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Results are reported of measurements of the plasma resistance as a function of the initial experimental 
conditions during turbulent heating by a current. It is shown that the plasma resistance decreases 
approximately as 1/v'n for densities between 1012 and 1014 cm-3 • The resistance is independent of the 
strength of the confining magnetic field when the latter varies between 5 and 21 kOe. The experimental 
results are used to calculate the ratio of the current velocity to the ion sound velocity. This ratio var
ies from 1.5 to 10 as the density is varied from 1014 to 5 x lOll em -3. The resulting relations and the 
turbulent heating are explained in terms of the excitation of an ion acoustic instability in plasma by the 
current. 

1. INTRODUCTION 

THERE is a substantial number of papers in the litera
turell-5l reporting the results of studies of the anom
alous resistance as a function of the initial plasma 
parameters such as the charged-particle density, ion 
mass, and the longitudinal electric field. In one of these 
papersl4J it is proposed that the anomalous resistance 
is due to the excitation of the ion acoustic instability by 
the current, whereas elsewhere[3,sJ it is suggested that 
this resistance can be explained in terms of the excita
tion of the Buneman instability by the current. 

In our previous experimentsl6 ' 7J we gave most atten
tion to the study of the effectiveness of turbulent heat
ing. It was assumed that the anomalous resistance and 
plasma heating observed in these experiments were a 
consequence of the excitation of the ion acoustic insta
bility by the longitudinal current in the plasma rsJ. This 
hypothesis is supported by experimental facts such as 
the substantial level (0.02nT-0.1nT) of ion acoustic os
cillations as well as a number of other experimental 
data [s-l2J. 

The aim of the present work was to investigate the 
dependence of the anomalous resistance on the charged
particle density in plasma confined in a trap and on the 
magnetic field. We also report studies of the brems
strahlung x rays from the anode of the direct discharge, 
and the dependence of the diamagnetic properties of the 
plasma on the duration of the current. 

2. METHOD AND EXPERIMENTAL RESULTS 

The experiments were carried out with the NPR-2 
installationllll. Plasma parameters were chosen to lie 
in the following ranges: initial density n0 between 
5 x lOll and 1014 cm-3 , and confining magnetic field Ho 
between 5 and 21 kOe, which corresponded to ratios of 
the plasma frequency Wpe to the electron cyclotron fre
quency wHe between 0.16 and 10. The initial potential 
difference Vo across the direct-discharge capacitor was 
25 kV in all experiments, which meant that the mean 
electric field strength in the discharge gap was about 
1 cgs esu. We measured the current through the dis
charge gap, the density, the diamagnetic properties of 
the plasma, and the x-rays due to the electrons striking 
the anode, all as functions of time. 
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The maximum plasma density in the trap was deter
mined by microwave absorption methods. We used three 
generators with wavelengths of 0.4, 0.8, and 3.0 em, 
which gave us the following density ranges: no< 1.1 
x 1012 cm-3 , 1.1 x 1012 cm-3 <no< 1.7 x 1013 em-:~, 1.7 
x 1013 <no< 7 x 1013 cm-3 and n0 > 7 x 1013 cm-3 • 

The current I(t} flowing through the plasma was 
measured by a Rogowski loop with a bandwidth of about 
10 MHz. The signal from this loop was applied to the 
plates of a fast oscillograph. The current circuit incor
porated a capacitor of C = 0.2 J1 F, in which the energy 
was initially stored. The inductance L and resistance R 
of the circuit consisted of the resistance and inductance 
of the plasma column and the resistance and inductance 
of the leads. To determine the latter we used the fol
lowing method. The plasma between the electrodes in 
the direct discharge was replaced by metal tubes of 
different diameters. The oscillation period was then 
used to determine the inductance of the leads, which 
turned out to be Lo = 400 em, and the damping of the 
oscillations was used to establish the resistance which 
was found to be Ro Rj 0.1 0. 

The plasma resistance ~l (t} can be determined from 
the energy balance equation 

C~oz = C~(t) + (Lo+L;')I2(t) s [Rpt('t)+Ro]J2(-r)d-r, (1} 
0 

where Lpl is the inductance of the plasma column. Hence 
it follows that 

Vo 1 st Lo+Lpt &I 1 &L (a) Rpt(t)=--- I(1:)d't- ----R0• 
I CI 0 I at 2 &t 

To calculate Rp1 we must know the current and the 
derivative and integral of the current. The last two 
quantities were determined graphically by analyzing the 
oscillograms. In addition, we must know the inductance 
Lpl of the plasma column itself and its derivative 
aLp1/at. These quantities can be found from measure
ments of the distribution of the azimuthal magnetic field 
H(/1 over the cross section of the plasma column. 

