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Results are reported of an experimental investigation of the characteristics of a discharge
plasma with hot electrons (np ~ 101 em™?, Teh ~ 100 keV, negTe) 6 X 10'® eV/cm?®). The
discharge was excited in hydrogen at a pressure < 10~ mm Hg by an electron beam of

5—6 keV energy and 2—3 A current, injected along a magnetic mirror trap (Hmir/Hy = 4,
Hy, = 1200 Oe) in the stationary and pulsed modes. The characteristics of the decay plasma
were investigated in the pulsed mode. Simultaneous use of several measurement procedures
(x-rays, microwaves, light, diamagnetic probe) has made it possible to increase the degree
of reliability of the results. It is established that the density of the ‘‘hot’’ electrons amounts
to 1/10 of the total plasma density in the discharge and to 1/3 in the decay part. It is shown
that the discharge plasma contains three groups of electrons: ‘‘hot’’ ( Teh ~ 100 keV),
““‘warm’’ (Tew ~ 100 eV), and ‘“cold’’ (Tec ~ 4 eV). In the decay plasma there are two

groups, ‘‘hot’’ and ‘‘cold.”’

1. INTRODUCTION

THE instability of an electron beam (or current)
in a plasma situated in a magnetic mirror trap was
used in many investigations to obtain a plasma with
“hot’’ electrons 78] In the past few years, linear
and quasilinear theories of the electron instability
of an electron beam in a plasma were devel-
oped (7-9] and subjected to experimental verifica-
tion using pulsed electron beams. The agreement
between theory and experiment was found to be
satisfactory [10-11] " ©Mych less progress was made
in the theory [12715) and experiment for stationary
conditions (deep nonlinearity). A number of im-
portant problems concerning the mechanism of
electron heating under stationary conditions
(stochastic acceleration), the values of the density,
temperature, the distribution functions for the hot
electrons, etc. call for further clarification and
refinement. Nor is there at present enough ex-
perimental material on the decay of a plasma with
hot electrons situated in a magnetic trap, and the
existing data 181" have not yet been adequately
interpreted. The mechanism of anomalous decay,
observed in a plasma with hot electrons, has like-
wise not been sufficiently investigated (6,17,181

We present in this paper the results of experi-
ments carried out with a setup similar to that
used by Alexeff et al.l?] our data yield additional
information with respect to the characteristics of
the stationary beam-plasma discharge situated in
a magnetic field of mirror configuration, and the

decay of the hot-electron plasma which is pro-
duced thereby.

2. DESCRIPTION OF INSTALLATION AND OF
THE OPERATING MODES

To produce a plasma with hot electrons we used
a discharge with an incandescent cathode and a
neutral-gas pressure gradient [2], disposed along
the axis of a magnetic mirror trap. A diagram of
the setup is shown in Fig. 1. The two main sole-
noid windings 1, producing the mirror-configura-
tion field, were placed in a vacuum container 2 of
stainless steel, evacuated with diffusion pumps
with a total capacity not less than 4,000 liters/sec
of hydrogen. The residual pressure in the con-
tainer was approximately 1 X 107 mm Hg. The
magnetic field in the mirrors could reach values
5,000 Oe, and the field in the center of the trap
was 1200 Oe. In one of the coils was located an
electron gun consisting of an incandescent flat
tantalum cathode 3 and a massive copper anode 4
with a round channel along its axis, of 10 mm
diameter and 40 mm length. The working gas (in
most experiments—hydrogen) was fed to the cen-
tral part of the channel through a tube 5. The
electron beam passed along the magnetic-trap
axis and was incident on an anticathode. Both a
solid anticathode 6, with disc diameter 35 mm,
and an anticathode in the form of a hollow cylinder
7 with opening diameter 50 mm and length 90 mm,
were used. When the hollow anticathode was used,
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FIG. 1. Schematic diagram of the installation: 1 — coils
producing the magnetic mirrors, 2 — vacuum container, 3 —
cathode, 4 — anode, 5 — gas supply tube, 6 — solid anti-
cathode, 7 — hollow anticathode, 8 — opposing-field coil, 9 —
x-ray counter, 10 — microwave horns, 11 — monochromator, 12 —
diamagnetic probe, 13 — lead shield.

the discharge was ignited by producing at the loca-
tion of the anticathode, with the aid of an additional
solenoid winding 8, an opposing magnetic field of
several hundred Oe intensity. The discharge was
fed from a low-resistance high-voltage source
(Umax =6—T7kV, Lnax =5—T7 A), with negative
voltage applied to the cathode. The anticathode
could either be under a floating potential, or
grounded through a ballast resistor. To produce
the pulsed mode, an electronic voltage-modulation
system was used. In most experiments, the vol-
tage pulse duration was 10 msec and the pulse
repetition frequency was 5 pulses/sec.

