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ABSTRACT

Hot target plasma was obtained in AMBAL-M open
trap. In the present work, transverse current at plasma
periphery, peculiarities of longitudinal current flow in
plasma, and energy balance of electrons in a mirror were
studied.

The consideration allowed to find out the mechanism
of electron heating up to high temperature. It was detected
that this «non-joule» non-turbulent effective heating of
electrons was related to the current flow and the
experiment features.

I. INTRODUCTION

Hot target plasma was obtained without additional
heating in an open trap AMBAL-M from arc source (gun)
located behind the mirror [1]. The plasma has a diameter
of 20 cm, an average density of 6 × 1012 cm−3, an ion
energy of 200 eV, and high electron temperature of 50 eV
that is of the most importance. It is just the high value of
electron temperature that rises the question about the
mechanism of its keeping up. According to the
Pastukhov’s formula [2], the energy losses of the trapped
electrons from the mirror are estimated to be no less than
20 kW. The obvious classical collision processes —
electron heating from the more hot ions (3 kW) and Joule
heating concerning Spitzer conductivity (1 kW) — are not
enough for balance. Does that mean that the mechanism of
electron heating is turbulent or collision, but not obvious at
ordinary estimations?

In the present work, the processes of plasma heating
and confinement are investigated. Particular attention is
given to the peculiarities of this experiment.

After a short description of the experimental layout
and the scenario of obtaining of plasma in the trap, the
transverse ion current flow will be first considered at the
periphery in the transporting region, which is necessary to
close the circuit. Then, the feature of revealed longitudinal

electron current flow from transporting region into the
mirror will be considered which is related to the presence
of electric field accelerating electrons. Further a possibility
will be shown to form the flow of fast electrons
transporting the current. The results of measurements of
electron energy distribution function in the mirror will be
presented. Next, heating of the trapped electrons by the
flow of fast electrons will be considered, and its efficiency
will be shown. In conclusion the main results of the work
will be formulated.

Note that end potential plates in this very experiment
mean potential electrodes of a plasma gun.

II. EXPERIMENTAL LAYOUT

In Fig.1 the experiment scheme is shown. The plasma
is generated in 2 ms by the arc source [3] located behind
the mirror. The gun generates a narrow ring dense plasma
jet. The inner diameter of the jet at the output of the gun is
11 cm, the outer is 13 cm. Another feature of the source is

Fig. 1. Scheme of AMBAL-M experiments. 1—
mirror coils, 2 — gun solenoid, 3 — plasma
gun, 4 — plasma receiver, 5 — semi-cusp coil.
The arrows from above show the coordinates of
the cross sections where Langmuir probes were
measured, from below — magnetic probes.



that the arc source electrode potentials form a non-
equilibrium radial electric field (Fig. 2). The nonuniform
azimuthal drift causes the Kelvin-Helmholtz instability [4].
The development of the instability is accompanied by
frequency modulation of azimuthal electric field and
stochastic heating of magnetized ions into the transverse
degree of freedom [5].
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Fig. 2. Radial profile of plasma potential in the
transport region (z = -243cm). Position of the
gas-discharge channel is marked with the bold
line segment.

On moving to the mirror, the ions get heated, and the
free path increases. The major part of the plasma flow is
reflected, and plasma density decreases, and the plasma
potential also decreases. A thermobarrier in the throat is
realized [6, 1]. Ions in the mirror are kept by magnetic
field, electrons — by magnetic field and ambipolar
potential.

Longitudinal electron current of 1 kA in the plasma
was found and investigated [7]. In this paper, we shall first
concentrate on the transverse ion current necessary for
closing the circuit, clear up the mechanisms of its flowing,
and then demonstrate the peculiarity of longitudinal
electron current flow.

