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We present the results of an investigation of plasma heating by a current in a straight discharge. The 
development of turbulence has been investigated by means of Langmuir probes, an electrostatic analyzer, 
and diamagnetic and x-ray transducers. It is shown that the appearance of an anomalous resistance and 
a rise in absorbed energy depend on the density and temperature of the initial plasma. A characteristic 
feature in the strong-turbulence stage is the fact that the total potential drop is concentrated in a spe
cific region of the plasma, this region being characterized by the most intense rf oscillations. The max
imum values of the anomalous resistance and the voltage across the discharge gap are observed at the 
time of a sharp reduction in current; at this same time there is observed a strong back current (elec
trons) to the cathode. The onset of turbulence is characterized by the expansion of the plasma to the 
walls of the chamber. Possible causes for the observed effects are discussed. 

INTRODUCTION 

AT the present time a body of literature exists which 
is devoted to the experimental investigation of plasma 
heating in a straight turbulent discharge. [1- 81 New ex
periments have been reported very recently which indi
cate the possibility of heating plasma ions in discharges 
of this kind. [7• 81 In view of their importance for the 
problem of controlled thermonuclear fusion, undoubtedly 
these results will stimulate more detailed investigations 
of the heating mechanism and the physical nature of tur
bulence. These results also indicate the possibility of 
verification of some of the basic ideas in the theory of 
turbulent heating and the establishment of certain quan
titative relations associated with collective effects in 
plasmas. [9- 121 The present work is devoted to a presen
tation of experimental results that have been obtained 
in an investigation of plasma heating by a current in a 
straight discharge and to some of the features of the 
dynamics of this process. 

DESCRIPTION OF THE APPARATUS AND METHOD 
OF MEASUREMENT 

A block diagram of the apparatus is shown in Fig. 1. 
A glass vacuum chamber is located in a quasistationary 
magnetic field Ho = 0-3 kOe produced in a mirror de
vice with a mirror ratio of 1:2. The electrodes are 
fabricated from stainless steel (1/> 7 em diameter) and 
can be moved freely along the axis of the tube in the re
gion of uniform magnetic field. The experiment is car
ried out by using continuous injection of gas with pre
liminary ionization in a Penning discharge. By changing 
the chamber pressure and the discharge voltage it is 
possible to obtain a wide range of density and electron 
temperature in the initial discharge (no= 1011-3 x 1013 

cm-3, Teo= 0-15 eV). The values of no and Teo are 
measured with an 8-mm interferometer, by microwave 
measurements at a wavelength .\ equal to 0.8 and 3 em, 
and with Langmuir probes. The basic discharge is ex
cited by switching a capacitor bank Co = 0.2 11-F charged 
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FIG. 1. Diagram of the apparatus. 

to a voltage Uo = 0-40 kV. 
In choosing the diagnostic methods described below 

we have made use of the results of the theory of a turbu
lent discharge developed in [2 ' 9 ' 101 • The notion of an ef
fective collision frequency veff and effective resistance 
Reff for the plasma discharge, as given in the theory, 
makes it possible to use macroscopic methods for mea
suring the electrical parameters which appear as vari
ables in the equations that describe the flow of current 
and energy in the discharge circuit: 

U = IRerr + d(LI) I dt, 

LJ2 + ·~ IV dt = C£!N2. 

(1) 

(2) 

The discharge current I and the derivative of the cur
rent tare measured respectively with a low-inductance 
shunt r = 0.1 n and a Rogowski loop. The voltage across 
the discharge gap is measured by means of a capacitive 
divider with a matched impedance in order t'! suppress 
parasitic oscillations. The quantities Land L are mea
sured by two mutually supporting methods: from Eq. (1), 
when IReff - 0, which is a valid approach only in the 
second half-cycle of the discharge, and by direct mea
surement of the transverse dimensions of the plasm ... as 
seen with an electron-optical converter {electronic im
age converter). 

In order to understand the mechanism by which tur
bulence is produced in the straight discharge it is nee-
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essary to carry out a series of differential measure
ments. These include primarily measurements of the 
electric field in the plasma, measurements of the spec
trum of excited oscillations, measurements of the dis
tribution of electrons at the anode with respect to en
ergy, and the determination of the transverse electron 
energy by means of x-ray detectors and diamagnetic 
probes. 

The distribution of potential over the length of the 
plasma is measured by means of five Langmuir probes 
of coaxial construction and 0.4 em diameter. In order 
to eliminate the inductive component the probes are 
located along the axis of the discharge toward the 
grounded electrode and are connected to a high-voltage 
capacitive divider with matched impedances. 