Depending on the physical parameters of the
system, it was possible to excite two types of dis-
charge: low-resistance arc or high-resistance
discharge with x-radiation. The main physical
parameters on which the type and intensity of the
discharge depended were: gas pressure P, anode
voltage, and magnetic field intensity H,. The
character of the excited discharge determined the
value of such parameters as the anticathode vol-
tage Uy, the total current drawn from the power
supply I, etc. The discharge depended also on
the geometry of the electron gun, the position of
the anticathode, the size of the ballast resistance
in the anticathode circuit Rp, etc. The optimal
conditions for the high-resistance discharge were
chosen such to produce maximum density and
temperature of the hot electrons.

The low resistance arc was excited at suffic-
iently high-hydrogen pressure in a container with
P > 107" mm Hg, low anode voltage Uy = 200—700V
(Uge = 0), and the magnetic field could be varied
in a wide range from 200 to 1200 Oe. The dis-
charge was in the form of a well delineated braid
in the shape of the magnetic-field force lines, with
a diameter ~3 cm in the central part.

The high-resistance discharge with the x-radia-
tion was observed at hydrogen pressures in the
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container P & (6—10) X 107 mm Hg and at anode
voltages 2—3 kV and higher. To obtain a discharge
with maximum x-ray intensity, the maximum
magnetic field was used (Hy = 1200 Oe), and the
anode voltage was raised to 5—6 kV. The current
drawn from the power supply reached 2—3 A, and
the anticathode voltage was 3—3.5 kV. The dis-
charge ‘‘fanned out’’ in the transverse direction
to 10—15 cm. The maximum x-ray level on the
outer side of the container walls (8—10 mm thick)
reached 150—200 mr/hr (continuous mode). It
should be noted that the operating mode of the in-
stallation (continuous or pulsed) had no influence
on the characteristics of the discharge. The
plasma parameters in the discharge pulse itself
was the same as in the stationary discharge.

The results that follow pertain exclusively to
the high-resistance discharge with x-radiation.

3. MEASUREMENT RESULTS

We used several diagnostic procedures to de-
termine the characteristics of the stationary and
decay plasma.

A, X-ray Measurements

The hot-electron plasma is a source of brems-
strahlung x-rays, making it possible to obtain in-
formation with respect to a number of physical
quantities: the temperature of the hot electrons
Teh, their density np, the dimensions of the glow-
ing region, and the lifetime in the magnetic trap 7.

1. The dimensions of the region occupied by
the hot electrons were determined from x-ray
photographs obtained with a pinpoint camera (Fig.
2). The photography was on special x-ray film
through a window in the container, covered with an
aluminum foil of 100 u thickness. The photometry
of the film with the plasma image yielded the
following plasma dimensions: length 14 cm, and
diameter of the central part 2.8 cm. (half-width of

FIG. 2. X-ray photograph of discharge. The primary electron
beam passes from left to right. In the right side of the figure is
shown the image of the flange of one of the mirror coils.
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FIG. 3. Histogram of typical spectrum of the x-radiation
from the plasma. The hundredth channel corresponds to energy
E, =500 keV.

the photometry curve). The plasma shape can be
identified with an ellipsoid of revolution,

2. Tep was determined from the energy spec-
trum of the bremsstrahlung quanta emitted by the
central part of the volume. Collimation of the
radiation was with the aid of diaphragms and lead
shields. The container walls were 40 cm from the
glowing volume. The emission spectrum was
plotted with the aid of a scintillation y spectrome-
ter with NalI(Tl) crystal, photomultiplier (FI:ZU-
29), and 100-channel pulse-height analyzer
(AI-100-1, resolution time 40 + n usec, n—channel
number) for a single-channel differential discrim-
inator (AADO-1), used for control measurements
(resolution time =1 usec).

