
region. We assume that the current flowing through the
plasma enters the end of the device, comes back
through the conducting vacuum-chamber wall, and is
closed in the transportation region at the plasma periph-
ery. The radial profiles of the plasma density and the
floating potential are measured by the Langmuir probes
in several cross sections of the plasma column; the
magnetic probe is used to measure the radial profile of
the longitudinal current density. The basic classical
(collisional) processes resulting in the generation of the
transverse current are considered in detail.

The paper is organized as follows. After a brief
description of the experimental setup, we discuss the
subject of investigation and formulate the problem.
Then, we discuss the processes leading to the genera-

tion of transverse current and estimate the value of the
transverse current in the transportation region. Finally,
the basic results are formulated.

2. BRIEF DESCRIPTION OF THE SETUP

The schematic of the experiment is shown in Fig. 1.
The detailed description of the device and basic exper-
imental results are presented in [1–3]. The plasma gun
with annular cathode and anode is used [4]. The radius
of the cathode is smaller than that of the anode. The
gas-discharge channel rests on the cathode and is
5.5 cm in the inner diameter and 6.5 cm in the outer
diameter. Magnetic field lines emerging from the cath-
ode do not pass through the anode. None of the gun
electrodes is grounded.

3. DISCUSSION OF THE PROBLEM

The problem is related to the initial inconsistency of
the concept of the current closing near the gun. Figure
2 shows that, in a decreasing magnetic field, some of
the magnetic field lines emerging from the anode fall
on the grounded body of the solenoid, which is
designed in the form of a hollow cylinder. The onset of
arcs and the closing of the current can be expected in
this case. Actually, traces of the cathode spots are seen
on the inner surface of the cylinder. It would seem that
the electron current from the grounded body of the
solenoid to the anode should flow just this way (Fig. 2,
curves 

 

6

 

). In this case, the anode potential would be
positive and almost constant throughout the entire cur-
rent pulse. However, the oscillograms of the gun anode
potential and of the longitudinal current, which are pre-
sented in Fig. 3, do not confirm this assumption. There-
fore, we believe that the main current cannot be closed
through the arc discharge between the anode and adja-
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cent grounded body of the solenoid, though (starting
from 1.2 ms) this process also takes place, which is
proved by the jump of the anode potential (typical of
the termination of the arc discharge) at an instant of
2.75 ms.

4. FORMULATION OF THE PROBLEM

Let the plasma be magnetized and occupy a certain
space in the transportation region. The boundary condi-
tions on the gun side (left-hand side in Fig. 1) are the
following: from the axis to a certain radius, the mag-
netic field lines are projected onto the ungrounded gun;
beyond this radius, the magnetic field lines are pro-

jected onto the grounded body of the vacuum chamber.
The surface separating the inner plasma, which is in
contact with the insulated gun, from the outer plasma,
which is in contact with the grounded wall, is of partic-
ular interest. A peculiarity of this surface is that the
boundary conditions allow us to eliminate the current
shorting on the conducting ends (Simon effect [5]).
This surface is determined by the magnetic field line
emerging from the anode at radius of 8 cm (Fig. 2,
curve 

 

7

 

). Let us consider the processes leading to parti-
cle transport across this surface. This transport deter-
mines the longitudinal transport from the inner space
across the right-hand boundary (entrance to the mag-
netic mirror device).

As is known, the plasma density decreases outward
from this separating surface (

 

∂

 

n

 

/

 

∂

 

r

 

 < 0) and the electric
field is also directed outward (

 

E

 

r

 

 > 0). These assump-
tions (which are based on the experimental data) would
suffice to describe the particle transport.

We do not consider the behavior of the current ahead
of and beyond this surface. The presence of the con-
ducting ends (the gun or the grounded vacuum cham-
ber) makes the problem rather difficult to be solved
quantitatively, though there is a simple qualitative solu-
tion to the problem (Simon effect). We restrict our-
selves to considering the transverse current only in the
transportation region, because the measurements car-
ried out in the magnetic mirror device reveal no reverse
longitudinal electron current at the plasma periphery.
This shows also that the current does not close on the
opposite end. Here, we use the hydrodynamic
approach; this is justified, because, in a fairly large and
the most important region, the mean free paths of parti-
cles are less than the characteristic size of the system
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 End system of the AMBAL-M device and the magnetic field line emerging from the plasma gun (the magnetic field on the
axis is shown below): (

 

1

 

) magnetic-mirror coil, (

 

2

 

) gun solenoid, (

 

3

 

) plasma gun; (

 

4

 

) plasma receiver, and (

 

5

 

) coil of the semicusp.
The upper and lower arrows mark the coordinates of the cross sections in which the measurements were performed by using the
Langmuir and magnetic probes, respectively. In the transportation region, the magnetic field is directed from the gun (N) to the mir-
ror device (S).
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 The region near the plasma gun: (

 

1

 

) cathode,
(

 

2

 

) insulated diaphragms, (
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) inner washer, (

 

4

 

) anode,
(
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) grounded body of the solenoid, (
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) possible lines of the
longitudinal electron current, and (
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) bounding magnetic
field line.
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and we are concerned with the parameters averaged
over sufficiently large time interval.