The azimuthal magnetic field of the current was 
measured by a system of seven single-turn probes dis
tributed radially in the chamber. The diameter of each 
probe was 0.8 em and the separation between them 
1.3 em. The signals were integrated by RC chains and 
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after amplification by a seven-channel broadband ampli
fier they were applied to the plates of the oscillographs. 
In this way the distribution of Hcp and hence the radial 
distribution of current density were determined at each 
instant of time. The total current through the plasma 
was measured at the same time with the Rogowski loop. 

Figure 1 shows the radial current-density distribu
tion in the chamber at the end of 0.12 (histogram a), 
0.25 (histogram b), and 0.38 11sec (histogram c) after 
the current was switched-on for densities in the range 
1.7 x 10 13 cm-3 < 11o < 7 x 1013 cm-3 and H0 = 10 4 Oe. It 
follows from the figure that in the time interval between 
0.25 and 0.3 JlSec the current distribution remained con
stant although the total current increased. Most of the 
current (about 85%) was localized in a column 8 em in 
diameter. The current density in this part of the cham
ber was not very dependent on the radial distance. At 
this time the inductance of the plasma column was 
150 em, while IBL/oT « (La+ Lpl)ai/at and the corre
sponding term in Eq. (2) could be neglected. 

Fort > 0.3 J.LSec the current distribution becomes 
very time-dependent. The rapid redistribution of the 
current density over the cross section means that ac
curate determination of L(t) and oL/at and, conse
quently, Rpl (t) becomes difficult. Anomalies in other 
plasma column characteristics appear at the same time 
(see below). 

It is interesting to note the appearance of currents 
near the wall, which can be seen in Fig. 1. We may sup
pose that these currents are associated with the skin 
effect in the cold plasma near the wall, in the magnetic 
field of the current flowing between the electrodes. 

The x-rays were detected through an aperture at the 
center of the anode which was 0.2 em in diameter and 
was covered by an 18- 11 beryllium foil. The x-ray de
tector (stilbene crystal + FEU-13 photomultiplier) was 
placed 150 em from the foil. The space between the foil 
and the crystal was pumped down to 0.01 Torr. We esti
mated that 1.2-keV x-rays were attenuated by a factor 
of e in this system. 
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FIG. I. Radial distribution of current 
density in the plasma column: a - t = 
0.12, b- t = 0.25, c- t = 0.38 J.LSec. 
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FIG. 2. Plasma parameters as functions of time: A- initial density 
in the range 1.1 X 1012 cm·3 < n0 < 1013 cm'3 , B- initial density in the 
range I. 7 X I 013 em ' 3 < n0 < 7 X I 013 em ' 3 . Oscillogram a - current 
through plasma, b - resistance of plasma column, c - transmission curve 
for 0.8 em radiation, d- plasma energy content, e -x-ray emission 
from the anode. 

The energy content of the plasma was estimated as 
follows. The magnetic flux displaced by the plasma was 
measured by a single-turn probe around the plasma and 
the return current leads. The confining magnetic field 
varied with a period of 3 msec and, therefore, use was 
made of a ten-turn compensating probe whose total area 
was equal to the area of the main probe. The compen
sating probe turns were placed inside the solenoid but 
did not cover the plasma and were connected in opposi
tion to the main probe. This enabled us to reduce the 
parasitic signal from the confining field by a factor of 
about 5000. 

If the magnetic flux displaced by the hot plasma is 
.o.<J>, the flux outside the plasma in the solenoid increases 
by the same amount. The total flux measured by both 
probes connected in opposition is .D.<I>S/(S- Spl), where 
S = 500 cm2 and Sp1 are the cross- section areas of the 
solenoid and the plasma, respectively. Since Sp1 « S, it 
may be assumed that the system measures the flux dis
placed by the plasma. The total energy content of the 
plasma column is calculated from the formula 

Uv ~ 0,8 V 3lloh+5·10-10 lf2, (3) 

where V p is the probe signal in volts, Ho is the confining 
magnetic field in Oe, l is the distance between the mag
netic mirrors in em, T = 10-4 sec is the time constant of 
the integrating network, and I is the current through the 
plasma in amperes. 

