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The efficiency of ion heating in turbulent z-discharges with anomalous conductivity due to the excitation
of ion-acoustic instabilities in the plasma is investigated experimentally. Approximate formulas are
derived for calculation of the electron and ion temperature in the current peak of pulsed z-discharges in
experiments on turbulent plasma heating. The results of the calculations are compared with the
experimental data. Satisfactory agreement is obtained between the calculated ion temperatures and those

measured experimentally.

EXTENSIVE information has been accumulated up to
the present time on phenomena accompanying plasma
heating in high-current z-discharges.'’ However, it
has not been possible up to the present time in experi-
ments of this type to learn the general regularities
which determine the efficiency of ion heating in z-
discharge plasmas with anomalous conductivity. De-
velopment of models for ion heating in a plasma with
anomalous conductivity is hindered principally by the
fact that in most of the experimental studies which have
been published up to the present time there are no data
on the dependence of the experimentally measured ion
temperatures on the parameters of the discharge.

The present work is the continuation of a series of
investigations[z'sl devoted to study of the interaction
of rapidly varying electromagnetic fields of large am-
plitude with a dense high-temperature plasma. In the
present work we analyze the efficiency of turbulent ion-
heating processes in high-current z-discharges. We
discuss the particular case in which the depth of pene-
tration of the pulsed fields into the plasma due to exci-
tation of ion-acoustic microinstabilities'™ is clearly
greater than the radius of the plasma column and we
can expect that under experimental conditions the cur-
rent distribution over the cross section of the discharge
is not too far from uniform.

The analysis of experimental data in this work is
supplemented by a phenomenological model describing
the heating of electrons and ions in z-discharges with
anomalous conductivity. On the basis of the assump-
tions used, it is possible to construct a rather simple
and clear model which leads to results qualitatively
suitable for practical application. The regularities
found in the present work are compared with the re-
sults of similar studies published previously."®**]

DESCRIPTION OF EXPERIMENTS

The experiments were carried out in a series of
YaNUS installations. The characteristic design features
common to all the installations and the plasma diagnos-
tic methods used in the experiments have been described
in our earlier articles.®® A block diagram of the ap-
paratus, which was the same for all experiments, is
given in ', Preliminary ionization of the gas in the
chamber was accomplished by means of a pulsed Penn-
ing discharge. For simplicity of interpretation of the
results obtained, we did not use the corkscrew configu-
ration of longitudinal magnetic field in the series of
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experiments described. For discharge current ampli-
tudes I < 50 kA we used chambers of length L = 1 and
0.4 m, and for currents I~ 0.3 MA we used L = 0.15m.

Aluminum electrodes were used. Tubes of quartz or
high-frequency ceramic were used as vacuum chambers.
The current generator in all experiments was a high-
voltage pulse generator with low characteristic imped-
ance, operating under conditions close to critical. The
gas was hydrogen.

Discharges were studied in the plasma density range
10-10" cm™. The transverse dimensions of the cur-
rent column were limited by dielectric diaphragms.
Discharges with plasma column radii from 1 to 4 cm
were studied in various experiments. In all experi-
ments the pulse had a characteristic rise time from
zero to maximum to~ 2 x 107"=1 x 10 sec. The elec-
trical parameters of the pulse-generator circuit were
chosen so that t, was less than the flight time of ther-
mal ions in the discharge gap in the direction along the
axis of the system. Only in the experiments with a
chamber length L = 0.15 m could this condition not be
satisfied.

In accordance with **, on fulfillment of the condition
Bz /By > 1, (L/a)® > 1, the heat losses due to elec-
tronic conduction along the system axis and in the di-
rection perpendicular to it under turbulent discharge
conditions could be considered rather small for the
experimental conditions. Bz and By above are the lon-
gitudinal field and the field of the discharge current.