III. TRANSVERSE ION CURRENT

Assume that plasma is magnetized and it takes certain
volume in the transporting region. Let us consider
processes resulting in occurrence of transverse current
through the surface which separates the body of plasma
(contacting with the isolated gun at the left) from the outer
volume of plasma (contacting with ground at the left).
Choosing this surface is determined by the possibility to
exclude the effect of shorting by conducting ends due to
boundary conditions (the Simon’s effect [8]). The
longitudinal transfer from the inner volume through the
right boundary, or the mirror entrance, depends on this
transverse current. The plasma density decreases outward

(∂ n/∂ r < 0) and electric field is directed outward (Er > 0)
on this separating surface.

The feature of the experiment is a narrow plasma jet.
Drift in the cross fluctuating azimuthal electric field and
the leading magnetic field, and ion-ion collisions result in
the widening of the jet. The second process, in contrast to
the first one, leads also to the considerable radial current.
This process of widening of the narrow plasma jet may be
described by a diffusion ratio, but it can hardly be named
diffusion in a narrow sense. This current value can be
estimated in the following way:

I
e n

r r dz S
e v n

L
i

ii

T

сi ii

i

⊥
⊥

= ∝ =∫ 05 2
2

280
2 2

2.
ρ
τ

∂
∂

π
ω τ

A.

The big value of current is appreciably determined by
big square of the limiting surface (3.7 × 104 cm2) and big
ratio of Larmor radius to the density change distance
ρi/L⊥ ~ 1/4. To illustrate another main reason of this strong
transverse current, let us consider a rough model of the
transporting region as a big mirror, and a gun generates a
plasma jet of Ipl into it. Denote the plasma lifetime in the
mirror as τlife. Then, plasma density is n = Iplτlife/er2L|| ;
taking into account that τii ∝ n−1, we may have the
following ratio of the transverse current 
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. The transporting region is

intended for transportation of plasma jet into the main
mirror. We accomplished the transportation of the whole
plasma jet generated by the gun by realization of collision
subsonic flow [9]. The lifetime τlife was equal to the flow
time for the region with the ion velocity, and the
longitudinal current was negligible. In this very case,
through sufficiently fast rising of the magnetic field and
ion heating into transverse degree of freedom [5]
collisionless flow is realized in front of the throat, and the
major part of the flow (~ 0.9÷0.95) becomes reflected by
the increasing magnetic field. The plasma lifetime τlife in
the transporting region increases considerably from the
previous case. As the longitudinal confinement of plasma
is improved than the transverse losses become important.

As there is no ban for both longitudinal current (due
to the contact with the system’s end of conducting vacuum
chamber), and Hall’s current (due to plasma cylindricity),

the conductivity current j⊥ = 
σ⊥

1+(ωceτe)2 E⊥ flows along the

direction of the radial electric field applied, and the current
is suppressed significantly by strong magnetic field. The
current is 

( )
I

E
r dz S

e n
m

EE

сe e сe e
⊥

⊥ ⊥
⊥= ∝ =∫

σ

ω τ
π

ω τ2

2

22 200A.

Note that even small heterogeneity in conductivity of
strongly magnetized plasma hinders the Hall’s current flow
and may cause a considerable increase in current along the



radial electric field. This effect was reported in [10] and
then studied in [11]. This turbulent current value can be
estimated in the following way. Collision processes lead to
the current of 480 À, which is known with the accuracy of
2 due to the accuracy of plasma parameter measurement.
Therefore, heterogeneity in conductivity may both play no
role and lead to the increase in current along the radial
electric field of the order of collision current. So, one can
conclude that there is a small, if any, influence of
turbulence on the transverse current flow.

To understand these two collision processes, let us
advance a simple consideration. Ions are more mobile at
the cross direction, and to keep them from going outward a
negative radial electric field is to be established. We have
a positive one, that, on the contrary, favours the transverse
ion flow outward. Change of direction of radial electric
field at periphery results in considerable decrease in
transverse current. That was confirmed by the experiments
specially conducted, and that correlates with the
understanding of the processes.