Figure 2 shows oscillograms of the current (a), x-ray 
intensity (e), energy content (d), total resistance of the 
plasma column (b), and the transmission of 0.8 em 
radiation (c). The resistance and energy content were 
calculated from Eqs. (2) and (3), respectively. In the 
experiments shown in Fig. 2a the initial concentration 
was in the range 1.1 x 1012 cm-3 < 11o < 7 x 1013 cm-3 , 

whereas in Fig. 2b it was in the range 1.7 x 1013 cm-3 

< n0 < 7 x 1013 cm-3 • In both experiments Ho = 10 kOe. 
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A similar analysis of the plasma heating process was 
also carried out for initial concentrations no< 1.1 
x 1012 em -3 and n0 > 7 x 1013 cm-3 for three values of 
the confining magnetic field (5, 10, and 21 kOe). It was 
established in all three cases that the discharge oc
cur red in two stages. 

During the first stage there is fast heating of the 
plasma, and the plasma column is relatively stable. 
The heating efficiency is constant and amounts to about 
30%. The energy content of the plasma during this stage 
increases to practically its final value which is deter
mined by the displaced flux when the current passes 
through zero for the first time. A rapid change in the 
column configuration (histogram c in Fig. 1) begins 
during the second stage and is followed by a rapid re
duction in the maximum density in the column (curves c 
in Fig. 2). At the same time, there are strong anomalies 
on the diamagnetic signal oscillogram. It is clear from 
Fig. 2e that there are no x rays during the initial stage 
of the process. Insufficient sensitivity of the detection 
system prevented us. from carrying out accurate quanti
tative estimates but, in any case, it can be concluded 
that the mean energy of electrons transporting the cur
rent during this time was less than 3 keV. Hard x rays 
appeared dll:ring the second stage. The maximum energy 
of electrons giving rise to this radiation can be estima
ted as 15-20 keV. The estimated intensities indicate 
that these electrons are responsible for 0.1 of the cur
rent. 

The duration of the first stage of the process and the 
energy content of the plasma increas'" with increasing 
initial density. The time of quiescent heating varies 
from 0.15-0.2 to 0.4-0.45 JJ.Sec, and the energy content 
Uy from 3 to 7 J when the initial plasma riensity increa
ses from about 1012 to about 1014 cm-3 • 

To determine the plasma energy content as a func
tion of the time for which the current flows, we per
formed an additional experiment. Some time after the 
current was switched on, the direct discharge capacitor 
was shorted by a special discharger, and the influx of 
energy into the plasma was terminated. The time be
tween the instant at which the current was switched on 
and the shorting of the capacitor could be varied. Fig
ure 3 shows the integrated energy content of the plasma 
as a function of the time of heating (curve b). All the 
points were obtained with the following initial param
eters: Ho = 10 kOe, 1.7 x 1013 cm-3 < n0 < 7 x 1013 cm-3 • 

Figure 3 shows the current (curve a) as a function of 
time with the shorting device open. The integrated en
ergy content was determined from the total displaced 
flux 0.5 JJ.Sec after shorting, when the current through 
the plasma was zero. If we assume that energy losses 
during this time are negligible, the resulting curve 
(Fig. 3b) represents the energy content as a function of 
time with the shorting device open. 

Comparison of the energy-content curves in Figs. 2 
and 3 shows that, during the first 0.3 JJ.Sec following the 
instant at which the current is switched off, the curves 
obtained by different methods are virtually the same. 
Next, according to Fig. 3, plasma heating has practically 
terminated although at timet= 0.3 JJ.Sec the capacitor 
still holds more than 60% of the energy. 

Figure 3 also shows the integrated energy flux across 
the magnetic field at the center of the trap as a function 
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FIG. 3. Plasma parameters as functions of time of current flow: a -
current through plasma with shorting gap switched off, b - energy con
tent as a function of time of current flow, c - energy flux across the 
magnetic field as a function of the time of current flow. 

FIG. 4. Plasma resistance as a function of initial density: a - con
fining field H0 = 5 kOe, b - confining field H0 = 21 kOe. 

of heating time (curve c). The energy flux was meas
ured with a bismuth bolometer[13 J mounted on a tube at 
a distance of 8 em from the chamber axis. The wall 
energy losses increase rapidly after the instant corre
sponding to the end of the heating process, and the sec
ond stage begins. However, the wall losses are much 
less (roughly by a factor of ten) than the total energy 
remaining in the capacitor at a time when the second 
stage begins. It is shown in WJ that most of this energy 
is dissipated in the anode. 