Figure 3 gives the histogram of a typical
plasma x-ray spectrum. The energy calibration
was against the known spectrum of Cs¥ with
quantum energy E. = 661 keV.,

To determine Tgp, the experimental spectrum
was compared with a theoretical one calculated
for a Maxwellian electron distribution (191,
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FIG. 4. Spectra of the bremsstrahlung from the plasma: 1 —
discharge, 2 — decay 2 msec after the end of the discharge
pulse, 3 — the same after 8 msec; Ty = 100 keV.
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The approximate value of Tg was determined
from the slope of the experimental curve

(dQ/dE )exp in the quantum energy region Ey

= Tep plotted on a semilogarithmic scale. Figure
4 shows the characteristic spectra of the brems-
strahlung from the plasma of the discharge and of
the decay part.

The energy resolution for the employed Nal
crystal (diameter 40 mm, height 40 mm) is cal-
culated to be 20% for Ey =100 keV and 25% for
E‘y = 20 keV [20]. Corrections for the absorption
of the quanta in the container window and in the
crystal liner were introduced in the soft part of
the spectrum. The total thickness of the absorber
was equivalent to 0.5 mm of aluminum. The cor-
rection for the absorption of the 20-kV radiation
was 35%.

3. The density of the hot electrons was deter-
mined by measuring the total energy flux from a
known plasma volume, which in turn was deter-
mined by calculation. The calculated value of np
was obtained from the known relation [19;

Q = 1.69-10-2n,noTe(erg/cmS sec). (2)

Here N is the density of the neutral atoms and
Tep the temperature in eV. For the most intense
modes, np amounted to 1 X 10!! electrons/cm?

(Q = 36 erg/cm? sec). We did not take into account
the relativistic correction for the bremsstrahlung
of electrons from electrons, which reaches ~30%
for a Maxwellian distribution with Tep = 100 keV,
Failure to take this correction into account over-
estimates the value of nj given by (2). On the
other hand, we did not register the radiation in

the soft part of the spectrum (up to 20 keV), which
underestimated the result calculated for a Max-
wellian spectrum by ~20%. The main experimental
error in the determination of np is connected with
the uncertainty in the size of the radiating volume
and is estimated at + 25%.

4. Figure 5 shows an oscillogram of the x-rays
registered with a scintillation counter in the ab-
sence of collimation. The dense ‘‘forest’’ of
pulses corresponds to the discharge (duration
10 msec), followed by the decay part. On the de-
cay part one can see two large pulses due to the
superposition of a large number of quanta in a
short time interval (the constant of the recording
apparatus was 0.5 usec). These pulses are
gathered away by a lead absorber of 5 mm thick,
located ahead of the scintillation counter, and re-
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FIG. 5. Registration of x-ray flux by a scintillation counter.

The afterglow shows two large pulses corresponding to anoma-
lous plasma decay, 11 and 23 msec after the end of the dis-
charge.

flect the anomalous decay of the plasma with the
hot electrons.

B. Microwave Measurements

1. Determination of plasma density. The plasma

was sounded with a microwave signal at 3.2 cm
wavelength. The microwave system consisted of

a generator, receiving and transmitting horns with
apertures 35 X 35 mm, spaced 220 mm apart (see
Fig. 1), a flow-through attenuator, and a detector
section. The generator operated in a mode of in-
ternal modulation at 1 kHz. Figure 6 shows typical
oscillograms of the signal passing through the
plasma. In the most intense mode, practically
complete blocking of the signal is observed (at-
tenuation = 20 dB), corresponding to a plasma
density ng = ngypjt = 1.1 % 102 el/cm®, Under
these conditions, apparently, the total plasma
density ng in the central part of the discharge did
not greatly exceed ngypjt, since the modes at which
incomplete blocking of the signal was observed
(Fig. 6b, attenuation ~ 14 dB), and complete block-
ing (Fig. 6a, attenuation ~ 20 dB), corresponded
to nearly equal values of the physical parameters
characterizing the discharge (P, Uy, Hy, Uge, I,
x-ray dosimeter readings, hardness of the x-rays,
ete.).