5. CONSIDERATION OF THE PROCESSES 
LEADING TO THE TRANSVERSE CURRENT

We consider a magnetized plasma consisting of
electrons and protons. The plasma is assumed to be
nonuniform in the direction perpendicular to the uni-
form magnetic field. Let the plasma density gradient be
antiparallel to the 

 

x

 

-axis: 

 

∂

 

n

 

/
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 < 0. Due to the ion–ion
Coulomb collisions, the ions are scattered by an angle
of order unity for the characteristic collision time 

 

τ

 

ii

 

 =

 

 (see, e.g., [6]), and, correspondingly, the

guiding centers of ions shift in the plane (

 

xy

 

) (the 

 

y

 

-axis
is perpendicular to both the 

 

x

 

-axis and the magnetic
field) at a distance on the order of the ion Larmor radius
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. Along the 
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-axis, these centers shift at the distance

 

ρ

 

i

 

/

 

 to the right and to the left with equal probabili-
ties. One half of the particles from the layer extended

from 
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 will pass through the plane 
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 = 
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over a time 
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ii

 

 in the positive direction (from the left to
the right). The unidirectional current from the left is
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, where 
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 are the plasma den-

sity and ion collision time averaged over the above
layer. Since the currents directed to the left and to the
right are not balanced, there is a nonzero net current 
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 equal to

where 
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 is a constant in the relation 
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. Thus, the
current is described by Fick’s law, 

 

j

 

 = –
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, with the

coefficient 
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 depending on the density. The
ion–ion collisions in a narrow plasma jet lead to the jet
spreading and, consequently, to the generation of the
transverse ion current. This is illustrated by a sketch
presented in Fig. 4. Let us consider a narrow annular
plasma jet in a magnetic field. Let two jet ions be
located at the same radius but at different positions in
azimuth. If the ion velocities turn at an angle of 

 

90° 

 

due
to collision, the centers of the Larmor circles of these
two ions shift in the radial direction at a distance of the
Larmor radius but in opposite directions: one ion shits
inward, and another shifts outward; i.e., both these ions
will go outside the jet. Their center of mass stays at the
same radius, but the jet becomes wider.

It is well known that the transverse ion current can
be balanced out by the gradient drift and/or the radial
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electric field (see [7]). In order to check whether the
balance really occurs [7], it is necessary to pass over to
the rotating coordinate system: in the case of the gradi-
ent drift, this system must rotate counterclockwise (if
one looks from the gun side), and, in the case of the
radial electric field, this system must rotate clockwise.
Acting together, these mechanisms amplify the trans-
verse current rather than provide the balance of ion
fluxes.

There are some analogs of the phenomena described
above. For example, the electron mobility along the
magnetic field lines is higher than the ion mobility;
therefore, to confine the electrons, a positive potential
(with respect to the throat) is established in the mag-
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Fig. 3. Oscillograms of (1) the anode potential of the gun
and (2) the longitudinal current in the magnetic mirror
device measured at a radius of 11 cm by the magnetic probe.

Fig. 4. The spreading of the annular jet due to the ion–ion
collisions. Magnetic field is directed perpendicular to the
plane of the figure.
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netic mirror. In contrast, the ions are more mobile in the
transverse direction; thus, to confine them, a negative
radial electric field must be established. Under our con-
ditions, the radial electric field is positive, which assists
the outward transverse ions flux.

Note that previously, when we used the inner washer
of the gun (see Fig. 2, position 3) as the anode instead
of the anode electrode itself, a negative electric field at
the plasma periphery was established. In that case, the
measured longitudinal electron current decreases by
one order of magnitude compared to that obtained with
the conventional connection of the plasma-gun elec-
trodes; this effect can be explained by a decrease in the
transverse ion current.