The current density at the axis of the discharge and 
the energy distribution of the current-carrying electrons 
is measured by a three-grid electrostatic analyzer 
which is also located inside the grounded electrode. 
When the high-voltage electrode is maintained at a pos
itive polarity it is possible to measure the ion compo
nent of the discharge current. The coaxial construction 
of the analyzer in conjunction with the small input aper
ture of 2 mm diameter and the pulsed application of a 
retarding potential to the grid provides a satisfactory 
sensitivity and resolution time 10-7 sec in the complete 
absence of internal breakdown. 

The investigation of the oscillations that are excited 
in the passage of the current is carried out primarily in 
the region of the characteristic plasma frequencies Woe 
and Woi· The device used as a detector for the plasma 
radiation and the determination of the spectral compo
sition of the radiation in the region of the electron plas
ma frequency makes use of waveguides beyond cutoff. 
The measurements at low frequencies w ~ Woi are car
ried out by means of resonance wave meters A= 3-100 
em which are connected directly to the collector in the 
electrostatic analyzer. The spectrum of oscillations 
obtained in this way is then compared with the oscilla
tions recorded by probes which measure the potential 
distribution in the plasma. 

The transverse energy of the plasma is measured by 
two methods: x-ray transducers and diamagnetic probes. 
y-photons with energies higher than 10 kV are measured 
by a single-channel stilbene spectrometer with 30 mm 
diameter and d = 4 em thickness, which has a low scin
tillation time t ~ 7 x 10-9 sec and relatively high light 
output. The amplitude calibration of the spectrometer 
is carried out by means of an x-ray tube. The detection 
of soft x-ray radiation is carried out directly in the 
vacuum volume, also making use of scintillation meth
ods. A thin plastic scintillator with 3.3 em diameter 
and thickness d = 0.5 mm is shielded against visible 
radiation by a carbon layer d Rl 0.0012 gjcm2 and is 
fastened by OK-50 compound to a light pipe which is 
connected to an FEU- 53 photomultiplier. In front ofthe 
scintillator there are aluminum, copper or polyethylene 
absorbers of different thicknesses. A similar trans
ducer is located on the opposite side of the discharge 
chamber and is used to monitor the measurements. 

The diamagnetic probe is a carefully shielded coil 
made up of two turns mounted on the outer surface of 
the chamber in the region of the uniform magnetic field 
(cf. Fig. 1). The value of the electron density (averaged 

over the diameter) and the transverse dimensions of the 
plasma at the location of the diamagnetic probe are de
termined by microwave probing at three wavelengths 
3, 0.8 and 0.4 em, and by streak photography using a 
transverse slit in conjunction with the image converter. 
Most of the measurements are carried out with air, in 
which case the discharge electrodes are located in the 
region of uniform magnetic field of the mirror device. 

EXPERIMENTAL RESULTS 

It was evident from the first experiments that the en
ergy absorbed in the plasma, the volt-ampere character
istics, the real resistance of the discharge, the potential 
drop across the column, and the low-frequency and high
frequency oscillations, were sensitive to the parameters 
of the initial plasma and determined, as a rule by the 
ratio TJ Rl j~/jo where jo Rl enovo, Vo = J2kTe/m and no 
are the thermal velocity and density of the electrons in 
the initial plasma while the quantity j ~ = 1/S is bounded 
from above by the values of the circuit parameters: j ~ 
= U/pS; here, p = .fL1Cr; is the characteristic resis
tance while S is the cross section through which the cur
rent flows; in the initial stage this cross section depends 
on the skin depth. 

In Fig. 2 we show the results of measurements of the 
electron density in the initial plasma carried out by the 
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FIG. 2. Determination of the parameters in the initial plasma. a) 
quasistationary magnetic field H0 ; the arrows indicate the time at which 
the initial and main discharges are switched on. b) microwave signals 
X= 3 em. c) Penning current, I- 100 A, d) microwave signal obtained 
with the 0.8 em interferometer with time markers at apprqximately 5 
psec. e) the current shape and the energy absorption in the straight dis
charge as functions of the density of the initial plasma. I ,., kA when 
t = 80 psec. The upper trace shows the microwave signal at X = 0.8 em. 
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FIG. 3. Dynamic characteristics of a straight discharge. a) I discharge 
current; U and V are respectively the total and real voltage across a col
umn; nTS is the diamagnetic signal; U0 = 30 kV; H0 = 1.8 kOe; n0 = 
2 X 1012 cm-3; the operating gas is air; Po = 5 X w-s mm Hg. b) the criti
cal current density j* (solid curve) and the diamagfietic signal.:1<1> (dashed 
curve) as functions of the density of the :initial plasma n0• c) potential 
distribution over the length of the discharge at various times following 
the initiation of the discharge; K)cathode, A)anode. 

