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The physical efficiency of current heating of a dense plasma in a strong-current gas discharge stabil-
ized by a strong magnetic field is considered. The heating efficiency is of the order of 60%. Current
heating is the result of successive development of a number of stream instabilities and takes place so
long as the current flows in the active region of the discharge. The previously obtained value of the
plasma thermal energy density (nkT = 3 x 10'® eV/cm®) is confirmed.

1. INTRODUCTION

THE question of efficiency is of great significance in
the study of heating by current as a promising method
of obtaining thermonuclear plasma in a reactor with
positive yield.

The relatively high efficiency of current heating, in
final analysis, is determined by the anomalously large
value of the active resistance of the plasma, which, un-
like the case of classic ohmic heating, does not decrease
with increasing plasma temperature.

The theoretical premises for the use of stream in-
stabilities for plasma heating were developed in!*™®’.

The anomalously large high resistance of a strong-
current gas-discharge plasma was first observed ex-
perimentally in'®!. Subsequently this fact was observed
in a large number of experiments'™'?’. In experiments
with the ‘“‘Grom-3’’ setup it was shown that if the ap-
plied electric field is sufficiently strong, a stream in-
stability develops in the discharge, and leads to effec-
tive heating of the electron'*?’ and ion'**’ components
of the plasma. The observed plasma heating is the re-
sult of successive development in the discharge of a
whole series of stream instabilities of various types.

In the initial stage of the investigated discharge, the
plasma was sufficiently isothermal and the excitation
of the stream instability relative to the ion-acoustic
oscillations was impossible. Therefore as soon as the
electrons in the electric field of the discharge acquired
a translational velocity exceeding the initial thermal
velocity, an electron-ion instability of the Budker-
Buneman type was excited, and led to heating of the
plasma electrons. With further heating of the electrons,
the critical value of the current density (j., = neVrpg)
increases appreciably and heating stops, since the dis-
charge current is usually limited by the parameters of
the supply source. In this experiment the electrons were
heated at this stage to a temperature on the order of
50 eV, whereas the ion temperature remained at the
initial level, of the order of 5—10 eV. In this case con-
ditions were created in the discharge favoring the exci-
tation of stream instability relative to ion-acoustic os-
cillations, which indeed determined the further heating
of the plasma to temperatures on the order of several
keV. The maximum attainable electron and ion tempera-
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tures of the plasma are determined in this case by the
violation of the conditions for the excitation of this in-
stability (Tg > Ty, jcr > neVpevmg/Mj). Depending on
the initial plasma parameters and on the type of gas,
other successions of stream instabilities are possible
and can lead to effective heatiug.

We have investigated the physical efficiency of cur-
rent heating of a dense plasma of a strong-current gas
discharge in the regime when ion-acoustic instability
was excited.

2. EXPERIMENTAL SETUP AND DIAGNOSTIC TECH-
NIQUE

The experiments were performed with the ‘‘Grom-3"’
apparatus, which is a strong-current gas discharge in
hydrogen, stabilized by a strong magnetic field. The in-
side diameter of the cylindrical discharge chamber is
10 cm, and the distance between electrodes is 25 cm.

The maximum intensity of the external magnetic field
is 16 kOe, the total discharge current reached 300 kA
and had a period of 9 usec, while the range of working-
gas pressures was 1 x 10°—5 x 10™ mm Hg. The con-
struction and the parameters of the setup are described
in detail in'*®?. In the experiment we measured the den-
sity of the current flowing through the central part of
the discharge, the electric field, and the density of the
kinetic energy in the plasma.

The distribution of the current density in the plasma
was investigated with the aid of a system of magnetic
probes disposed along the radius of the plasma column
in the central plane of the discharge. Figure 1 shows
the radial current-density distribution measured in this
manner at the instant of excitation of stream instability
in the plasma. It is seen from the figure that the highest
current density, at which the condition for the excitation
of stream instability is satisfied, is in the region next to
the axis, with an approximate diameter of 2 cm. On the
other hand, an appreciable fraction of the current flows
in the region next to the wall, where the conditions for
current heating are not satisfied. It should be noted that
since the outside dimension of the system of magnetic
probes (diameter 6 mm) turned out to be comparable
with the dimensions of the active region of the dis-
charge, measurements of the current density on the
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FIG. 1. Radial distribution of the density of the longitudinal current
jz, obtained by measuring with a system of local magnetic probes (H, =
kG, Py = 1.5 X 10 mm Hg). The figure shows the dimensions of the
discharge chamber and of the diagram, and also of the local magnetic
probes Il and “combined” probes I and II.