The experimental values of electron and ion tem-
peratures in the experiments were determined from
simultaneous measurements of the diamagnetic effect
in the plasma, averaged over the cross section of the
column, and of the energy distribution function of the
ions. The diamagnetism of the plasma was measured
by ordinary methods'*™** by means of magnetic probes
and loops surrounding the discharge. Study of the en-
ergy spectrum of the ions in the experiments was car-
ried out by the well known method of analysis of neu-
tral hydrogen atoms in the range from 100 eV to sev-
eral kilovolts.'»®** A more detailed description of
the features of the apparatus used and of the measure-
ment technique is contained in s,

The distribution of the ions in energy was deter-
mined for two directions of emission of charge-ex-
change atoms from the plasma—along the magnetic
field B and perpendicular to it. In experiments with
a dense plasma (n > 10'* cm™) for the charge-exchange
atom energy region lying below the sensitivity threshold
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of the apparatus & < 100 eV, the particle spectrum was
determined by means of direct measurements by an
electrostatic analyzer of the Hughes-Rojansky type for
ions emitted along the axis of the system. Under all
experimental conditions the ion spectrum obtained was
close to isotropic.

The plasma density in the experiments was deter-
mined by means of microwave diagnostics, laser inter-
ferometry, spectroscopy in the visible region, and cor-
puscular diagnostics.

The diameter of the current column in the experi-
ments was assumed equal to the internal diameter of
the diaphragms, in accordance with the data of mag-
netic measurements in ",

EXPERIMENTAL RESULTS

The discharge characteristics found in the experi-
ments turned out to be in many respects the same as
in most studies of turbulent heating of plasma under
similar conditions.'”®** Thus, the measurements
made showed that over a wide range of discharge pa-
rameters the plasma in the experiments is character-
ized by an anomalously low value of conductivity, which
is unexplainable in terms of the Coulomb collision
mechanism. Plasma conductivity values obtained from
the volt-ampere characteristics of the discharge show
that the resistance of the interelectrode gap has its
greatest value during the rise of the current from zero
to the maximum. In agreement with this the heating of
the plasma is mainly completed at the moment t =~ t,
of the current maximum in the pulse, and the energy
contribution to the discharge in the subsequent stages
of plasma heating is small. Just as in "»°** the plasma
conductivity in the region of most efficient heating is
several orders of magnitude below the Spitzer value, if
in analysis of the experimental results we neglect the
potential drop adjacent to the electrodes. High-temper-
ature ions in the discharge appeared near the point of
passage through zero of the voltage applied to the dis-
charge gap. The x rays observed in the initial stages of
the discharge were, as a rule, cut off at the moment of
appearance of heated ions in the plasma.

We note one feature of the discharges studied. Spe-
cial measurements with magnetic probes showed that
when heating pulses longer than 3-4 usec were used,
large-scale MHD perturbations of large amplitude were
observed under experimental conditions. Appearance of
this form of instability in the experiments led to a rapid
cooling of the plasma, accompanied by separation of a
large quantity of impurities in the discharge gap. For
the current pulse duration selected in the experiments,
to~ 107° sec, large-scale perturbations of the current
column were not, as a rule, observed if the plasma den-
sity exceeded a critical value 10" cm™,

In order to determine the efficiency of particle heat-
ing in z-discharges with anomalous plasma conductivity,
we obtained experimentally the maximum value during

the pulse of the gas-kinetic pressure p = (nT) = n(Te + Tj)

as a function of the amplitude of the current magnetic
field By. Here Te and Tj are respectively the electron
and ion temperatures in the discharge. The experimen-
tal data are given in Fig. 1. In accordance with the ex-
perimental results it is evident that the discharge cham-
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FIG. 1. Gas-kinetic pressure of the plasma p = (nt) = n(T + Tj) as a
function of the current magnetic field B, under various experimental
conditions in apparatus of the YaNUS series: O, 00, O—-B, = 1.5-3
kOe,L=1m,a=3.5cm,n~3 X 10'® cm™3; V-B, =4-6 kOe, L =
04 m,a~2-25cm,n~(2—4) X 10 cm3;0-B, =2-8kOe, L =
15cm,a~1.2—-1.4cm,n~4 X 10" cm™.

ber designs and plasma heating method used in the ex-

‘periments are characterized by the simple empirical
‘relation

(nT) = pBy*/8n 1)

with an average value 8 = 0.3 = const for a wide range
of discharge parameters. The value of 8 obtained is
close to the data of %,

We recall that under the experimental conditions the
theoretical value of the turbulent skin-layer thickness
65'™ is always larger than the radius of the plasma col-
umn. Therefore the plasma-temperature dependence on
the current field obtained in the experiments is a some-
what unexpected fact, since in accordance with the anal-
ysis made in '™ Eq. (1) should, strictly speaking, be ob-
served only in ‘‘skinned’’ discharges.