The problem of the transverse current and trans-
verse conductivity in a strong magnetic field (ωcτ @ 1,
where ωc is the cyclotron frequency) is rather compli-
cated. This problem has been thoroughly studied (see,
e.g., [5, 8, 9]). To obtain particular results, the general-
ized Ohm’s law in various forms was used [7, 10, 11].

Let us consider the generalized Ohm’s law in the
form presented in [10]:

where V = (Mvi + mve)/(M + m) is the plasma hydrody-
namic velocity.

By assuming j = 0, we obtain that the radial electric
field leads to the azimuthal rotation of a uniform
plasma. This particular solution corresponds to the case
when we consider an infinitely long plasma column and
the longitudinal loss can be neglected, or when the lon-
gitudinal losses are ambipolar.

Another particular solution corresponds to the case
when the Hall currents are forbidden (see [7, 11]). In
order to maintain the current across the magnetic field,
the Hall electric field perpendicular to the external field
arises. This electric field balances out the Lorentz force,
acting on the charged particles. As a result, the normal
transverse conductivity j⊥  = σ⊥ E⊥  (where σ⊥  ≈ σ||/2)
takes place. In a sense, we can say that the magnetic
field has no effect on the plasma conductivity.

However, generally, when the ambipolarity condi-
tion is not imposed on the longitudinal losses and no
conditions are imposed on the current component per-
pendicular to the external field E⊥  (Hall current), the

conductivity current j⊥  = E⊥  flows along

the applied transverse electric field E⊥ ; this currents is
highly suppressed by a strong magnetic field. It is this
situation that is typical of our experiment, because nei-
ther the longitudinal current (due to the plasma contact
with the end of the conducting vacuum chamber) nor
the Hall current (due to the cylindrical shape of the
plasma) are forbidden.

E
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Now, we draw attention to a possible increase in the
transverse current associated with the plasma turbu-
lence. The inhomogeneity of the plasma conductivity
(the inhomogeneity of the classical conductivity can be
due to the inhomogeneity of the electron temperature)
suppresses the Hall current. Even small inhomogeneity
of a strongly magnetized plasma can lead to a substan-
tial increase in the current along the transverse electric
field. This effect was discussed in [8] and then studied
by Kadomtsev [12], who considered the turbulent
plasma and showed that, if the average azimuthal elec-
tric field is equal to zero and, for simplicity, the conduc-
tivity as a function of density is assumed to be σ/n, the
transverse current in the case of high-frequency (ω >
ωci) isotropic oscillations increases by a factor of about
ωceτe (in the case of low-frequency oscillations, the
increase is lower) due to the additional term 〈en'E'〉 .
Note that the longitudinal current remains almost
unchanged.

This mechanism requires a closer inspection. Note
that the increase in the transverse plasma diffusion due
to the onset of electrostatic oscillations in plasma was
observed in [13]. In this paper, we propose the follow-
ing qualitative explanation of this mechanism. Let the
azimuthal electric field be harmonically modulated in
the azimuthal direction, the averaged value being equal
to zero. Then, in the regions where the field direction
coincides with the direction of the Hall field, the nor-
mal conductivity can take place; in the other regions, in
contrast, the conductivity can vanish almost com-
pletely. As a result, the total transverse current will
increase by a factor of (ωceτe)2/2 compared to the field
without modulation.

We have also considered some other processes
resulting in the transverse current. The collisions with
neutrals were found to contribute insignificantly,
because the density of the gas (for the most part, hydro-
gen) at the separating surface is much less than the
plasma density. Another process, which we will con-
sider in more detail, also proves to be inessential. Near
the separating surface, the plasma potential is positive,
and it is the positively charged plasma that will leave
the inner region due to both ambipolar diffusion and the
onset of balloon perturbations. The probe located at the
plasma periphery shows the floating-up of balloon per-
turbations (Fig. 6 in [2]). The frequency of these oscil-
lations coincides with the frequency of the Kelvin–
Helmholtz instability, which initiates the floating-up.
By using the integral form of Poisson’s equation,

ds = 4π dV, from the measured radial profile

of the potential (Fig. 11 in [1]), we find the charge den-
sity. This density corresponds to the excess density of
singly charged particles on the order of 2 × 105 cm–3,
which is much less than the plasma density. The ambi-
polar diffusion in the transportation region is assumed
to cause a transverse plasma flow equivalent to kiloam-
pere current. Since the plasma is charged, this diffusion

EnS∫° ρ
V∫
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is accompanied by an electric current, which however
is negligibly small (about 10–5 A).