FIG. 2. Oscillograms of total discharge current (upper trace), of the
diamagnetic-loop signal and of the internal current flowing in the active
region of the discharge. The dashed line shows the value of the paramag-
netic signal due to the total discharge current.

discharge axis yield a result that is somewhat too low.

Thus, in the present experiment, to determine the
real efficiency of the current heating, it was necessary
to investigate processes that occur in the region of the
discharge next to the axis.

To this end, a combined probe was constructed, con-
sisting of a Rogowski belt and a multiturn diamagnetic
loop, enclosing the active region of the discharge. The
probe was placed in a quartz torus with minor outside
diameter 6 mm and major inside diameter 20 mm. The
diamagnetic loop had 50 turns of wire having a diam-
eter 0.25 mm. The Rogowski belt consisted of 300 turns
of wire of 0.15 mm diameter. In view of the fact that the
torus was inside the hot plasma, it withstood a limited
number of discharges, which nevertheless was sufficient
for the measurements.

Figure 2 shows the temporal oscillograms of signals
from the internal Rogowski loop and the diamagnetic
loop, and of the total discharge current. We see that
during the time when the internal current grows, the
plasma is heated and a diamagnetic effect appears. This
is manifest in the oscillogram of the magnetic flux as an
appreciable decrease of the paramagnetic signal due to
the total discharge current.

This method makes it possible to measure simul-
taneously the density of the thermal energy of the
plasma particles as well as the density of the current,
both averaged over the cross section of the probe. The
values of these parameters on the discharge axis could
be obtained by using their radial distributions measured
by local magnetic probes (see Fig. 1). In this experi-
ment these distributions were approximated by para-
bolas in the form

j(r) =jo(1 —r2/a?).

These measurements, supplemented with measurements
of the electric field in the discharge, make it possible
to estimate the conductivity of the plasma and the
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plasma- oscillation energy density'®. The electric field
wes estimated from measurements of the difference of
the potentials in the discharge gap, assuming a uniform
distribution along the system.

Using the experimental data obtained by the des-
cribed methods, it is possible to estimate the physical
efficiency of the current heating of the plasma in a
strong-current gas discharge.

3. ANALYSIS OF ENERGY BALANCE IN THE DIS-
CHARGE IN THE CASE OF CURRENT HEATING

Assuming total ionization of the working gas, the
equation of the energy balance can be written in the
form

dW | dt = noE* — W |1, (1)

where 7,44 is the time constant of the departure of en-
ergy from the magnetic trap (the energy containment
time) without current heating, o is the effective electric
conductivity of the plasma in the case of current heat-
ing, E is the intensity of the electric field in the plasma,
n is the physical efficiency of the current heating, and
W = (3/2)nk(T; + Tg) is the density of the thermal en-
ergy in the plasma.

It was shown in earlier experiments''®**! that as the
result of heating, the relation T = 2T; is established
between the electron and ion temperatures. In this case
W = 2.25 nkT,.

The coefficient  is a reflection of the existence of
increased energy loss from the trap, due to different
instabilities during the period of flow of the strong dis-
charge current that heats the plasma. The efficiency
and the time constant of the additional loss 1 is connec-
ted by the simple relation

1 oE?
—=2—n). @)

The introduction of the dimensionless coefficient 77 in
this analysis is more convenient. Solving Eq. (1) under
the assumption that 7)., E, and ¢ are quantities that
vary slowly in time (as is well satisfied under the con-
ditions of our experiment), we obtain

W(t) = nUEzrloss[1 - exp(—‘rheat /Tloss)]' (3)

Here Tpegt is the duration of the pulse of the heating
current. If the energy loss from the system is suffi-
ciently high, then the maximum attained thermal energy
density in the plasma is given by

max == NOE 05 (4)

and is practically independent of the heating-current
pulse duration.

In the case when the loss is small (Theat € T1ogg)>
then

Winax = N0E2Theat (5)

and the density of the thermal energy in the plasma is
proportional to the duration of the heating-current pulse.
If Thegqt is sufficiently large, then the heating will con-
tinue until the condition for excitation of the instability
responsible for the heating is violated. For example, if
the current heating is due to ion-acoustic instability,
then the heating conditions can be written in the form
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UG>VVs:YV"I,I%‘VTe1 (6)

where mg and M; are the masses of the electrons and
ions, and Uy is the current-drift velocity.

