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Turbulence heating of a helium plasma was investigated by means of time-resolved spectra
obtained with an image converter. The wave penetration into the plasma in turbulence heating
was studied by observing the emission of individual spectral lines. The intensity of the spec-

tral lines was used to estimate the electron temperature which was found to be Te
It is shown that under typical experimental

in a plasma with density ne = 2 x 10 cm™.

~

100 eV

conditions the plasma impurities amount to less than 1% of the primary component.

1. INTRODUCTION

THE turbulence-heating method developed by
Babykin, Zavoiskif et al (157 offers new and inter-
esting possibilities for the production and investi-
gation of high-temperature plasmas. As reported
in [1’2], this method makes it possible, by very sim-
ple techniques, to heat electrons rapidly to very
high temperatures. For example, a temperature of
1.5 keV has been obtained at an electron density of
2 x 10" em™ and this value is still far from the
limit possible with the method. [(5- It has also been
shown (25 that turbulence heating of the electrons
produces favorable conditions for effective heating
of the plasma ions.

In the present work we report on a spectroscopic
investigation of turbulence-heating in a plasma with
relatively high electron density. We have investi-
gated the impurity content, a factor that plays an
important role in the heat balance of a plasma with
hot electrons. The electron temperature has been
deduced from the intensity of the spectral lines of
helium. From the point of view of understanding the.
turbulence-heating mechanism we are interested in
the penetration of the wave into the plasma, the
electron heating rate, and the radial distribution of
the electron temperature in the discharge tube.
Information on all these characteristics has been
obtained from the radial distribution of the emis-
sion intensity of individual spectral lines.

In turbulence-heating the energy of the rf cir-
cuit is transferred to the plasma in a very short
time interval. The time the plasma remains in the
high temperature state depends on the density, de-
gree of ionization, and the method of containment.
At high densities (N > 10 ¢m™) and full ioniza-
tion, conditions that characterize the present ex-
‘periments, the plasma cools off and decays rapidly
because of electron-ion recombination, regardless
of the method of containment. It is evident that

under these conditions the most valuable informa-
tion can be obtained by time-resolved spectra,
which allow us to trace the dynamic behavior of the
spectral lines in each of these phases of a single
discharge. For this reason, in the present work we
have employed techniques appropriate to the pho-
tography of spectra of a weakly emitting short-
lived plasma that ex[ploit the image converter des-
cribed in reference [67.

2. EXPERIMENTAL ARRANGEMENT, PREION-
IZED PLASMA

The experimental arrangement (Fig. 1) is es-
sentially that used by Babykin, Zavoiskif et al.[?’
The plasma is produced in a glass tube 1 of 3.6 cm
diameter, which is first pumped down to 107 mm
by an oil diffusion pump. The working gas is helium
and the helium pressure in the chamber is regula-
ted by means of a controlled leak.

The rf circuit 2 has a characteristic frequency
of 12.5 Mc . The length of the cylindrical turn which
serves as the inductance in the circuit is 30 cm.
The circuit capacitance, 0.0045 uF, is charged to
40 kV. With these values the amplitude of the ac
magnetic field at the center of the discharge cham-
ber is 560 Oe . The coils 3 (radius 30 cm) produce
a fixed magnetic field of 800 Oe which is uniform
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FIG. 1. Diagram of the experimental apparatus.
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to approximately 2% in the region of the cylindri-
cal turn of the rf circuit. The mirror ratio is ap-
proximately 3.

The light from the discharge chamber is trans-
mitted through a semitransparent end electrode 5 ;
the mirror 6 and the objective lens 7 (f = 30 cm)
focus the light on the slit of an ISP-51 spectroscope
with a chamber having a focal distance f = 27.0 cm.
The time-resolved photographs are obtained by
means of the image converter (IC). The pulsed
supply for the image converter is obtained from a
sweep generator. (7] The generator can be triggered
simultaneously with the preionizing pulse or with
the pulse to the rf circuit; there is a controlled
delay ranging from 3 to 1500 wsec between these
two settings.

The preionized plasma is obtained by a direct
discharge of a capacitor C = 0.05 uF between
electrodes 5 and 8. The discharge is fired be-
tween electrodes 5 and 8 by breaking down a
small gap between electrodes 8 and 9 from which
electrons move freely into the discharge volume in
the chamber. Capacitors C and C,, rated 0.012
uwF, are charged to 25 kV.