8-mm interferometer and by microwave probing at wave
lengths of 0.8 and 3 em. The shape of the current pulse 
in the discharge depends on the delay with which it is 
fired with respect to the Penning discharge. At small 
delay times (71 < 1) the current shape is approximately 
sinusoidal with small absorption, whereas at large val
ues (71 > 1) the rise of the current is significantly re
tarded and has a clearly-defined aperiodic nature in the 
first half-cycle (cf. Fig. 2d). 

In Fig. 3a we show the typical dependence on time of 
the basic parameters that characterize the onset of the 
turbulent state in the discharge. At the beginning, be
fore reaching 71 R: 1 (in Fig. 3a this time is denoted by 
the cross) the current in the plasma is determined by 
the characteristic resistance; then, when 71 > 1, a rise 
is extended, indicating the appearance of additional re
sistance in the circuit. The fact that the resistance is 
real is verified by the corresponding increase in the 
real voltage drop V across the column and the effective 
absorption of energy in the plasma, as can be seen from 
the diamagnetic signal. 

The condition for the onset of turbulence 71 ~ 1 is 
verified experimentally in the following way. For a fixed 
value of Co = 0.2 J.J.F and voltage Uo = 30 kV the mode 
of operation of the initial discharge can be varied over 
a wide range of electron density noR: 5 x 1011-2 x 1013 

cm-3 and, by appropriate choice of the delay in trigger
ing the main discharge, it is possible to maintain a fixed 
value of the electron temperature Teo R: 5 eV. The latter 
feature is provided by the linear dependence jo R: enovo on 
electron density in the initial plasma. In Fig. 3b we show 
the experimental values for the critical current density 
j * = I* /S starting at which the turbulence regime appears 
in the discharge. There is a particularly good agreement 
between the onset of turbulence and the condition 71 ~ 1 

over the entire range of variation of no. Because of the 
rather complex nature of Fig. 3a we have not shown the 
time behavior of the absorption of energy in the plasma 
W(t); however, knowing the functions V(t) and I(t) we can 
easily establish that the largest value of W(t) is achieved 
at approximately the time of maximum real voltage 
across the discharge. At approximately the same time 
there is also observed a peak in the diamagnetic signal 
..:1<1> ~ n (Te + Ti)S. A detailed analysis of the oscillo
grams of V(t) and I(t) shows that the total energy evolved 
in the current flow 

T 

W(t)= ~ I(t)V(t)dt, 

is a sensitive function of the quantity 71· It reaches some 
optimum value when 71 ~ 3 and then falls off slowly when 
71 is increased further. The effect of the parameter 71 on 
the quantity W can be easily understood if account is 
taken of the fact that at the point of maximum energy 
absorption the effective resistance of the plasma Reff 
is approximately the same as the characteristic imped
ance; when 71 » 1 we find Reff » p and when 71 ~ 1 we 
find Reff « p (cf. Fig. 2d). The dependence of the dia
magnetic signal ..:1<1> (transverse energy of the plasma 
particles) on the parameter 71 is similar to the functional 
dependence W(71) only in the range 71 = 1-5; When 71 > 5 
these quantities start to exhibit different behavior. It is 
evident from Fig. 3b that when 71 > 5 the quantity .:1cl> 
falls off rapidly. 

We start our analysis with the most interesting case, 
in which 71 R: 3-5. In Fig. 3c we show the results of mea
surements of the potential distribution along the axis of 
the discharge at different times. It will be evident that 
the real voltage that appears across the column tends 
to be concentrated in a certain region, the region near 
the cathode. The electric field at the cathode reaches 
values of E R: 103 V /em whereas the remaining portion 
of the column exhibits values that vary over the range 
E = 0-100 V /em; when t R: 0.8 x 10-8 sec the voltage can 
even be in the opposite direction. Starting from the 
equation 

~e8 e 
-;;:;- E ( z) + ..,;;- V Pe = jverr , 

the origin of the formation of a potential well 2-3 kV 
appears to be indicated in the term that depends on the 
gradient of the electron pressure. That is to say, if it 
is assumed that the electrons that leave the cathode can 
transfer a significant fraction of their directed energy 
to cold electrons in the plasma in a distance of 10 em, 
then over the remainder of the column the discharge 
current is maintained by virtue of thermal diffusion of 
electrons in the direction of the anode. 