After the end of the discharge pulse, an appre-
ciable attenuation of the signal, ~3—5 dB (decay
part), is still observed. Using the theory of re-
fraction attenuation of a microwave signal in a
plasma, neglecting geometrical optics [“], we can
obtain data with respect to the plasma density in
the decay part. The average value of the plasma
density at the start of the decay (t = 0.3 msec) is
(2.5—3) x 10! el/cm?, under the assumption that
the plasma diameter is 3.0 cm (x-ray photograph
data). The decay plasma, as a rule, is interrupted
by an anomalous jump (see Figs. 6a and b). The
threshold density that could be noticed is esti-

mated at 10! el/cm3. It should be noted that in the
continuous mode, the plasma density was deter-
mined in the 1.5x 101'—4 x 10!! el/cm?® by two
methods: by determining the attenuation and by
determining the phase shift of the transmitted
signal. Both methods are in satisfactory agree-
ment within the limits of measurement accuracy
(£ 15%).

2. Radiation from plasma. The electromagnetic
radiation from the plasma was received with a
loop-type or rod-type coaxial probe introduced in-
side the container and located 10—20 cm from the
visible boundary of the plasma. To register the
radiation, commercial apparatus was used, SCh-5
frequency spectrum analyzer and P5-5 and TPS-
54 receivers. In addition, in the 3- and 10-cm
bands, we used broadband waveguide systems with
detector sections.

The microwave radiation was registered only
in the mode with the x-radiation. The intensity of
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FIG. 6. Oscillograms of sounding microwave signal (3 cm)
and radiation from the plasma. a — Lower trace — modulated
microwave signal (each marker — 1 msec), attenuation during
the discharge ~20 dB; upper trace — x-rays (small amplifica-
tion); the anomalous decay at the 14th msec is observed. b —
upper trace — microwave signal, attenuation at the end of the
discharge pulse ~ 14 dB; lower trace — electromagnetic radia-
tion from the plasma in the 10 MHz range: anomalous decay is
seen at the 5th msec.
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the oscillations increased with increasing x-ray
emission. On the decay part of the pulsed mode,
there was no radiation (Fig. 7a). In the 1500—
7400 MHz band, a continuous spectrum was ob-
served with individual peaks of width up to 20 MHz.
The most intense peaks corresponded to frequen-
cies 3400, 3800, 4120, 5500, and 5650 MHz. The
radiation was registered at the 10 7—108 W level.
The maximum excess of the signal over the aver-
age noise level was 10 dB. The positions of the
peaks did not depend on the magnetic field. Figure
7b shows a typical oscillogram of the radiation
peak at 4,920 MHz. The TPS-54 receiver regis-
tered in the 10—18 MHz band the electromagnetic
radiation corresponding to the instant of the ano-
malous decay of the plasma (narrow peak on the
low oscillogram of Fig. 6b).

C. Optical Measurements

An appreciable part of the radiation for the
plasma was in the optical band, making it possible
to carry out certain optical measurements.

1. Relative line intensity. To register the light
from the plasma we used a UM-2 monochromator
with FEU-29 photomultiplier, the current of which
was measured with a meter (continuous mode) or

with an oscilloscope (pulsed mode). The natural FIG. 8. Oscillogram of the intensity of the spectral lines
time constant of the apparatus does not exceed

and of the total light. a — Lower trace — Hg line, discharge
pulse duration 10 msec; upper trace — x-rays. Anomalous de—O
cay at the tenth msec. b — Upper trace — line He I (A = 5015A),
lower trace — total light.

0.1—0.2 msec. In some of the experiments, the
total light flux was registered. For registration
with the monochromator, we chose the atomic hy-
drogen Hﬁo line, and also the heclium line He I

(A =5015 A—singlet, A = 5875 A—triplet), meas-
ured batches of which were specially introduced into
the discharge. Figure 8 shows typical oscillo-
grams of tohe intensities of the Hg and He I

(A =5015 A) lines and of the total light. The re-
duction of the oscillograms shows that the inten-
sities of the Hg and He I (A = 5015 A) lines de-
creases after the end of the discharge pulse by a
factor 6—8, and that of the He I (A = 5,875 A) line
by a factor of 40—50. The discharge pulse is fol-
lowed by a region of smooth drop in intensity. The
ratio of the intensities of the He I lines (5015/5875)
in the discharge pulse turned out to be 0.3—0.4,
and on the decay part it turned out to be 2—2.5
regardless of the instant of time, within the limits

FIG. 7. Oscillogram of microwave radiation from the plasma.
a — Upper trace — signal from P5-5 receiver (f = 3800 MHz); of the measurement accuracy (+30%). (In the

lower trace — signal of three centimeter detector section (time stationary discharge in the low-resistance arc
sweep); b — signal from S4-5 frequency spectrum analyzer mode, this ratio 0.08—0.09, corresponding to Te
(f = 4,120 MHz). =13—15 eV.)
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FIG. 9. Contours of the Hg line. Solid curve — experiment,
dashed — Doppler contour.