6. EVALUATION OF THE TRANSVERSE 
CURRENT IN THE TRANSPORTATION REGION

In order to determine the transverse current accu-
rately, it is necessary to carry out numerical calcula-
tions and refine the above expression for the current. As
will be shown below, it is also necessary to measure
more accurately the parameters of a nonuniform
plasma in a large volume. Here, we restrict ourselves to
the evaluation of the outward transverse ion current
across the surface bounding the transportation region.

This current is the sum of the current , resulting from
the ion–ion collisions in the nonuniform plasma, and

the current , caused by the radial electric field at a
highly suppressed transverse conductivity. The
assumption of a strong magnetic field is justified,
because, under our experimental conditions, ωciτii >
150 and ωceτe > 400; i.e., both the ions and electrons are
magnetized. In the presence of an azimuthal unifor-
mity, the transverse current can be written in the form

First, we will estimate the value of . The major
contribution to this current comes from the region of a
low magnetic field. Over the distance ∆z = 100 cm, the
magnetic field value lies in the interval from 440G to
1 kG. The transverse ion temperature in this region is Ti

= 50 eV, so that the ion Larmor radius is ρi = 1–2 cm.
For a typical plasma density of n = 1013 cm–3, the ion–
ion collision time is τii ≈ 30 µs. The radius of the sepa-
rating surface is r = 20–30 cm, and the transverse scale
length of the density variation is L⊥  = r/4 (see Fig. 16 in
[1]). By substituting these values into the above expres-
sion, we find the transverse current across the separat-

ing surface in the low-field region to be  ≈ 200 A. By
using the plasma parameters from experiment [1], the
total transverse current over the distance ∆z = 285 cm
was found to be 280 A.

A high value of the current is mainly due to both a
fairly large area of the bounding surface (3.7 × 104 cm2)
and relatively large ratio of the Larmor radius to the
scale length of the plasma density inhomogeneity,
ρi/L⊥  ~ 1/4. The direct influence of the ion temperature

is small, j ∝  . We note that there is one more rea-
son for the large transverse current. To show this, we
will consider a crude model in which the transportation
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region is regarded as a large magnetic mirror. The gun
generates a plasma flow (Ipl) entering this region. Let us
denote the plasma lifetime in this mirror device by τ*.
Then, specifying the plasma density as n = Iplτ*/er2L||
and taking into account that τii ∝  n–1, we arrive at the

following expression for the transverse current:  ∝

S(n2/B2L⊥ ) ∝  ∝  τ*2(r/L||L⊥ ). The last factor shows
that the large area of the bounding surface plays an
important role due to both a relatively weak (however,
strong enough for the plasma to be magnetized) mag-
netic field and the use of an initially narrow annular
plasma jet. However, the transverse current depends
most strongly on the lifetime τ*, which enters the above
expression quadratically. Let us elucidate this depen-
dence. The gun is located behind the magnetic mirror,
and the transportation region is used to transport the
plasma jet to the main magnetic mirror device. In our
previous experiments, all the plasma generated by the
gun was transported to the mirror device in the regime
of a collisional subsonic flow [14]. In this regime, the
plasma lifetime in the transportation region is equal to
the time required for the plasma to flow across this
region with the ion velocity. The measured longitudinal
current was negligibly small. Here, we use another
regime in which the transport of the plasma as a whole
is absent. Due to a steeper magnetic field (which leads
to an increase in the volume occupied by plasma) and
“transverse” ion heating (i.e., an increase in the trans-
verse ion energy [15]), the plasma flow is collisionless
in front of the magnetic mirror and a substantial frac-
tion of the flow (about 0.9–0.95) is reflected from the
throat. This leads to a decrease in the plasma density in
the throat and the formation of the desired thermal bar-
rier [16]. The plasma lifetime in the transportation
region increases substantially compared to the case of
the transportation of a collisional jet; as a result, the
transverse current increases. As the longitudinal con-
finement of plasma is improved, the transverse loss
comes into play.

Now, we determine the current  caused by the
radial electric field. By dividing the above expression

for  by  and using the results of [7], we obtain the

ratio between these two currents to be  =

 = , which is equal to

the product of the ratio of the potential difference
across the gradient scale length to the ion temperature
and the “magnetization ratio” (equal to approximately
0.37 due to a relatively high ion temperature, Ti/Te .
5). In the cross section z = 325 cm, the ratio of currents
is approximately 0.7 at E⊥  = 15 V/cm. From the above
expression for the current ratio, it is seen that this ratio
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varies only slightly over the transportation region. The
integral (over the entire separating surface) current due
to the transverse conductivity is equal to 200 A. A sim-
ilar value is also obtained from other considerations.
Writing out the expression for the ratio of the transverse
current I⊥  in the transportation region to the longitudi-
nal current I|| in the throat of the mirror (which is on the
order of 1 kA) and substituting the typical values for the
quantities entering this expression (the most uncertain
term here is ωceτe), we obtain