In Fig. 4 we show four different oscillograms ob
tained with approximately the same parameters of the 
initial plasma: noR: 2 x 1012 cm-3, Teo~ 5 eV and 
Ho R: 1.5 kOe. We also show the corresponding distri
butions of the real voltage over the length of the plasma 
plotted for the time at which the quantity V reaches its 
peak value. The following conclusions can be drawn 
from this data: given approximately the same initial 
conditions (no, Te0) the region of the principal real 
voltage drop can be displaced along the axis of the dis
charge and has a rather finite localization of approxi-
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FIG. 4. Experimental data showing the local voltage drop in the 
discharge gap. A) oscillograms of the voltage V. (solid line-hollow, 
dashed line-real voltage across the column), the current I (in kA), the 
derivative of the current di/dt; I, 2, 3, 4) signals from the probes that 
measure the potential at various points in the plasma as indicated on the 
lower portion of the figure. B) potential distribution for various current 
shapes (a, b, c, d); operating conditions 00 = 30 kV, n0 ""2 X 10 12 cm-3 , 

H0 "" 1.5 kOe, air. 

mately 5 em; this was determined experimentally by 
special measurements using probes located close to
gether. This result means that it is at precisely this 
point that the primary energy of the current must be 
evolved and it is this section that exhibits the anoma
lously high real resistance Reff. 

A more detailed time pattern of the onset of turbu
lence can be seen in Fig. 5. The magnitude of the cur
rent in the initial stage is determined primarily by the 
resistance p = ..; L/Co and then, at some time t1, a real 
resistance arises in the circuit Reff; this resistance 
rises rapidly to a value that exceeds p by approximately 
an order of magnitude. Starting at time t2 the quantity 
Reff although diminishing, still maintains a high value 
for a relatively long time. On the current oscillogram 
one observes in this regime a characteristic plateau or 
dip. The duration of the dip, as has been established by 
means of a time-sweep investigation of the emission 
from the transverse dimension of the plasma, is a sen
sitive function of the time at which hot plasma is lost 
to the chamber walls. The sweep rate of the vertical 
slit obtained by means of the image converter (Fig. 6) 
shows that at the onset of the instability the plasma 
starts to expand with a velocity v 1 ~ -/kTe1/M while 
the microwave probe signals indicate a reduction in the 
electron density. Simultaneously, measurements of the 
electron density during current How and pictures taken 
with the image converter show hat the motion of the 
emitting boundaries toward the walls of the chamber is 
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FIG. 5. Oscillograms of the current I and the real voltage y; P) power, 
R) real resistance of the discharge gap. Operating conditions: U0 = 30 keY, 
n0 "" 2 X 1012 cm-3 , H0 = 1.5 kOe, air. 

FIG. 6. Streak photograph of the emission from the transverse 
dimension of the plasma with turbulent heating. 00 = 30 kV, n0 = 2 X 
10 12 cm-3, H0 = 1.5 kOe. The lower trace shows the current in the straight 
discharge. 

evidently of a diffusion nature since the observed re
duction in density (a factor of 2 or 3) does not corre
spond to an increase in the transverse cross section of 
the plasma by approximately a factor of 5-7. At the 
same time, the value {3 = nT1 (H2/87T) « 1, observed in 
other experiments, verifies the assumption given above. 
In Fig. 6 we can see the clearly defined motion of the 
emitting boundaries of the plasma and the subsequent 
rather sharp drop of current. At this point a rather high 
real voltage exists across the gap. 