The oscillograms of the line intensities show
for different instants of time on the decay certain
steps reflecting the anomalous decay of the plasma,
in which the glow decreases by a factor 5—7. The
instant of appearance of the step is strictly cor-
related with the burst of x-radiation (see Fig. 8a)
and the anomalous jump in the attenuation of the
sounding microwave signal.

2. Width of spectral lines. To obtain the line
contours we used a Fabry-Perot interferometer
(IT-51), crossed with a spectrograph (ISP-51) with
a camera having f = 270 mm., We studied the
contours of the lines Hg, Hy: Hs, He I, and He II.
The lines have noticeable broadening. The half-
width of the Hp lines ranges from 0.4 to 1.2 A,
corresponding to a neutral-atom temperature of
1.5—13.5 eV, assuming Doppler broadening.
Figure 9 shows typical contours of the Hg lines
when light is recorded from the entire volume of
the plasma (a) and when sighting on the central
region (b). As seen from the figure, in the case
when the radiation from the central region is re-
corded, noticeable deviation of the line contour
from the Doppler line contour is observed. It
should be noted that this line broadening is not
typical of the x-radiation mode alone, and is ob-
served also in the low-resistance arc.

D. Diamagnetic Measurements

The hot-electron plasma has a noticeable dia-
magnetic effect, from which one can determine the
density of the transverse particle energy W
=ngTe. The measurements were made with the
aid of a probe in the form a coil with inside diame-
ter 100 mm, containing 500 turns of copper wire
(0.15 mm diameter). The coil was enclosed in a
metallic screen protecting the probe against in-

duction. The probe was moved perpendicular to
the discharge axis at a distance 35 rnm from the
central plane, and subtended the plasma column.
Figures 10a and b show oscillograms of the vol-
tage picked off the probe. The first pulse in the
oscillograms occurs when the discharge is ignited
and is connected with the generation of plasma
with hot electrons. The second pulse reflects the
decay of the plasma after the termination of the
discharge pulse. The area under the pulses char-
acterizes the energy contained in the plasma. The
value of W was calculated from the relation
.41019.
W-L<SX3->=O‘5 10- Hy

cm

S e(t)dt, (3)
0

where H,,. is the intensity of the constant mag-
netic fielrc)i in the vicinity of the probe, equal to
1650 Oe at Hy = 1200 Oe, wpy =500 turns, and
Seff is the effective area of the radiating plasma
at the probe location. This area was determined
from the x-ray photograph of the plasma and
turned out to be 5.3 cm?. € (t) is the voltage
picked off the probe, in volts.

Relation (3) was verified in special experiments
with a working model of the probe using exponen-
tial magnetic-field calibration pulses produced
with the aid of a solenoid imitating the plasma.
The calculations and the measurements of the
calibration field coincide within the measurement

W;3Saefs

FIG. 10. a — Oscillogram of voltage from diamagnetic
ptobe; b — the same, showing the anomalous decay at the 10th
msec. Oscillations with frequency 730 Hz correspond to pulsa-
tions of the main magnetic field.
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accuracy (~ 5%) for exponential pulses with de-
cay constants 7 = 3 msec. Since an appreciable
fraction of the plasma (up to 60%) decayed under
our conditions within a time not exceeding 3 msec,
the use of relation (3) to determine the energy
content of the plasma does not give rise to ap-
preciable errors (less than 10%).

Substantial difficulties in the measurement of
the diamagnetic signal were due to pulsations of
the magnetic field at low frequencies (10—12 and
730 Hz), connected with the operation of the dc
generator feeding the main coils. The total error
in the determination of the area under the dia-
magnetic-signal curve is estimated at + 10%. The
mean energy content for the intense mode was
6 % 10!% ev/cm?®.

At the instant of anomalous plasma decay, a
second diamagnetic pulse is observed on the os-
cillogram. The energy content of the anomalous
pulse is estimated at 10—40% of the initial stored
energy, in agreement with the x-ray measure-
ments.

