Plasma Physicx Reporis, Vol. 23, No. 12 1997, pp, 1042-1045. Translated from Fizika Plazmy, Vol. 23, No. 12, 1997, pp. 1123-1126.

Original Russian Text Copyright © 1997 by Taskaev.

MAGNETIC CONFINEMENT

SYSTEMS

Dynamics of the Potential of a Plasma Jet Heated
by Atomic Beams in a Mirror System
S. Yu. Taskaev

Russian Federal Scientific Center, Budker Institute of Nuclear Physics, Siberian Division, Russian Academy of Sciences,
pr. Akademika Lavrent’eva 11, Novosibirsk, 630090 Russia
Received October 8, 1996; in final form, February 4, 1997

Abstract—In experiments on plasma heating in the AMBAL-Yu mirror system, the density of a target plasma
Jet was found to decrease substantially during the injection of high-energy atomic beams. In previous work, a
model was developed that can adequately describe this phenomenon, and the experimental and simulation
results were compared. Here, the dynamics of the potential of a plasma jet heated by atomic beams in a mirror
system is considered in order to better understand the observed decrease in the target-plasma density.

Experiments in the AMBAL-Yu device [1] revealed
an unexpected and interesting phenomenon: a substan-
tial decrease in the density of the target plasma jet dur-
ing the injection of high-energy hydrogen atoms.

The AMBAL-Yu is a classical single-stage tandem
mirror system with a mirror ratio of two and mirror dis-
tance of | m. A beam of 16 keV hydrogen atoms with a
flow current (expressed in electric current units) up to
160 A was injected into the plasma transverse to the
axis of the system; the injection time was 200 us.
Before the injection, the device was filled with a plasma
with a density of 2.4 x 10" ¢cm~ and with characteristic
electron and ion temperatures of about 10 eV. The
plasma jet was produced by an arc source with a slot
discharge channel [2], which was located outside the
mirror svstem near its end side. The plasma jet gener-
ated by this source entered the mirror cell along the
magnetic field lines. The jet was subsonic upstream and
supersonic downstream from the exit side of the mirror
cell. After the injection of atomic beams, a population
of hot 10ns with an average energy of 6 keV and density
upto .1 = 10" cm* was generated in a plasma volume
of 3 1. At the same time, the density of the target plasma
jet decreased markedly (by a factor of 2.5).

In previous work [3], the results of these experi-
ments were presented, and a time-dependent problem
of plasma flow was considered by the two-fluid magne-
tohydrodynamic approach with allowance for the pop-
ulation of hot 1ons in a mirror system. Also, a scheme
for numerical calculations was described, and good
agreement was found between the results of simula-
tions and all experimental data. The processes under
consideration were explained in terms of plasma pres-
sure distributions [3. 4].

Here. we study the dynamics of the potential of a
plasma jet heated by atomic beams in a mirror system
in order to provide a better understanding of the
observed decrease in the target-plasma density. We use

the results of computer calculations carried out in [3].
Since they are in good agreement with all experimental
data, it is convenient to use only the computation dia-
grams to interpret the phenomenon under investigation.
In [3], one can find experimental data on the behavior
of the plasma potential, electron temperature, plasma
density, etc.

DISCUSSION OF THE TIME EVOLUTION
OF THE POTENTIALS

Figure 1 shows profiles of the magnetic field and the
density of hot ions along the axis of the system (the
point z = 0 corresponds to the center of the mirror
system, and the plasma source is located at the point
z=-170 cm). We assume that the density of the hot
ions increases linearly during the first 10 Us, and then
remains at a constant 2 X 10'> cm. The energy of the
hot ions is 5 keV.

The injection of atomic beams leads to a rapid
increase in the number of hot ions. Hot ions rapidly lose
their energy in Coulomb collisions with electrons and
ions of the target plasma. For example, the time during
which hot ions are decelerated by the plasma, which is
still dense and cold in the initial stage of injection, is
equal to 3 ps. Most of the energy of the hot ions is con-
verted into the energy of the plasma electrons, and only
a small fraction of this energy is transferred to the ions
of a target plasma. As a result, the electron temperature
increases rapidly. Figure 2a displays longitudinal pro-
files of the electron temperature at different character-
istic times. We can see that at the center of the mirror
system, this temperature increases rapidly from 10 to
18 eV within 10 us.