The direct discharge current flows for several
microseconds. The plasma becomes 50% ionized in
this stage. The density of the freely decaying plas-
ma then diminishes gradually. A curve showing the
time variation of electron density ne is plotted by
observing microwave transmission through the
plasma at wavelengths of 0.4, 0.8, and 3 cm. The
nature of the curve between the points 1.7 x 10%
and 1.25 X 102 ¢m™, corresponding to cutoff of
the microwaves at wavelengths of 0.8 and 3 cm, is
established precisely by the damping of the spectral
line of the plasma afterglow.

A photograph of one of the portions of the after-
glow spectrum obtained with a time-resolved sweep
is shown in Fig. 2a. D This picture exhibits all the
characteristic phases of the freely decaying dense
helium plasma. Following the initial spectral burst
corresponding to current flow there is a dark reg-
ion followed by the spectrum characteristic of
three-body electron-ion recombination. (8] The
intensity of the recombination lines reaches a
maximum quickly; then, when the lines of singly
charged ions appear the intensity is damped in
several hundreds of microseconds.

Recombination of the doubly charged He*" ions
occurs four times more rapidly and the process is

++

DThe graininess of the pictures shown here as well as
that in Figs. 3, 4, and 6 is due to the high amplification of
the image brightness. The individual grains correspond to
individual primary photoelectrons that are emitted from the
input photocathode of the image converter (cf. [¢]).
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FIG. 2. Curve showing the

time decay of the electron den- g \x b
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terminated before the electron density falls to a
value of 1.7 X 10' em™. Consequently, when

ne < 1.7 x 10" ecm™ the intensity of the lines of
He I is proportional to the electron recombination
rate; this feature makes it possible to interpolate
the curve showing the decay of plasma density in
the indicated region. A decay curve for ne obtained
in this way at a pressure of 4 x 107 mm in helium
and the magnetic field of 800 Oe is shown in Fig.
2b.

It is evident from the above that by introducing
a variable delay between the triggering of the pre-
ionizing pulse and the triggering of the rf discharge
we can switch on the rf discharge at any predeter-
mined degree of plasma ionization.

An investigation was also made of the impurity
content of the preionized plasma. It is shown in
Sec. 4 that impurities can be neglected under typi-
cal experimental conditions.

3. PROPAGATION OF INTENSE ELECTROMAG-
NETIC WAVE IN LOW DENSITY PLASMA.
ELECTRON TEMPERATURE

Turbulence-heating is attributed to an anomalous
collisionless absorption of an intense electromag-
netic wave that propagates across the magnetic
field in the plasma. (1,2,4,5] According to the theory
this process leads to the development of a beam-
type (two-stream) instability with subsequent ab-
sorption and thermalizdtion of the plasma oscilla-
tions. The characteristic time of the process is
appreciably smaller than the period of the rf cir-
cuit. Hence, at any given instant of time the elec-
tron temperature is determined by the current in
the wave and heating can occur essentially only in
the first quarter period of the oscillation circuit.

In other words, it can be said that even on the wave
front the electron temperature should read the
maximum value attainable for the given experimen-
tal conditions.
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In connection with this interpretation of the tur-
bulence heating mechanism (which holds for a fixed
magnetic field H, < 10% Oe)[* it is of interest to
carry out an experimental investigation of the
propagation of the intense electromagnetic wave in
the plasma and to measure the electron tempera-
ture at the shock front. A series of photographs ob-
tained in experiments with a helium pressure of
1.5 x 1073 mm, an electron density ne = 2 x 10"
cm™, and with the mirrors switched off, is shown
in Fig. 3.
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FIG. 3. Time-resolved photograph of the diameter of the
plasma cylinder as observed in the light of individual
spectral lines of helium showing the penetration of the wave
into the plasma in the turbulence-heating process.

It is evident from these photographs that the
wave propagates with the Alfvén velocity
VA = 3.5 X 10" cm/sec from the periphery to the
axis of the discharge tube; this wave is character-
ized by a clearly defined front at which there de-
velops an intense dissipative process. The elec-
trons are actually heated to the maximum tem-
perature at the wave front. This result is obtained
from the intensity ratio of the hehum lines
Ja113/T 4999 at wavelengths A = 4713 A and
A =4922 &.0 Photographlc analysis of the pic-
tures in Fig. 3 shows that directly beyond the wave
front the average value of the ratio Jy743/J 999 = 0.4
along the diameter of the plasma column; this cor-
responds to Te > 40 eV.