The oscillograms of the signal from the collector of 
the electrostatic analyzer (Fig. 7) show that at the time 
the current drops, and even somewhat earlier, there is 
a motion of electrons against the electric field toward 
the cathode of the discharge. It will be evident from 
Fig. 7 that at first the collector signal is negative, cor
responding to ion current (the analyzer is located at the 
cathode); then, starting with the onset of turbulence, the 
signal becomes positive (electrons!), reaching a peak at 
the time of the sharp reduction in the main discharge 
current. The energy analysis carried for the electrons 
moving against the field shows that they have a distribu
tion which is approximately Maxwellian with a mean en
ergy of 0.1 eV, which is of the order of the real potential 
drop in the plasma at that time. In certain cases the 
back current density of the electrons is comparable with 
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FIG. 7. Current due to electron motion against the electric field 
toward the cathode. The upper oscillogram shows the discharge current 
while the lower oscillogram shows the current at the collector or the 
analyzer. The retarding potentials are as f£11ows: a) Ur = 0; b) Ur = 500 
V; c) Ur = 1200 V. Operating conditions U0 = 20 kV, n0 = 2 X 1012cm3 , 

H0 = I kOe, air. 

the density of the forward current (in Fig. 7 jback 
~ 0.65 jfor ). Under these conditions the discharge is 
extinguished in a short time. 

Thus, it would appear that the state with the rela
tively long-lived large real resistance is characterized 
by motion of some hot electrons across the discharge 
and along the discharge in the opposite direction to the 
electric field (at the time of a sharp current drop). 

Further experiments have shown that the loss of 
electrons to the walls of the chamber leads to outgassing 
and the development of another breakdown, which tends 
to shunt the large real resistance characteristic of the 
turbulent evolution of energy in the plasma. Microwave 
measurements at a wavelength of 0.4 em show that after 
the secondary breakdown a plasma is formed with a den
sity that exceeds the initial density by two orders of 
magnitude (po ~ 8 X 10-5 mm Hg, no ~ 2 x 1012 cm-3 while 
nfinal :;(: 7 x 1013 cm-3 • As is evident from Fig. 4, the 
break in the current described above is not always a 
sharp one as in an oscillogram such as a. However, it 
is specifically in this case that one observes the best 
defined basic features of the development of the insta
bility in the turbulent discharge. 

The dynamics of the heating of the plasma as a result 
of the development of the instability are illustrated viv
idly by measurements of the energy distribution of the 
current-carrying electrons that appear at the anode. In 
Fig. 8 we show oscillograms of the discharge current 
and the electron current at the collector of the analyzer 
for various values of the retarding potential. Satisfactory 
reproduction of experimental results is obtained when the 
capacity Co is charged to a voltage of the order of 10 kV; 
hence the most careful measurements are carried out in 
this range of operating values of Uo. An analysis of the os
cillograms and semilogarithmic plots of the curves for 
the distribution ja(Ur), where Uris the retarding poten
tial in the grid analyzer, indicate that the electron spec
trum is essentially Maxwellian while the discharge cur
rent at the anode is determined by the random electron 
current ja =(l/4)envTe, where VTe ~ v' 2kTu/m . Using 
the analyzer to measure the quantity ja and determining 
Te 11 from the slope of the semilogarithmic characteris
tic we have found it possible to estimate the hot-electron 
density. For the two times corresponding to the maxi
mum discharge current and the maximum energy ab-
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FIG. 8. The current at the collector of the analyzer as a function of 
retarding potential. U0 = 10 kV, n0 = 2 X 1012cm-3 , H0 =I kOe and the 
working gas is air. a) Ur = 0, j of the discharge is 90 A/cm2,j in the col
lector is 140 A/cm2 ; b) Ur = 2.4 kV; c) Ur =SkY; d) curves showing the 
electron energy distribution for electrons striking the anode at different 
times. 

sorption in the discharge we obtain the following data: 

t1 = 0.9 !J.Sec, Te ~ 2.1 keV, 
n ~ 1,4 ·1012 em-a; 

t2 = 1.31J.Sec, Te ~ 3.0keV, 
n ~ 5·1011 cm-a. 

Thus the magnitude of the current flow and the mag
nitude of the real voltage across the plasma increase 
together with Teu, the latter reaching a maximum value 
at the point of peak energy absorption in the discharge. 
The density of hot electrons is found to be very close to 
the density of the initial plasma and the reduction of the 
former at maximum heating is evidently associated with 
the expansion of the plasma. It is interesting to note that 
the measurement of the current density at this point in
dicates a compression of the current-carrying channel 
toward the axis of the discharge (in Fig. 8 the mean cur
rent density of the discharge is approximately 90 A/cm2 

whereas the density at the axis of the discharge is ap
proximately 140 A/cm2). 