To complete the picture, it should be noticed that
starting with the time of 1.2 ms, the longitudinal current
flows from the extending outward grounded frame of the
solenoid to the anode of the gun. The contribution into the
transverse current of the following processes appeared to
be quite small. These processes are: collisions with neutral
particles, ambipolar diffusion of plasma in space with not
uniform potential, magnetic turbulent transport
u nB Br||

~ ~ . The last one was experimentally determined

with the use of nearby small Rogowskii coil and Langmuir
probe [12].

So, the big value of the current is explained by the
non-equilibrium radial electric field in plasma, given by
the arc gun electrode potentials, small transverse gradient
value of the density change due to the narrow jet, big
square of plasma surface due to the weak magnetic field,
and improved longitudinal confinement of plasma in the
transporting region.

IV.  LONGITUDINAL ELECTRON CURRENT

As ions flow outside in the transporting area, and
there is no runoff to an isolated gun, the electrons flow out
into the mirror along the field to provide quasineutrality.
The current shorting is realized by a conducting vacuum
chamber. Longitudinal electron current of 1 kA in the
plasma was found and investigated [7]. The current was
determined to be a part of the gun arc current [13]. When
coming to the mirror the longitudinal current becomes
displaced to the center and flows mainly along the
magnetic field force lines with radii of about 1/2 the gas
discharge channel radius. The plasma potential was found
to increase on these force lines when coming closer to the
mirror and the thermobarrier was not found in the throat

area (Fig. 3). This field formation could be possibly related
to potential non-equilibrium cross profile as a result of the
transverse diffusion of plasma. The need for longitudinal
electron current flowing in the area of low plasma density
could also cause the field formation. The potential
increases 150 V on the length of 2 m.

V.  FAST ELECTRON FLOW FORMATION

It is clear that a collisionless acceleration of electrons
with initial temperature of 10 eV by this electric field in a
homogeneous magnetic field could cause formation of
almost monochromatic electron beam with longitudinal
energy of 150 eV. The solving of Vlasov’s equation shows
that the presence of increasing magnetic field leads to the
electron spectrum widening at longitudinal energy. The
cause is the transition of energy from longitudinal to
transverse due to adiabatic invariant conservation. The
absence of sharp boundary of electron runaway in the
accelerating electric field could result in even the more
significant widening of the electron spectrum. When
coming closer to the mirror the plasma density decreased,
the boundary of the runaway area is shifted to the area of
the lower velocities, and the more electrons become
involved into the runaway process. The fast electron beam
relaxation to the plato state is also possible due to
development of Langmuir instability.

Therefore, the longitudinal electric field found forms
the population of fast electrons which transports the
current in the mirror. The fast electron flow in the mirror
was experimentally registered [14] by electron energy
analyzer (a probe with small inlet and electrostatic repelled
lens). The diagram of the function of electron distribution
over the longitudinal energy looks like a plato in the
energy range of 150 ÷ 300 eV.
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Fig. 3. Profile of plasma potential (dashed line)
and floating potential of probe (solid line) along
a magnetic field line on which the significant
longitudinal electron current flows.



VI.  ELECTRON HEATING BY FAST ELECTRON
FLOW

In case of current being transferred by not all
electrons but the small population of fast electrons, the
electron heating by the current is stronger.

That can be easily shown qualitatively. Let the current
be transferred by all electrons. Their density is equal to n,
the flow velocity — u, heat (chaotic) velocity vT, and
u << vT. In a time τ determined by the velocity of the
relative movement, i.e. heat velocity, the electrons lose the
longitudinal momentum nmu. Friction force is nmu/τ and
the power is Pjoule = nmu2/τ ~ j2/nτ ~ 1/n, where j = enu.
Let the same current be now transferred by the part of
electrons with the density of nf (nf << n) and the velocity of
uf (u << uf ~ vT). The current electrons lose the same
longitudinal momentum nfmuf in the same time interval τ.
The friction force is the same — nfmuf/τ, but the power
generated increases considerably P = nfmvf

2/τ ~ j2/nfτ ~
Pjoule n/nf.