Comparison of the results of measurements in dif-
ferent experiments, carried out in m, indicates the ex-
tremely general nature of Eq. (1).

Let us turn to discussion of the results which de-
scribe the ion heating process in z-discharges with
anomalous conductivity. Systematic measurements of
the energy spectrum of ions in the present experiments
have been made for installations characterized by a
value (nT) ~ 10'°~10'" eV-cm™, In contrast to similar
studies such as ¥ the measurements carried out by
us permit determination, although rather crudely, of
the dependence, unknown up to this time, of ion tem-
perature on plasma concentration and on discharge-
current amplitude.

As illustrative material we have shown in Fig. 2 on
a semilogarithmic scale typical ion spectra obtained in
experiments for two values of plasma density. For both
curves the current field is By ~ 1.6 kOe, the longitudi-
nal magnetic field By = 3 kOe, the plasma column ra-
dius a = 3.5 cm, (nT)~ 2 x10'® eV-cm™, The slope
of the different portions of the curves indicates exis-
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FIG. 2. Ion energy spectrum obtained in the experiments. Curve 1—
n=3X 108 cm™, 0T =2 X 10'¢ eV/em?, T;; =100 eV, T;, =470
eV.Curve 2-n =1 X 103cm™, T = 2 X 1016 eV/cm?, T;; =470 €V,
Ty =1700eV,a=35cm,L=1m.

tence of two values of ion temperature in the discharge
in each of the regimes. It is natural to assume that the
more numerous ion group corresponding to the low tem-
perature value Tj = Tj, is the main group. An estimate
of the maximum quantity of hot protons with Tj = Tj,

> Ti,, made on the assumption that the spectrum ob-
tained is formed by superposition of two Maxwellian
distributions, shows that the fraction of ions with Tj

= Tjz is no more than 1% of the number of ions with

Ti = Ti;.

From comparison of curves 1 and 2 of Fig. 2 it is
evident that with increasing plasma density the ion tem-
perature falls both for the group with T; = Tj, and for
the group with Tj = Tj,. It was established in the ex-
periments that the experimentally measured ion spec-
tra depend weakly on the longitudinal magnetic field in-
tensity. In the energy region studied the ion distribu-
tion function depends weakly on the discharge current
pulse duration. As experiments showed, for a given
plasma concentration the values of Tj, for each instal-
lation are determined for the most part only by the
amplitude of the field By,. The relations Te /Ty, > 3,
Te /Tiz = 1 were always satisfied under the experimen-
tal conditions.

Estimates made show that under the conditions of
most experiments the main contribution to the energy
balance of the discharge is from ions with Tj = Tj,.
The ion group with Tj = Tj,, which satisfies the condi-
tion Tj, = Te, can play an appreciable role only in the
dynamics of establishing the level of plasma turbu-
lence.™

The relation (1) found above, together with the in-
equality Te /T, > 1, permits finding the ratio, often
used in the theory of plasma instabilities, of the direc-
tional electron velocity u) =j/en to the ion-acoustic
velocity ug = (Te /M)*/? at the moment of the peak dis-
charge current:

@)

Here j is the current density, M is the ion mass, 6g
~ c/w‘,iﬁ'l/2 is the thickness of the turbulent skin-layer.
") Terms of order Tj, /Te Were dropped in derivation
of Eq. {2). w,j is the plasma ion frequency.