We now wish to consider the measurements of the 
transverse electron energy in the plasma. In Fig. 9 we 
show oscillograms that illustrate the rather good time 

FIG. 9. Measurements of the transverse 
energy of the plasma in the turbulent 
regime. a) signal from the x-ray pickup; 
b) diamagnetic signal. Ll<I>max- 1017 eV/ 
cm3 • cm2 , c) the discharge current I max 
- 7 kA. U0 = 30 kV, n0 = 2 X 1012 cm-3, 

H0 = 1.8 kOe, air. P0 = 5 X w-s mm Hg. 
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correlation between the signal from the soft x-ray trans
ducer and the readings of the diamagnetic probe. The 
sharper rise in the increase of y-radiation is explained 
by the fact that the polyethylene foils used for measur
ing the energy of the y-photons set a limit on the initial 
level of detection to values of 300-500 eV. The same 
limitation holds for the decay of the signal from the 
x-ray transducer. As far as the absolute values found 
by the two methods are concerned we find that these 
&}ve approximately the same value Te 1 :::::: 1-2 keV when 
Uo = 30 kV. It should be noted that in the analysis of the 
signal from the diamagnetic probe it is necessary to 
take account of the change in the electron density due 
to current flow as well as the expansion of the plasma. 

Measurements of the hard x-ray radiation have shown 
that the strongest source of y-photons is the anode of the 
discharge. The time at which the radiation appears coin
cides with the time of maximum real voltage across the 
column. In Fig. 10 we show a photograph of the anode as 
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FIG. I 0. Photographs of the anode in x~ray emission. S) relative deg
ree of blackening; N) number of 'Y·photons with energies 15-20 keV per 
unit solidangle; N0 = Nrl;rl = 2 X 103 ; 00 = 30kV; H0 = 2 kV, n0 = 
2 X 10 12 cm-3• The upper picture shows the anode in the mirror while the 
lower picture shows the anode in the region of uniform magnetic field. 

obtained with an x-ray electron optical converter and a 
camera obscura. The electron optical converter is cali
brated by means of an x-ray tube thus making it possible 
to determine the number of y-photons with mean energy 
of approximately 20 keV. From a simple estimate 
EmeanNo = aciV ~ t, where No is the number of y-photons 
determined in the experiment, a is the efficiency of the 
x-ray tube and c is the fraction of y-photons with ener
gies 15-25 keV we can obtain the mean current of elec
trons with energies of approximately 20 kV, which is 
found to be 300 A; this value corresponds to approxi
mately 1/20 of the total current. Comparing the density 
of plasma and the density of fast electrons responsible 
for the hard radiation in the energy range 15-20 keV we 
see that the latter amount to 5% of the total electron den
sity in the plasma. If the anode of the discharge is lo
cated in the region of the mirror, the }'-spectrometer 
records the hard radiation from the central region of 
the mirror machine. Evidently, as a result of the insta
bility, some fraction of the fast electrons do not reach 
the anode and are trapped in the mirror {cf. Fig. 10). 
An estimate of the number of such electrons, carried 
out after the calibration of the }'-spectrometer, yields 

a value of 5-10% with respect to the total number of 
particles in the plasma. 

Results of measurements of the spectral composition 
of the oscillations produced by the current flow are 
shown in Fig. 11. In the onset of the turbulent state in 
the discharge we first find that microwave oscillations 
are excited at the electron-plasma frequency; then, 
after some delay, oscillations appear in the electron 
current at the collector of the analyzer. In Fig. 10 we 
show the spectrum of low-frequency oscillations which 
modulate the discharge current plotted taking account 
of the calibration of the detection system. It will be 
evident that at first the oscillations are concentrated 
in a narrow frequency region 200-300 MHz; then, as 
the amplitude increases this peak gradually becomes 
a distribution over the entire spectrum from 200 to 
600 MHz, probably extending to still lower frequencies. 
In order to verify the hypothesis that current flow leads 
to the excitation of the ion-acoustic instability control 
experiments were carried out with different gases: air, 
helium, and xenon. The results of these experiments 
show that there is essentially no dependence of the fre
quency of the observed low-frequency oscillations on ion 
mass. The variable component of the potential at various 
points of the plasma exhibits a peak in the region of the 
potential well (D. V :::::: 1 kV, f :::::: 200 MHz) and its behavior 
with the flow of current is correlated with the observed 
drop of the low-frequency oscillations of the current
carrying electrons. In observing the high-frequency 
oscillations it is also necessary to take account of the 
fact that the intensity distribution over length is non
uniform and is localized in the region of the main poten
tial drop. This feature was first observed by Lin and 
Skoryupin. l 131 