4, DISCUSSION OF THE RESULTS

1. Comparison of the results of an independent
determination of the energy content of the plasma
(neTe) as made with x-ray and diamagnetic
measurements for the same experiments show
them to be in satisfactory agreement. Thus, ac-
cording to x-ray measurements, np = 1% 101
electron/cm® and Tgp ~ 70 keV (n,Top & 7
x 1015 ¢V/cm?®), and according to the diamagnetic
signal n,Tg| ~ 6% 10! eV/cm®. The agreement
between the results of the x-ray and diamagnetic
measurements points to a definite degree of re-
liability of the data on np and Tgp, and also to
the small role played by the impurities and by
release of gas from the container walls in the
discharge.

1t follows from the results of x-ray and micro-
wave measurements of the density that in a sta-
tionary discharge (or in a discharge pulse) the
fraction of the hot electrons in the central region
of the discharge amounts to approximately 1/10 of
the total density, and rises to 1/3 on the decay part.

2. Figure 11 shows a comparison of the ex-
perimental results of the energy distribution of
the x-ray radiation from a plasma, with the theo-
retical curve for a Maxwellian electron velocity
distribution. This figure shows both our experi-
mental data and the data of %, The agreement
between the experimental spectrum and the theo-
retical in the quantum energy region Ey/ Teh
> 0.5 can be regarded as confirmation of the
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FIG. 11. Comparison of the experimental and theoretical
spectrum of x-rays from the plasma. Solid curve — theoretical
spectrum for Maxwellian electron distribution [*°]. Experimental
data of the plasma discharge: + — Tep = 25 keV, our result;

0 — Tep = 100 keV, our results; O — Tep = 130 keV, results
of [?]. The experimental points and the theoretical curve are
aligned at E/E.p = 2. The ordinates represent (dQ/dE).e; —
the relative intensity of the bremsstrahlung per unit energy
interval.

assumption concerning the stochastic acceleration
of the electrons in the stationary discharge.

3. The appreciable decrease in the attenuation
of the microwave signal and of the intensity of the
spectral lines after the end of the discharge pulse,
within a time of the order of hundreds of micro-
seconds (see the oscillograms of Figs. 6 and 8)
are evidence that a large group of relatively cold
electrons move out of the magnetic trap. From a
comparison of the x-ray and microwave measure-
ments of the electron density it follows also that
the bulk of the electrons in the discharge remain
cold. We have no direct experimental data with
respect to the energy distribution of the electrons
in the region of small and intermediate energies
up to 15—20 keV. We present below certain con-
siderations and calculations with respect to the
possible composition of the plasma electrons both
on the decay part and in the discharge itself;
these are corroborated by optical and other meas-
urements,

Decay plasma. In view of the presence, of a
considerable density of neutral hydrogen (n,
= 3.5 x 1012 molecules/cm?® or 7 x 10* atom/cm?,
in the space between the solenoid windings, sec-
ondary electrons will be emitted in the volume
occupied by the primary plasma with the hot elec-
trons as a result of ionizing collisions with the
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neutral particles. A certain fraction of these
secondary electrons, having an energy exceeding
the hydrogen ionization threshold, can participate
in further ionization acts, although their average
energy does not exceed 10—15 eV (2] As a result
of this process and of the scattering of the elec-
trons in the magnetic-trap volume initially occu-
pied by the hot electrons, a quasi-equilibrium
concentration of the primary (hot), secondary, and
tertiary electrons, having energies below the
ionization threshold and an average energy of
approximately 2.5 eV, will become established.

The relative concentration of the indicated
electron groups (np, ny, n3) is determined from
the following relations:

nh i<°el v Koit)s 4)
ny 2R {owdn | <oiwdn’
s 4R_<fiz>_2_, (5)
na o elv>3

where R = Hyy;./Hy is the mirror ratio, g¢] the
effective cross section for elastic electron colli-
sions, o the effective ionization cross section,
and (oy) a quantity characterizing the rate of the
corresponding process, averaged over the elec-
tron velocity distribution. Expressions (4) and
(5) are valid under the assumption that the depar-
ture of the electrons from the trap is due princi-
pally to elastic collisions with neutral particles,
and that the following relation holds true for life-
times Ty, > T, and T > 73 of the indicated electron
groups. By substituting in (4) and (5) R =4.2 and
the following quantities: (oj(Hy)v)y ®2 {gi(H)v)p
=1.4x 1078 cm¥/sec, (0j(Hy) V), ~ 1.5 (o (H)V),
=2,1x 10" ecm¥/sec, and (og](Hy) V)3
~ (0l (H)V)y 3~ 1.3X% 10"" em®/sec,? obtained
for the hot electrons (Tgp = 100 keV) by averag-
ing over the Maxwellian distribution and for the
remaining electron groups by averaging over the
theoretical distribution of Mott and Massey [22],
we obtain for the relative densities ny /n[1 =0.29
and n; /nl1 = 0.55 for atomic hydrogen and n, /nt1
=0.3 and ny/np = 1.2 for molecular hydrogen.
The group of secondary and tertiary electrons
can be combined into a single common group of