The heated electrons are trying to escape from the
plasma, and its potential increases markedly and con-
fines these heated electrons in the system. As a result, a
longitudinal electric field arises, which decelerates the
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Fig. 1. Longitudinal profiles of the magnetic field (solid
curve ) and the density of the hot ions (dotted curve).

ions that enter the mirror cell and accelerates the ions
that escape from this cell. Because of the 1on decelera-
tion, the plasma flow through the mirror system
decreases. Consequently, since the plasma velocity
does not change, the plasma density begins to decrease.
Figure 2b represents longitudinal profiles of the plasma
jet. Because the ions are decelerated in the region in
front of the injection region, the deceleration of the
plasma flow results in an increase in the plasma density.
On the other hand, the flux of the ions that are acceler-
ated behind this region overtakes the flux of the ions
that were accelerated earlier and whose acceleration
rate was lower: consequently, the plasma flow behind
this region increases. After 100 us, the plasma flow
becomes the same as it was at the initial instant. This
state of the flow will be referred to as the steady state.
Our aim here is to study the corresponding density evo-
lution.

First. we analyze the processes that occur in the
zone between the plasma source and the injection
region. The plasma flow is governed by the motion of
the plasma ions. We use the equation of motion in the
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form Mn% = Aaa—':’ - aaL; + enk, + 0.71n%—i“. It is
convenient to describe the plasma flow in terms of the
plasma jet potential, because, in the steady state, there
is a simple relationship between the change in the flow

velocity and the potential: AA—/IZL—' = —A@p. We assume

that the potential at the plasma source is equal to zero.
Figure 3a depicts the potential of the electric field,
0x(z) = —eflmE:dz. Recall that the potential in the

mirror system increases markedly so that plasma elec-
trons whose heating rate is high are confined by the cor-
responding longitudinal electric field, which deceler-
ates the ions that enter the mirror cell. Consequently,
the plasma density starts to increase. Since the electron
thermal conductivity in front of the cell is high, the
electron temperature increases. The ion temperature
also increases due to electron—ion collisions. The
potential profile becomes smooth: in the zone between
the plasma source and the injection region, both the
plasma density and plasma temperature increase, and,
within the mirror cell, plasma electrons can be confined
in a relatively shallow potential well. However, in the
steady state, the value of the electric field potential in
the mirror system exceeds the corresponding value
before the injection; i.e., the ions that enter the mirror
cell are, as before, decelerated by the electric field. In
the steady state, the plasma flow again becomes the
same as it was at the initial instant. This raises the ques-
tion as to why the plasma density decreases. At first
glance, the plasma density should increase, because the
plasma flow is decelerated by the electric field.

We take into account a thermal force that is driven
by the longitudinal gradient of the electron tempera-
ture. The potential of the thermal force can be written

nu/B, arb. units
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Fig. 2. Longitudinal profiles of (a) the electron temperature and (b) the plasma flow at different times. (Here and below, the numbers
correspond 1o different times (in microseconds), starting from the time at which the population of hot ions appears in a mirror

systeni.)
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Fig. 3. Longitudinal profiles of (a) the electric field, (b) the thermal force, (c) the sum of the potentials of the electric field and the

thermal force. and (d) the ion pressure at different times.
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Fig. 4. Longitudinal profiles of (a) the summarized potential and (b) the plasma density at different times.

as @fz) = 0.71(T(—170) — T(z)). Figure 3b shows a
longitudinal profile of this potential. The effect of the
electrons that escape from the region in which the
plasma temperature is higher on the plasma ions is
weaker than that of the electrons that escape from the
region where the temperature is lower. The reason is
that the collision time depends strongly on the flow
velocity, T ~ v, Although the momentum acquired by

the plasma ions due to their collisions with hotter elec-
trons is higher than that acquired due to collisions with
colder electrons, in the latter case, the collisions are
more frequent. Consequently, the thermal force accel-
erates the ions that enter the mirror cell.