Besides, to achieve the more precise understanding of
mechanism of heating, one can consider the flow of fast
electrons with the energy of E = 100 eV in an equilibrium
plasma with the temperature of T = 50 eV [15]. The time
of their passing the mirror is τfl = 0.3 µs. The characteristic

collision time is τ
π λ1 4

3 2

2
e m

e n
= ≈

E 3 µs. While flying

through the mirror, the fast electrons lose their momentum
and transfer the energy due to the collisions with ions and
electrons kept in the mirror. The time of momentum loss τs

and energy transfer time τE are shown in the Table.

ions electrons
τs τ1 ≈ τ1/1.4
τE >> τ1 ≈ τ1

Fast electrons at collisions with ions lose their
momentum only, and at collisions with trapped electrons
lose the momentum and transfer the energy if E ≥ 1.5 Te.
The loss of momentum results in the raising of fast
electrons temperature 13 eV (the power may be estimated
as Q = I E τfl/τs ≈ 20 kW). Energy transfer leads to heating
of the trapped electrons. Though the heating power is
lower (Q = IEτfl/τE ≈ 10 kW), the trapped electrons are
heated to higher temperature, as the lifetime of the trapped
electrons in the mirror is much longer than the lifetime of
the flying ones. So, the mechanism of the trapped electron
heating is the energy transfer from the fast electrons
carrying the current to the trapped electrons as a result of
Coulomb collisions.

The precise calculations confirm significant heating
of electrons kept in the mirror by the fast electron flow
which carries the current. This heating mechanism allows

to close the energy balance. The fast electron flow heats
the trapped electrons effectively (due to an ambipolar
potential and high velocity of the flow electrons) as a
result of Coulomb collisions.

Presence of strong current does not affect the hot ions
lifetime as the fast electron density is negligibly low, and
therefore the power transferred that is carried out quickly
by the flow from the mirror is also low. Absence of
thermobarrier in the throat does not affect the plasma
parameters in the mirror. Though the potential minimum is
far from the mirror in the transporting region, the electrons
on these force lines still are in deep potential well. These
force lines of the magnetic field are not projected into gas-
discharge channel with high emission ability and low
temperature.

VII.  CONCLUSION

Flow of transverse and longitudinal current in plasma,
and energy balance of electrons in AMBAL-M open trap
were studied. The mechanism of electron heating related to
the current flow and the experiment peculiarities were
detected.

It was cleared up that the features and peculiarities of
the experiment led to:
• transverse ion current in transporting region;
• longitudinal electron current from transporting region

into mirror;
• formation of electric field accelerating electrons at the

outlet from transporting region;
• formation of fast electron flow which transfers the

current in this electric field;
• effective heating of trapped electrons by fast electron

flow as a result of Coulomb collisions.
Features of the experiment were the realization of

thermobarrier and ambipolar potential.
It was stated that the peculiarities of the experiment

playing a considerable role in the processes named were:
∗ in the magnetic vacuum system: conducting grounded

vacuum chamber, and big area of low magnetic field,
∗ in the plasma gun: narrow ring jet that is generated by

the gun; electrode potential form a non-equilibrium
radial electric field in the plasma,

∗ improved longitudinal confinement of plasma in the
transporting region.

«Non-joule» non-turbulent effective heating of
electrons by the current has been first identified and
investigated. The model described shows the possibility of
obtaining of hot plasma in a mirror and the possibility of
change in plasma confinement by control of the radial
profile of the electric field using end potential electrodes.
The plasma state obtained is close to the one which can be
described basing on the classical (collisional) phenomena.
It was determined that non-equilibrium profile of radial



electric field set by the arc gun electrode potentials has the
major influence on realization of this efficient heating
mechanism. This control of the radial profile of the
potential and the «classical» character of the plasma
obtained are pointed out as characteristic favourable
features of open traps.

NOMENCLATURE

n density
E electric field
B magnetic field
E energy
I current
j current density
v velocity
u flow velocity
m electron mass
τ collision time
ρ Larmor radius
ω girofrequency
σ conductivity
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