DIn calculating the quantities <ov>, we used the cross
sections for ionization and elastic scattering in H and H,, and
excitation of the lines He I and Hg given in [***]. We used the
Born-approximation formulas (see, for example, [**] for the
cross sections for ionization and excitation of the singlet lines
at high energies, and estimated the excitation of the triplet
He I line by hot electrons by extrapolating the experimental
data, which obey the 1/E law [***°], to the region of high ener-
gies (E > 400 eV).
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cold electrons with relative concentration n, / ny
=(ny + ny )/np, = 0.75 for atomic hydrogen and

1.5 for molecular hydrogen. The latter value is
in good-agreement with microwave measurements
of ng =ng + np and measurements of np in the
x-ray region (ng/np ~ 2.5—3). The average en-
ergy of the cold-electron group is 4—5 eV,

The calculation is also in good agreement with
additional optical measurement data. The singlet-
to-triplet ratio of the He I line intensities is given
by

Isgts s RIKOsUp+ nloste .

ny, <60y
v, Loy, 4+ nelowde

nc <Utv>c '

(6)
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Equation (6) can be simplified, since under our
conditions (ogv(p =3.3% 10712, (ogv)e = 2.5
x 1074, (o4v) =0.8x 1071 and (ov)p
~ 2x 10714 (see footnote ).

The ratio I5y5/I5e75 is sufficiently sensitive to
the choice of Ty, in the investigated region of
cold-electron temperatures (1—10 eV ). The ex-
perimental value of I5y5/Iseqs ranges between 2.0
and 2.5, which is in good agreement with the cal-
culated value ng/np =1.5 and Tee =4 eV. We
can thus regard it as established that a decay
plasma contains two groups of electrons: a hot
group with Tgp = 100 keV and relative density
nh/ne ~ 0.4, and a cold group, which is in equili-
brium with the hot one, with average energies
~4 eV, ng/ne ~ 0.6, and with a near-Maxwellian
summary distribution.

Discharge plasma. We chose as the working
hypothesis the assumption that the plasma of a
discharge pulse contains three electron groups
with Maxwellian distribution: hot with Tgp
~ 100 keV, warm with Tgy = 100 eV, and cold
with Tge ® 4 eV. For the relative density of the
hot components we assumed the experimental
value np/ng = 0.1 (ng =np + ny + ng). The rela-
tive densities of the two other groups were cal-
culated from relations similar to (4) and (5),
which take into account the formation of a cold
component due to ionization of the neutral parti-
cles by the warm and hot electrons, and turned out
to be ny/ng ~ 0.1 and n¢/ng = 0.8.

a. The ratio of the intensities of the He I lines
in the discharge can be expressed, in accord with
the foregoing hypothesis, in the form

Isois s neSosvdVe + nelostdwVw + mlosUouVh
_15375 - 7{ nc(ctv>ch +'nw<0tU>WVw+ nh<ohv>th )

Let Vg, Vi, and Vp be the radiating volumes oc-
cupied by the respective electron groups. Intro-
ducing the relation V. = 4 V},, which follows from
a comparison of the ordinary and x-ray photo-
graphs of the discharge, making the natural as-

(7
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sumption Vy, = Vy, substituting the values
(0gV)y =1.5%x 107! ecm¥/sec and (o¢v)y
=4.8% 10" cm?%/sec and the remaining values of
(o) (see the section headed ‘‘Decay plasma”’),
and neglecting the contribution of the inessential
terms, we obtain the simplified expression

Tsors _\_’S_<Gsv>.w (8)
Isgis vn S0

The experimental value of the ratio of the in-
tensities was 0.3—0.4, corresponding to a tem-
perature of 70—130 eV for the warm group.