From the experimentally known values of n, 3, (nT)
=n(Te + Tj), Tiy, Tiz, and a in the experiment we cal-
culated the quantities
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The data obtained in the experiment for the case (nT)
= 2x10 eV-cm™ and three plasma density values n
=3x10%cm™, 1 x10® em™, and 10 ¢cm™ are plotted
in Fig. 3 by the points with respective numbers 1, 2,
and 3. For comparison with the theory of ion-acoustic
microturbulence, we have chosen a coordinate system
in Fig. 3 in which the limit of excitation of ion sound is
described by curve 1,14

The accuracy with which Te /Tj and « are deter-
mined, which was estimated from the spread in the
measurements, is no better than 30%. It is evident
from Fig. 3 that within the experimental errors all of
the ratios Te /Tji, found in the experiments are close
to the position of the limit of ion-acoustic instability.
As has already been noted, the values of Te /Tj, are
always grouped in the region Tg /Tj, = 1.

To confirm the general nature of the result obtained,
together with the data of the present work we have
plotted in Fig. 3 the results of similar measurements
in 1'% where the energy distribution of the ions in
experiments on turbulent heating of plasma had a
clearly expressed two-temperature nature. It is evi-
dent that, in spite of the substantial difference in the
design of the apparatus and in the values of n, a, 3, and
L, these data also are in good agreement with the regu-
larity found: the values of Te /Tj, are close to the lim-
iting values, Tj, = Te > Tj,.

We note a series of experimental studies
(Fig. 3, points 7, 8, and 9) in which the ion energy spec-
trum is described by only one temperature value Tj
= T{. In this case, according to the data of Fig. 3 al-
ways Tf =~ Tg and either the ion group with Tj, < T¢
was not observed in the experiments as the result of
insufficient sensitivity of the measuring equipment in
the region & < 500 eV, or not ion-acoustic micro-
oscillations but some other mechanism of energy trans-
fer from electrons to ions is responsible for heating
the ions. In fact, for Tj = Te the ion-acoustic instabil-
ity excitation criterion is clearly not satisfied and ex-
citation of ion sound under such conditions is impossible.

—1, a.

[9,13,14]
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FIG. 3. The dependence obtained experimentally for the ratio Te/T;
on the parameter «. Points 1, 2, and 3 were obtained in the present work
forn=3 X 10 cm™, n=10'* cm™, and n = 10'* cm™ for conditions
corresponding the data of Fig. 2. Point 4 is taken from ref. 12, 5 from
ref. 10, 6 from ref. 11, 7 from ref. 9, 8 from ref. 14, 9 from ref. 13.
Curve 1 is the theoretical location of the boundary of ion-acoustic mi-
croinstability, II-T¢/T; = 1, HlI—experiment.
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DISCUSSION OF RESULTS OBTAINED

Turning to analysis of the experimental results ob-
tained in study of the regularities of electron and ion
heating in high-current z-discharges with anomalous
plasma conductivity, we note that the diagnostic meth-
ods used by us, which are the usual methods for most
similar work, permit measurement of only the inte-
grated characteristics of the plasma column in the ex-
periments. Therefore, in interpretation below of the
results obtained, it is necessary in most cases to work
with quantities averaged over the cross section and
length of the plasma column.

In establishment of the regularities necessary to ex-
plain the properties of z-discharges of the type dis-
cussed, we will limit ourselves to the following model
representations. We will assume that the appearance
of anomalous conductivity in high-current z-discharges
is due to excitation in the plasma of ion-acoustic in-
stability. The process of momentum transfer from
electrons to ions in a plasma with a steady background
of ion-acoustic microinstability is analyzed in a num-
ber of articles, for example, in "' In accordance
with the theoretical results given in these articles we
can expect that the Joule heat dissipated in the anoma-
lous resistance is transferred initially to the electrons,
and then through the microfield directly to the ions.

We will assume that in the case discussed the inter-
action of particles in a turbulent plasma is equivalent
in the last analysis to ordinary binary collisions with
an effective collision frequency vg due to the presence
of the microfield of the ion-acoustic instability in the
plasma. Here, as experiment shows, under the condi-
tions of most experiments with high-current z-dis-
charges the contribution of Coulomb collisions to the
particle heating process is negligible. As a result of
this fact, in construction of the model it is assumed
that the role of binary collisions in discharges with
anomalous conductivity is unimportant.