Figure 3c displays the sum of the longitudinal
potentials of the electric field and thermal force. One
can see that, in the intermediate stage, both the thermal
PLASMA PHYSICS REPORTS  Vol. 23
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force and the electric field also affect the deceleration
process. However, at the center of the mirror system,
the sum of these potentials in the initial state is equal to
that in the steady state. Consequently, the flow velocity
and, thus. the plasma density remain unchanged.

Figure 3d clearly show that the only effect is the
work produced by the ion-pressure forces. The poten-
tial of the 1on pressure is defined by the relationship
0,2) = | —~—dz. We can see that, in the steady
state, this potential is lower than that in the initial stage.
Consequently. in the steady state, the flow velocity is
higher and the plasma density is lower than in the initial
stage.

In order to better understand the work produced by
the pressure forces, we consider the behavior of the
ions that escape from the mirror cell. Let us analyze the
summarized profile shown in Fig. 4a. This profile cor-
responds to the sum of the longitudinal potentials of the
following quantities: electric field, thermal force, ion
pressure. and (for completeness) viscous force. An
increase in the plasma potential, which ensures electron
confinement in the mirror system, causes an increase in
the gradient of the ambipolar potential at the exit side
of the miurror cell. The rate of acceleration of plasma
ions by the electric field (but not solely by this field) is
higher than that for the plasma electrons. Consequently,
the rate at which the plasma ions escape from the mirror
cell is also higher than that for the plasma electrons. At
the same time. the plasma flow through the system
decreases. which results in a substantial decrease in the
ion density within the mirror cell. When the plasma
flow becomes the same as it was in the initial sage, the
drop in the potential between the plasma source and the
mirror cell increases, which is associated with a low
plasma density within the cell. Since the acceleration
rate of the ions that enter the mirror cell is higher, the
flow velocity of these ions increases, and, conse-
quently. the density of these ions decreases. Figure 4b
shows longitudinal profiles of the plasma density.

Finally. we should mention the famous experiments
carried out in the 2XIIB machine [5]. In those experi-
ments, in accordance with the diagrams presented in
that paper. the density of the target plasma decreased
during the injection of atomic beams. However, this
point has escaped the attention of researchers, probably
because they suggested that this decrease was associ-
ated with an obvious mechanism for the replacement
(due to charge exchange) of a target-plasma ion by a hot
ion. Note that, since the ion temperature of the plasma
jet in those experiments was high, the plasma flow in
the mirror system was collisionless (see, e.g., Fig. 9 in
[6]) and the effect under consideration (which is typical
of collision-dominated plasmas) did not manifest itself.
No. 12 1997
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CONCLUSION

We have studied the dynamics of the potentials of a
plasma jet heated by atomic beams in mirror systems.
Based on the results obtained, we have proposed an
interpretation of the 3 observed decrease in the density
of a target plasma jet during the injection of atomic
beams. The results of experiments and calculations can
be summarized as follows (the first and second conclu-
sions are taken from [3]).

(1) Ions of a target plasma jet are heated effectively
by the injected hot ions through their collisions with
plasma electrons.

(2) The ion heating increases the flow velocity of the
plasma jet and, accordingly, decreases the plasma den-
sity.

(3) In order to confine the heated plasma electrons
in a mirror system, the ambipolar potential increases.
An increase in the gradient of this potential causes an
increase in the acceleration rate of the ions that escape
from the mirror cell. The ion escape occurs under the
action of the electric field. In the initial stage (when the
plasma density increases), an increase in the ambipolar
potential leads to deceleration of the injected ions, a
reduction of the plasma flow, and a decrease in the
plasma density.

(4) To study the processes under consideration, it is
important to take into account the longitudinal thermal
force.
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