We now wish to consider the experimental results 
when "I)» 1. Under these conditions we find that a 
steady-state turbulent regime is established in time 
t ~ 0.1 J.LSec. In Fig. 12 we show oscillograms by means 
of which it is possible to follow in detail the excitation 
of the instability which leads to the anomalous resistance 
and the absorption of energy in the plasma. A feature of 
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FIG. II. Low-frequency oscillations of the current in the straight 
discharge: I) current to the collector of the analyzer, 2) alternating 
component of the current at the collector f = 200 MHz, 3) discharge 
current I max= 7.5 kA, 00 = 30 kV, n0 = 4 X l012 cm-', air at P0 = 
8 X w·s mm Hg. The figures to the right show the oscillation spectra at 
different times. 
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this regime is the fact that the effective resistance Reff 
exhibits its largest value at the initiation of current flow, 
this value being ~ 20 n; subsequently the resistance falls 
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FIG. 12. Volt-ampere characteristics in the turbulent regimen~ I. 
I) U is the total voltage across the discharge gap; 2) di/dt; 3) is the dis
charge current; 4)-8) are signals from probes that measure the potential 
distribution along the column and probes located at the cathode and 
anode (the time markers on oscillograms I to 8 are 0.2 1-1sec; 9) potential 
distribution over the length of the tube at different times; 10) distribu· 
tion of the intensity of the radiation at the electron plasma frequency 
Woe along the axis of the discharge; 11..._12)discharge current and micro
wave radiation at frequencies~ Woe· U0 = 25 kV, n0 = l012cm-3 , H0 = 
1.5 kOe, air. 

off monotonically and this explains the clearly defined 
aperiodic nature of the discharge current. During this 
entire time the microwave detectors detect the presence 
of oscillations at the electron-plasma frequency with the 
greatest amplitude coming from the region containing the 
main potential drop. Sweep of the emission from the 
transverse slit with the image converter shows that at 
the beginning of the instability the plasma tends to emit 
uniformly over the entire chamber diameter. Analysis 
of the electrons arriving at the anode shows that the first 
electrons that leave the cathode experience substantial 
retardation. However, the energy distribution of these 
electrons differs from a Maxwellian one by the appear
ance of a rather well extended high-energy tail (cf. 
Fig. 13). Under these conditions it is difficult to estab
lish a most probable velocity for the electrons arriving 
at the anode of the discharge. The diamagnetic mea-

surements show that the transverse pressure nT 1 is 
5-8 x 10 14 eV jcm 3 in the case rJ » 1 while the x-ray 
measurements give a value of 3-5 keV for Tel which 
is close to the depth of the potential well (cf. Fig. 12). 
Using these data we find that the number of hot particles 
is n ~ 1011 cm-3 , representing approximately 10% of the 
total number of electrons in the plasma. The observed 
incomplete relaxation of the first peak and the corre
sponding weakening of the diamagnetism are experimen
tal results which have not as yet been explained uniquely. 

DISCUSSION AND CONCLUSIONS 

The experimental results presented here can be in
terpreted in the following way: a) the efficiency of plas
ma heating by the current in a straight discharge is a 
sensitive function of the parameters of the initial plasma; 
b) at a certain critical value of the current I a turbulent 
regime appears in the discharge, characteristic features 
being the anomalous resistance Reff and plasma heating; 
c) there exists a limited region of the plasma (approxi
mately 5 em) in which the instability develops, this in
stability leading to the anomalous increase in resistance 
at this location; d) the absorption of energy in the plasma 
is also localized and increases in synchronism with the 
increase in Reff and the real potential drop; e) the loca
tion of the largest potential drop in the discharge can be 
displaced along the plasma column as is indicated by the 
oscillogram in Fig. 4; f) for the largest break in the cur
rent a characteristic feature is the tendency for the re
gion of anomalous resistance to concentrate at the anode 
of the discharge. 

With the onset of the turbulent state in the plasma we 
find excitation of oscillations with frequencies w ~ w0e; 
these evidently determine the magnitude of the effective 
resistance Reff ~ mveuZ/ne2S. If the quantity lleff is es
timated from this relation it is found to lie within the 
limits 5 x 108 -3 x 109 sec-1 at various stages of the in
stability, in good agreement with the observed low-fre
quency oscillation spectrum and the dependence of the 
latter on time. 