b. The ratio of the intensities of the same
He I line on going from a discharge pulse to the
initial instant of decay is expressed for the triplet
by the formula
Ios . 10,0 e VP + ngPlo v 26V + nif <o wonViP (9)
74 oD Ve + nh‘.i(atv);f’ﬁ ’
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A similar expression holds for the singlet with
the corresponding values of {ov). Substituting
the values of (ov), introducing the relations Vg,
~ vP = d _ vd D ~ d : h
~ Vh Vh = Vg, and Ve 4Vc’ and neglecting the
contribution of the inessential terms in (9) we ob-
tain:

1) for the triplet

neP{ow’p NP

P
y o n.P VP
~ w
ned

e S
1?875 ned Ved

2) for the singlet

, 10)

p
~ 4 "“d+460

—— T~
ned {owe n

i‘m~ 14 NP COsUDw

~ Jwm NOsVw
d d
i . ngd {osvy

— 146 (1D
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The ratio of the H, intensities is governed by an

expression of the type (11) with a coefficient 5.9

preceding ngv / np.

The results of the calculations and the experi-
mental values of the line intensity ratios are
summarized in the Table. We see from the table
that the agreement between the experimental data
and the calculation is satisfactory, thus confirm-
ing the assumed presence of three groups of elec-
trons in the plasma of the investigated discharge.

We turn now to the temporal characteristics of
the decay plasma. The oscillograms of the micro-
wave signal and the intensities of the spectral
lines (or of the integral light) consist of the follow-
ing main regions: i) a plateau, reflecting the con-

Line intensity Calcu- Experi-
ratio lation ment
I8/ 18 60 40—50
p
T5015/ 8015 5,6 6—8
Py rd .
514 6,9 6—8

ditions of the stationary discharge; ii) a drop,
lasting several hundred microseconds, due to the
departure of cold and warm electrons from the
trap; iii) a smooth decay part, the duration of
which ranges from 0 to 10—15 msec, which is
completed as a rule by an anomalous burst followed
apparently by normal decay.

Figure 12 gives normalized data on the total
plasma density ng(t)/ng(0), the spectral line
intensity I(t)/I(0), and the average hot-electron
density np(t)/n,(0) (several points) for the de-
cay region iii). As seen from the figure, the decay
has a nonexponential form and can be characterized
by a decay constant 7 (t) for the exponential ap-
proximating the experimental curve as an arbi-
trary instant of time t. For all the experimentally
obtained curves, similar to that shown in Fig. 12,
7 (t) ranges from 1—3 msec for the start of
the decay (t =0) to 8—15 msec at t = 10 msec.
The agreement in the character of the indicated
curves (microwaves, light, x-rays) also confirms
the assumption that the plasma has in the decay
part a fundamental (hot) component and an accom-
panying (cold) electronic component. We note also
that a noticeable decrease in the decay constant
7(t) from (8—10) to 3—4 msec) is observed ahead
of the anomalous decay on some oscillograms of
the microwave signal and of the line intensities.

The nonexponential nature of the decay in
region iii) calls for additional research. It follows
from Fig. 4 that during the decay the character of
the x-ray spectrum and the temperature of the hot
electrons remain practically constant, thus ex-
cluding the possibility of attributing the nonexpo-
nential nature to distortion of the form of the
spectrum. (It is observed that the spectrum be-
comes harder in the region beyond the anomalous
decay, where the temperature of the hot electrons
increases by approximately 1.5 times, reaching

10g—
"B
05
N
3
ar Tt
0 2 4 6 8 10 12 4 16
t, msec

FIG. 12. Drop in the plasma density and in the intensity of

the lines in the decay: x — total density nq(t)/ne(0) (microwave
measurements), O — density of hot electrons negy(t)/nep(0)
(x-ray measurements), O — intensity of spectral lines I(t)/1(0).
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150 keV.) The nonexponential nature of the decay
may possibly be due to the influence of the form
of the magnetic field of the trap in the mirrors
(non-adiabaticity) on the departure of particles
from the trap (18],

The experimental value of 7(t) obtained in
our experiments during the 10th—15th millisecond
of the decay approaches the theoretical contain-
ment time of a plasma with hot electrons, which
amounts to ~ 20 msec for Tep = 100 keV, a neu-
tral hydrogen density ny = 7.4 x 10! at/em?, and
a mirror ratio R =4.2.

The authors are deeply grateful to B. K.
Shembel’ and V. S. Imshennik for interest in the
work and a discussion of the results.
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