The pictures in Fig. 3 have been obtained in
three successive discharges rather than in a single
discharge. Strictly speaking, the value of
T4713/J 4999 measured in a given discharge can differ
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from the intensity ratio for J,;13 and J,9,, meas-
ured in different discharges. However, in control
experiments it was found that with uniform experi-
mental conditions it was possible to obtain good
reproducibility of the measured results.

In order to check further we took time-resolved
photographs of the He 4713 A and He 4922 A lines
in a single discharge. A picture of the correspond-
ing portion of the spectrum obtained with mirror
geometry with a helium pressure 1.5 x 1073 mm
and a density ng = 2 x 10 ¢m™ is shown in
Fig. 4. 2 The density of the single electron grains
in this picture is such that the photographic analy-
sis can be carried out by counting grains. 6] Re-
sults of this photographic analysis are shown in
Fig. 5a in the form of histograms. The large sta-
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FIG. 4. Time-resolved photograph of a portion of the turbu-
lence-heating spectrum of a plasma containing the lines
HE 14713 A, He 1 4922 A, and He II 4686 A.
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FIG. 5. Histogram of the time dependence of the intensity
of the spectral lines He I 4713 A, He I 4922 A and He II
4686 A.

2In photographing the spectra with the image converter,
the rectangular coordinate system of A and t is distorted into
a diagonal coordinate system, as is evident in Figs. 4 and
6. For convenience we have shown two time scales on these
figures.
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tistical errors characteristic of photographic
analysis make it impossible to trace the time be-
havior of Jyq13/J4909 in a single photograph.

However, it is possible to use these data to com-
pute the value of J4qy3/J4999 averaged over some
sufficiently large time interval and to estimate the
mean value of Te. The value obtained in this way
for (Jyq113/J4999) for the initial time segment
At = 3 x 107" sec is 0.2. It is clear that with this
value of J,q43/J4999» We cannot make a very accurate
measurement of Te . Extrapolating the calculated
curve for the value given by Thoneman 91 to the
temperature region above 70 eV, we can state that
(Te) is of the order of or greater than 100 eV .
The value of Te obtained from the data of Fig. 3
is lower than that for (Te) because of the absence
of magnetic mirrors in the first case.

In Fig. 5a we show the results of photographic
analysis of the He II 4686 A line, which has an ex-
citation potential of 51 eV . The ratio of the inten-
sity of this line to the intensity of the He I 4922 A
line can be used to estimate Te, using the well-
known excitation functions for these lines (1% and
the densities of neutral and ionized particles in the
plasma. In these experiments the rf circuit is
switched on after the He** ions have completely
recombined while the ionization time for the neu-
tral and singly ionized helium are greater than 2
and 5 usec respectively. Hence, the density of He *
ions at the time the circuit is operated is equal to
the electron density and the intensity of the He I
4922 A and He II 4686 A lines can not change be-
cause of ionization effects during the time of ob-
servation (7 x 1077 sec). These estimates of plasma
electron temperature also yield a value <Te>
~ 100 eV.

A more precise record of the intensity of the
spectral lines as a function of time can be obtained
by averaging the histograms for several dischar-
ges. Data of this kind obtained for seven dischar-
ges under the same conditions are shown in Fig.
5b. The intensity decay in these histograms yields
an additional independent estimate of the maximum
value of the electron temperature in the plasma.
The emission of the spectral lines can be weakened
only by cooling and the escape of plasma from the
working volume (the observed damping times are
small compared with the ionization time of the
atom ~ 2 x 1078 sec). We now consider these two
mechanisms.

Under the present experimental conditions
(mirror field, initial atomic density 5 x 10% em™
and approximately 50% ionization) electron cooling
is due primarily to radiation of line spectra in the
plasma. This cooling rate (for an optically thin

3
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plasma) can be estimated from the Bethe formula: (11]

daT, 8nN,Z et [( T,\ _1.1 1
— == Q=1 1r1—>e f/e—E-(——~>
dt ,ZVZmnTe I; ‘ T, 1’

where Zj is the number of electrons bound to par-
ticles of type j, Nj is the density, Ij is the mean
excitation energy of these particles, and Ej (x) is
the integral exponential function. According to this
relation, with an initial temperature Te = 100 eV,
the electron temperature falls to approximately
50 eV in a time 3_x 107" sec while the intensities
of the He IT 4686 A and He I 4922 A lines are re-
duced by factors of 1.9 and 1.3 respectively (in ac-
cordance with their excitation functions). This re-
sult is in good agreement with the time behavior of
the intensities shown in the histograms in Fig. 5b.
Evidently the damping rate can only increase as
the initial value Te is reduced (because in this
temperature region the excitation function falls off
sharply as Te is reduced whereas dTe/dt is es-
sentially unchanged) and this contradicts the ex-
perimental results. For this reason escape of
plasma from the volume is compatible with the
observed line damping only for initial values
Te > 100 eV and such values contradict the ear-
lier estimate of Te obtained from line intensities.
Thus, it appears that the only mechanism for
damping of the spectral lines is electron cooling;
estimates of Te on the basis of cooling rates give
a lower limit of 100 eV for the initial value of the
electron temperature.