We note also that the optimal prospects which can
be associated with the transition to turbulent methods
of electron and ion heating in z-discharges are given
by the calculation of plasma heating by a current on
the assumption of the complete absence of energy loss.
Therefore, as the simplest variant, we have discussed
below only the case in which during the heating of the
plasma the energy loss from the discharge is small
and does not need to be considered.

In a case where the assumptions made are valid, the
equations which describe the energy balance in turbu-
lent z-discharges with current heating of plasma retain
their usual form:

2 [n(r.+T)]=Ej, 3)

3 %T1=6vs(TU—T,-).
Here vg is the effective collision frequency, n is the
plasma density, Te and Tj are the temperatures of the
principal, most numerous group of electrons and ions,
respectively, 6 is the fraction of energy lost by an elec-
tron in a time 7g = vg. We assume that the anomalous
conductivity og is related to vg by the usual relation:
0g = ne’/myg.L™

As is well known, in collision of a light particle with
a particle at rest, the latter can receive an energy trans-
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fer of the order of the mass ratio § ¥ 2m/M. In our case
this quantity is unknown. To estimate it we will use the
following reasoning. Under extremely general assump-
tions*® it can be shown that in the case of a steady
current-flow process in the discharge, when all of the
energy acquired by an electron between collisions is
transferred to ions, the following equality is satisfied:

(4)

In the case discussed the system is nonstatlonary and
we can state only that 2m/M < § < a®m/M. At the same
time, in the current peak when u) = const, we can evi-
dently assume that the relation 6= « m/M is valid.
We note that in most experiments with high-current

z-discharges, as a rule, the mequahty (uy /uTe) <1
or the equivalent inequality (M/m) >a 21 is satis-
fied.

We will limit ourselves to discussion of the special
case of pulsed z-discharges. Let us consider the plasma
heating process only during the phase corresponding to
the rise of the discharge current I(t) from its zero value
to the maximum I(t,). In the interval 0 <t < t, we can
approximate the shape of the current pulse by the rela-
tion I(t) = I(t,) sin wt. Note that for this choice of I(t),
ty, = /2w and By = 21(t,)/ca.

Let us take into account the threshold nature of the
ion-acoustic instability. For this purpose we will write
the effective frequency of collision of electrons with
ions in the form

8= (uy/ur)*=a’m/M.

(5)

o — {\‘0(1—%/(1) for o> q,,
' 0 for ¢ <o

where the function a¢(Te /Tj) corresponds to the criti-
cal value of o, beginning with which instability arises
for a given ratio Te /Tj. The relation between Te /Tj
and ac, which was taken from *® is shown in Fig. 3,
curve I. The analytical form of the function a¢(Te /T1
is rather cumbersome, t1,18) and therefore in practical
calculations it is convement to use an approximation of
a¢ in the form

(6)

We can convince ourselves by direct numerical veri-
fication that Eq. (6) differs from the exact relation‘"'®
by no more than 5% in the range 2 < ¢ < 15. In Eq. (5)
v, is a still undetermined constant which can be ob-
tained either on the basis of exact calculations of the
dynamics of development of the ion-acoustic instability
under experimental conditions, or can be evaluated on
the basis of the experimental data.

In accordance with the data of Fig. 1, in what follows
we will assume that under the experimental conditions
the relations a 2 ac(Te /Ti), Te /Ti > 1, which are
necessary for excitation of the ion-acoustic microinsta-
bility, are always satisfied.

We will add one more assumption. We will assume
that the principal fraction of the thermal energy re-
leased in the plasma up to the moment when the peak
current value is reached is associated only with the
change of energy of the conducting medium on penetra-
tion of the current magnetic field into it. In this case
the heating stops at the moment when aB /at in the
discharge goes to zero.

ac X T5(T;/ T.)*.
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We will consider the results of a general analysis of
processes of this type,['%J from which after integration
of Eq. (3) we find the average value of thermal energy
density in the discharge at the moment t = t:
B}

—.

1
(nTy= m_" B (M
In Eq. (7) 6By is the increase in By during the rise of
the discharge current from zero to its maximum, and
the integral is taken over the entire volume of the plas-
ma cylinder V = 7a’L.

As we see, the theoretical dependence (7) obtained in
our model representations correctly reflects the regu-
larity (1) found in the experiments and differs from the
experimental behavior only by a correction factor 8
~ const ~ 0.3.