The value of the coefficient ¥ should depend strongly
on the relation between the electron and ion tempera-
tures of the plasma during the last stage of heating!®’.
The experimentally determined value of this coefficient
is ¥y = 2.5. This result is in good agreement with a
number of other measurements'®!.

The value of the maximum attainable thermal energy
in this case, obtained from the condition (6), is given by
the expression

252 .
4.5211025 _& )
VWo, m
Neglecting the loss in the trap, we can write the mini-
mum value of the heating time in the form

4510 M

=
min - My’ me

Winax =

®@)

Here w g is the electron plasma frequency.

The values of Tpaq¢) T)oggs @0d W can be obtained
from the form of the diamagnetic-signal pulse, and the
values of ¢ and E can be measured directly. Thus, the
obtained relations enable us to estimate, on the basis of
the experimental data, the value of  and to trace the
variation in different discharge regimes.

4. DISCUSSION OF EXPERIMENTAL RESULTS

Figure 3 shows the dependence of the thermal energy
of the plasma and the value of the coefficient n as func-
tions of the electric field in the plasma. We see that 7
depends little on the electric field, and we therefore use
in subsequent investigations its mean value 1 = 0.6.
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FIG. 3. The solid curves show the dependence of the physical effi-
ciency n of the current heating (a) and of the density of the thermal
energy of the plasma, calculated from formula (3) (b). (The mean value
is ; = 60%). The points represent the values of the density of the
thermal energy of the plasma, obtained from direct measurements of
the diamagnetic effect by means of an internal probe. The dashed line
represents the thermal energy of the plasma calculated by formula (7).
Ep ~ 107'2 n/Te is the critical Dreicer field. The insert shows an oscil-
logram of the total discharge current Itot (upper trace), of the current
in the active region of the discharge Iheat, and a plot of “pure’ diamag-
netic signal nT obtained from the oscillogram of the magnetic flux (see
Fig. 2). Theat — heating time, 7]oss — energy loss time.
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The solid curve in Fig. 3 shows the dependence of
the density of the thermal energy on the electric field,
obtained by calculation from formula (3). The values
needed for the calculation of the physical quantities
were obtained from measurements, the results of which
are shown in Fig. 4. The points denote the values of this
quantity, obtained by independent measurements with the
aid of a diamagnetic loop. The plateau observed in this
investigation near the threshold value of the electric
field (see Fig. 3) can be obtained from the equation of
the energy balance in the discharge.

The oscillogram shown in Fig. 3 demonstrates the
time variation of the ‘‘pure’’ diamagnetic signal, ob-
tained as a result of a reduction of the oscillogram of
the magnetic flux in the near-axis region of the dis-
charge (see Fig. 2). For clarity, we show also oscillo-
grams of the total discharge current and of the current
flowing in the active zone of the discharge. Attention is
called to the fact that the plasma heating occurs only
during the time of flow of the heating current, and stops
after the current stops. This agrees well with the pic-
ture of the development of current heating. It must be
noted that in this case more than half of the energy sup-
plied to the plasma is lost during the heating time as a
result of the poor containment properties of the trap.
The dashed curve of Fig. 3 shows the value of the
thermal energy of the plasma calculated from formula
(7). The discrepancy between experiment and calcula-
tions observed at certain values of the electric field,
can be attributed to the fact that in this case the devel-
opment of ion-acoustic instability is limited by the heat-
ing of the ions, leading to equalization of the ion and
electron temperatures and to an increase of . It should
be noted here that whereas in the former case the
plasma heating is determined practically only by the
electric field in plasma and by its density, in the latter
case an important role is played by the balance between
the energy loss and energy supply, as already noted
above.

5. CONCLUSIONS

Thus, we have investigated the physical efficiency of
current heating of a dense plasma. The efficiency of
heating turned out to be higher than obtained in earlier
investigations by the authors, where the efficiency was
determined principally by the loss in the external cir-
cuits without allowance for the loss in the magnetic trap
itself in the absence of current heating.

It is shown that the current heating of the plasma oc-
curs during the time of current flow in the active region
of the discharge, and after the end of the heating ap-
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proximately 60% of the supplied energy remains in the
form of thermal plasma energy.

It is shown that the density of the thermal energy of
the plasma increases approximately like E?, and that
the mechanism limiting the development of the ion-
acoustic instability in the case of strong electric fields
is probably ion heating.

The previously obtained high value of the density of
the thermal energy of the plasma in the current-heating
regime (nkT ~ 3 x 10" eV/cm®) has been confirmed by
different independent methods.

In conclusion, the authors thank Ya. B. Fainberg,
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