4. INVESTIGATION OF IMPURITIES

In the present work we have investigated what
is essentially a nonequilibrium plasma with hot
electrons and relatively cold ions. Radiation losses
play a basic role in the heat balance of such a plas-
ma contained in a magnetic field with mirror geom-
etry; in the medium and low temperature region
the primary radiation mechanism is the radiation
of line spectra of incompletely ionized atoms. The
intensity of the line radiation is a linear function of
the atomic number Z so that the estimate of the
plasma cooling rate due to radiation of atoms of
the working gas we have given above may not be
valid if the partial pressure of heavy gas impuri-
ties is large.

Under the present experimental conditions (as
well as the conditions given by Babykin, Zavoiskil
et al [1’23) the presence of a large amount of im-
purities in the plasma cannot be discounted a priori.
These impurities can be produced in the preionized
plasma, which is obtained by a direct discharge be-
tween metal (copper, aluminum) electrodes. Im-
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purities can also enter the discharge if the plasma
comes in contact with the walls of the discharge
chamber. A known impurity fraction (0.03% N,,
0.01% O,, and 0.01% H,) was present in the techni-
cal grade helium used to fill the operating chamber.
The impurity content has been investigated by
means of time-resolved spectra. The spectrum
sweep is triggered by the preionization trigger and
the sweep speed is relatively low. As a result, the
spectrogram records the entire history of the spec-
trum including the preionizing pulse, the heating
pulse, and the subsequent cooling. A typical spec-
trogram obtained under the experimental conditions
described here (pressure 1.5 X 103 mm, density

ne ~ 2 x 10¥ ¢m™) is shown in Fig. 6, column I.
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FIG. 6. Time-resolved spectra of the plasma obtained in
an investigation of the impurities by the ‘‘small-sample’’
method: I) technical grade helium without additive; II) with
3.5% N,; III) with 6.5% N,; IV) with 5.5% O,

The complete spectrogram consists of photographs
of five individual almost overlapping segments
taken under identical conditions. In this spectro-
gram one can see the peaks corresponding to the
helium spectrum in the preionizing discharge and
the discharge of the rf circuit in an interval of
107 sec (the recombination emission phase follow-
ing the rf discharge is cut short).

The strongest impurity lines are the Hp lines
and the group of lines below He II 4686 A. There
are also weak md1cat10ns of other impurity lines
(near He 5016 A and in the region below He 4471
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A). Most of these lines are associated with nitro-
gen and oxygen. A quantitative estimate of the con-
tent of these elements was made by the ‘‘small-
sample’’ technique. The spectra obtained in this
case with samples of 3.5% N,, 6.5% N, and 5.5%
O, are shown in the same figure in columns II,

III, and IV respectively.

It is evident that the addition of small amounts
of O, and N, results in a sharp increase in the in-
tensity of the corresponding impurity lines. Analy-
sis of the spectrograms in Fig. 6 indicates that the
nitrogen and oxygen impurities comprise less than
1% of the primary plasma component. A careful
analysis has also shown that the spectrum does not
contain lines corresponding to atoms or ions of
materials used in the electrodes or chamber walls.

It is important to note that the addition of small
amounts of N, and O, results in an appreciable
reduction of the electron temperature, as evidenced
by the sharp reduction in the intensities of the
spectral lines of helium both in the radiative and
recombination spectra. On this basis we may say
that in general the total impurity content in the
turbulence-heating plasma experiment is less than
1% of the primary component.

It is also interesting to point out the promising
possibility of a quantitative analysis of a high-
temperature plasma that is offered by the obser-
vation of the time-resolved recombination spec-
trum. In principle, analysis of the recombination
spectrum allows us to estimate the degree of ion-
ization, to determine the partial pressure of the
impurities, and to identify the radiative spectrum
by virtue of the fact that the recombination rates
are different for atoms with different ionization
multiplicities.
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