In accordance with the theoretical ideas developed, 
in particular, by Sagdeev(91 and by Rudakov and Kora
blev, (101 when a large current flows through a plasma 
a number of instabilities can be excited. For example, 

FIG. 13. The electron current at the 
collector of the analyzer as a function of 
retarding potential for 11 ~ I. a) U r = 7.5 
kV, b) Ur = 3.5 kV, c) Ur = 0. The lower 
trace is the discharge current; U0 = 10 keY, 
n0 = I X 10 12 cm- 3, H0 = 1.2 kOe, air at 
P0 =8 X !0-5 mmHg. 
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if the effective velocity of the current-carrying electrons 
Vcur > v'2kTe/M the ion-acoustic instability can be ex
cited; when Vcur > v'2kTe/m the current or "Buneman" 
instability can be excited; however, if the current is as
sociated with a small fraction of the electrons then the 
two-stream instability can be excited, in which case we 
require Vbeam > v'2kTe/m, that is to say, a velocity 
higher than the electron thermal velocity. 

The experimental results given above show that the 
strongest instability develops in certain well-defined 
regions of the current-carrying plasma. It may be as
sumed that as a consequence of the axial inhomogeneity 
of the initial electron density (especially in the electrode 
regions) any of the instabilities indicated above should 
be concentrated in this region. The excitation of large 
amplitude oscillations leads to the appearance of an 
anomalous resistance, an increase in the real voltage, 
and a strong localization of the plasma heating. Evi
dently under these conditions a succession of all three 
stages of the current instability is possible. This fea
ture is indicated to some degree by measurements of 
the electron energy distribution for electrons that ar
rive at the anode in the turbulent regime. These mea
surements show that whereas up to the beginning of the 
current break the electron energy distribution is approx
imately Maxwellian, at the break the electron spectrum 
is more like that of a relaxing beam, in which the density 
of electrons arriving at the anode under these conditions 
is generally much smaller than the plasma density. How
ever, since we have not yet carried out measurements of 
the degree of randomness of the low-frequency and high
frequency oscillations, it is still difficult to suggest any 
actual mechanism for the heating. Nonetheless it is 
reasonable to point out the following situation: in the 
initial stage of current flow in operation with heavy gases 
(air, krypton) the condition for excitation of the ion
acoustic instability is satisfied in these experiments at 
a current density of approximately 10 A/cm2 ; however, 
if this instability appears in any way its effect on the 
resistance of the gap and the volt-ampere characteris
tics is insignificant compared with the conditions that 
obtain when T/ > 1. We also note that the frequency of 
the low frequency oscillations exceeds the value Woi· 

The development of turbulence described above does 
not necessarily depend on the presence of electrodes. 
Thus, the explanation of observed effects of turbulence 
and anomalous heating in toroidal systems[14• 151 in terms 
of predictions of the theory of the two-stream or ion
acoustic instability can be established more strongly 
after careful measurements of the potential distribution 
over the length of the plasma. 

An analysis of the experiments that have been car
ried out to investigate the mechanisms involved in ex
ploding wires [161 indicate a great deal of similarity be
tween the effects observed there and effects in the pres
ent work. The current density is approximately 108 

Ajcm2, in which case one observes effects that accom
pany the appearance of a current break, and anomalous 
increase in the resistance and a second ignition of the 
discharge gap; this current density can satisfy the re
quirement v cur > v' 2kTe/M, which is necessary for the 
ion-acoustic instability. These results are supported by 
other information concerning the apparent structure of 
the exploding wire at this point at the stage of the cur-

rent break. [161 The alternation of gaps of metal and the 
evaporating metallic plasma and vapors are actually a 
model for a pulsed x-ray tube[171 which, in turn, appears 
as nothing more than a prototype for a turbulent straight 
discharge with preliminary ionization. The volt-ampere 
characteristics of such tubes have been studied in detail 
and at the present time there are clear indications that 
these tubes exhibit effects due to collective plasma 
properties. 

In the present work we have not dealt with the ques
tion of determining the exact energy balance and the 
heating efficiency. However, under optimum conditions, 
even in the first half-cycle of the current we find an ab
sorption of 50 to 80% of the energy stored in the capaci
tor bank. The energy evolved in the plasma in the form 
of thermal motion of the particles amounts to several 
percent. Preliminary experiments carried out with 
conventional calorimeters have shown that the predom
inant fraction of the energy evolves at the anode of the 
discharge. Because of the fact that va ~ VTe in the tur
bulent regime it is reasonable to assume that for the 
conditions of the present experiments the ratio of the 
electron kinetic energy at the anode to the total stored 
energy is approximately unity. 
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