Thus, the classical (collisional) mechanisms,
namely ion–ion collisions leading to the spreading of a
narrow annular plasma jet and the transverse current in
the radial electric field at a substantially suppressed
conductivity, produce a total ion current of approxi-
mately 500 A flowing outward across the separating
surface. Taking into account the evaluation accuracy,
the possible increase in the current due to conductivity
fluctuations, and an additional contribution (starting
from 1.2 ms) of the longitudinal current from the prom-
inent grounded body of the solenoid to the gun anode,
we can conclude that the mechanisms for closing the
kiloampere current are determined.

In conclusion, we discuss the pattern of currents. A
longitudinal electron current on the order of 1 kA flows
out from the transportation region into the magnetic
mirror device through the 10 cm2 aperture in the throat
[1]. Since the inner part of the plasma is projected onto
the insulated gun, where the current is absent, the trans-
verse ion current of the same value should flow out
across the surface separating the inner and outer
(peripheral) regions in order to maintain the plasma
quasineutrality. Further, this current can flow both
along and across the magnetic field lines.

Two of the specific features of the magnetic mirror
device (which are listed in [17]) manifest themselves in
these experiments. First, the plasma behavior is well
described by classical phenomena, i.e., by collisional
processes. Second, the possibility of controlling over
the radial profile of the potential allows us to vary the
plasma confinement time and the direction in which the
ions escape from the system.

7. GENERATION OF THE LONGITUDINAL 
CURRENT

Since the current-closing processes are determined,
we can improve the model for the longitudinal current.
The plasma is produced by an arc source (gun) with an
annular gas-discharge channel in the axial magnetic
field. The discharge current is approximately 12 kA.
Since the plasma is magnetized there and the annular
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cathode is magnetically insulated from the anode, a
fraction of the discharge current (approximately 2 kA)
flows through the plasma jet. The current in the form of
loops, which are observed in the transportation region,
is due to the transverse plasma conductivity. As was
stated above, one more element is present in the current
circuit between the cathode and the anode. Due to the
processes listed above, a transverse ion current flows
across the surface separating the plasma region pro-
jected along the magnetic field lines onto the insulated
gun anode from the plasma region projected onto the
grounded vacuum chamber. This current is closed by
the electron current flowing along the magnetic field
lines from the cathode to the grounded end. Thus, the
observed longitudinal electron current is a fraction of
the discharge current. Its value and behavior are also
indirectly governed by the other components of the dis-
charge current. This can be explained as follows: since
the ions leave the transportation region across the mag-
netic field, the electrons must go away along the mag-
netic field lines in order to maintain the plasma
quasineutrality. It may appear that the gun discharge
itself is of little or no importance here. However, in fact,
the potential of the plasma-gun electrodes create the
radial electric field, which facilitates the outward ion
motion. Of course, due to processes discussed above,
the longitudinal electron current can also occur in the
absence of the gun discharge (at least, in the plasma-
decay stage). The problem is in the value of the current.
If the gun electrodes do not maintain a nonequilibrium
radial profile of the potential, the transverse ion current
and, correspondingly, the longitudinal electron current
are substantially less.

8. CONCLUSIONS

We have studied the transverse current at the periph-
ery of the startup plasma in the AMBAL-M device. It is
found that the experimentally observed substantial lon-
gitudinal electron current is a fraction of the discharge
current of the plasma gun. It is shown that the following
processes provide closing of the current at the plasma
periphery:

(i) ion–ion collisions leading to a spreading of the
narrow annular plasma jet;

(ii) the transverse current caused by the positive
radial electric field in the presence of the electron–ion
collisions; this current, which is substantially sup-
pressed by the magnetic field, may increase due to the
fluctuations of the plasma conductivity; and

(iii) the longitudinal current from the prominent part
of the grounded solenoid body to the gun anode.

The following factors are found to be responsible
for the large transverse current at the plasma periphery:
the improved longitudinal plasma confinement in the
transportation region, specific magnetic and vacuum
features of the device (the large plasma volume and the
conducting vacuum chamber), and the method for
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plasma production (the generation of the initially nar-
row annular dense-plasma jet by the insulated end gun,
and the formation of a nonequilibrium positive radial
electric field in the plasma by the potential of the gun
electrodes).
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