Taking into account Eqs. (1), (5), and (7) and the as-
sumptions made, we will rewrite the system of Eqs. (3)
in the form

(3a)
(4a)

nT. = BB,*/8xn for t =~ t;
ar/dt = T.ved (1 — uJa) for 0<<t <t

Let us estimate the value of v,0 expected from the
theory of ion~-acoustic instability. We will use the es-
timate for v, given in one of the most recent publica-
tions:'*®

Vo = mew/M (8)

It is easy to be convinced that for the case in which v,
corresponds to Eq. (8), even in the most unfavorable
conditions of z-discharges with record-breaking small
current-pulse durations t, ~ 107 sec and for the usual
values a ~ 5 cm, B~ 0.5, and n 2 10" cm™, in accor-
dance with the theorym] we should have:

vod > . (9)

We will assume that the inequality (9) obtained from the
calculations is satisfied in the experimental conditions
with z-discharges. Then, for the case of an incompres-
sible plasma column the validity of the relation (1) ob-
tained in the experiments, and of Eq. (2) which follows
from it, follows directly from (3a). Further, using in-
equality (9), we obtain from (3b) the asymptotic approx-
imation

lim (1 —afa) =0 for o/ved—0, (10)

where at the moment t = t, the quantity o satisfies
equality (2), and ¢ is found from Eq. (6). Since ac-
cording to Eq. (5) the condition 1 — a¢ /a = 0 deter-
mines the location of the boundary of ion-acoustic in-
stability (Fig. 1), in the case when Eq. (10) is valid we
should expect that in the approximation adopted the ex-
perimental values of Te /Ty, = f(e) should be grouped
in the region of transition of the system from an un-
stable state to a stable one. It is not hard to convince
ourselves that the result obtained has a quite general
nature and does not depend on the specific form as-
sumed in Eq. (5) of the functional relation vg(oe, @), if
vg increases sufficiently rapidly with distance from the
boundary of instability (Fig. 1).

The relations obtained permit determination of the
efficiency of heating electrons and ions in z-discharges
with anomalous conductivity, if at the moment t = t, the

plasma column radius a, discharge current It,), the
quantity B, and the plasma density n are known. We re-
call that the system of Eqs. (3) is applicable, strictly
speaking, only to discharges in which the particle in-
teraction is described by binary collision theory. The
attempt set forth above to use Egs. (3) formally to de-
scribe processes in discharges with anomalous con-
ductivity naturally can be justified only as the result

of a systematic comparison of the results of the calcu-
lations with experiment.

In terms of the assumptions which have been made,
Egs. (1), (2), (6), and (10) determine the energy balance
in the plasma of z-discharges with ion-acoustic micro-
instability. We recall that the data of the experiment
are satisfactorily described by the model representa-
tions developed above only for cases in which experi-
ments on plasma heating revealed a two-temperature
distribution of ions in energy under conditions of an
anomalously low plasma conductivity measured in the
discharge.

The agreement obtained between the experimental
results and the model calculations indicates the cor-
rectness of the assumptions which we have made as
to the nature of the electron and ion heating processes
in pulsed z-discharges with ion-acoustic microinsta-
bility.

Unfortunately, in the current stage of the investiga-
tions the level of the diagnostic technique and the accu-
racy of the quantities measured with it are still far from
sufficient to determine the causes of the systematic de-
viation observed in the experiments of the measured
Te /Tj, and calculated Tg /Ty (Fig. 3). Therefore it is
difficult to say whether the observed systematic differ-
ence is associated with the experimental error, with the
inaccuracy in calculation of oq(Te /Tj), or with the hys-
teresis phenomena which are normal for instabilities of
a threshold nature. Independently of further improve-
ment in the theoretical results and measurements, it is
already apparent that the model which we have presented
for evaluation of Tg and Tj, allows prediction of the pa-
rameters of discharges with an accuracy sufficient for
practical purposes.

The authors thank R. Z. Sagdeev, E. P. Velikhov,

V. E. Golant, and M. P. Petrov for discussion of the
results obtained.
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