The anomalous plasma resistance was calculated 
from Eq. (2), but this calculation is possible only for 
the first stage. It is clear from Fig, 2b that after the 
current is switched on the resistance increases rapidly 
in a time to :s 0.05 JJ.Sec and thereafter varies slowly 
throughout the initial stage. We note that the character
istic growth rate of the ion acoustic instability is 

y~wp('/m/M, (4) 

where m is the electron mass, M is the hydrogen-ion 
mass, and wpi is the ion plasma frequency. According 
to Eq. (4), the resistance growth time is 0.01 JJ.Sec. 

The plasma resistance decreases with increasing 
density. Figure 4 (curve a) shows the plasma resistance 
as a function of initial density for Ho = 5 kOe and 21 keV 
(curve b). In all the experiments the resistance was 
measured at 0.1 JJ.Sec after the current was switched on. 
An average over 10-12 experiments correspond to each 
point. As can be seen, curves a and bin Fig. 4 coincided 
to within experimental error. 

An investigation was also made of the ratio of the 
streaming velocity u to the ion sound velocity cs as a 
function of the initial parameters. This ratio was calcu
lated from 

u/cs_=I'j'M/SplneiTe, (5) 
where e is the electron charge and Te is the electron 
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temperature in cgs esu. The values of all the quantities 
which are necessary for the calculation of u/cs were 
taken at t = 0.1 JlSec. The results of the calculations 
are shown in Fig. 5. The ratio u/cs does not exceed 10 
and falls monotonically, roughly as 1/v'il, with increas
ing initial density. This ratio is independent of the 
magnetic field H0 within the chosen range of magnetic 
fields. 

3. DISCUSSION OF RESULTS 
The main results of measurements shown in Figs. 

1-5 can be explained as follows. During the first stage 
of the process there are no large- scale hydrodynamic 
instabilities in the plasma, and the density of the plasma 
column and the current distribution over its cross sec
tion remain constant. The ratio of the streaming veloc
ity to the ion sound velocity measured at this stage ap
proaches unity in the broad density range 1012-1014 crrf3 • 

During the initial stage of the current there are no 
beam electrons with energies 2:: 3 keV which would be 
capable of transporting the entire plasma current. This 
leads us to the conclusion that the turbulent plasma 
heating observed during the first stage is not associa
ted with the beam. Consequently, the heating can only 
be associated with the development of current instabil
ity. When u/cs < 40, only the ion acoustic instability is 
possible. The growth time of the anomalous resistance 
is equal, to within experimental error, to the charac
teristic time for the development of the ion acoustic 
instability. It is important to note that the magnitude of 
the anomalous resistance (Fig. 4) is independent of the 
strength of the confining magnetic field. Finally, meas
urements of the noise spectrum at frequencies approach
ing the ion plasma frequency, which were reported 
earlier in [12 J, indicate the presence of high-intensity 
ion acoustic oscillations in the plasma. 

All this supports the hypothesis that the observed 
heating is connected with the development of ion acous
tic instability in the plasma. We note particularly the 
high efficiency (~ 30%) observed during the initial stage 
of the heating process and the relatively low energy flux 
to the chamber walls (curve c, Fig. 3). 

Next, large-scale hydrodynamic instability grows in 
plasma after a certain instant of time. This is probably 
the current convective instability which develops in 
plasma with anomalous resistance at a very high growth 
rate. 1> This is indicated, firstly, by the rapid redistri
bution of current over the cross section of the chamber 
(Fig. 1), secondly, by the rapid fall of the maximum 
density measured by the microwave absorption method 
(Fig. 2) and, thirdly, by the large- scale fluctuations in 
the magnetic field due to the current, noted in[ 12J. The 
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FIG. 5. The ratio u/cs as a function of initial plasma density. 

!)This was first suggested by L. I. Rudakov. 

anomalies on the diamagnetic signal curve can be ex
plained by the fact that, as a result of anomalous diffu
sion due to the development of large- scale instability, 
the plasma is found to expand and comes into contact 
with the chamber walls. When this is so, the value of Uy 
calculated from Eq. (3) should be low. 

Additional measurements (Fig. 3) show that there is 
no substantial heating of the plasma during the second 
stage, nor is there any reduction in the energy content 
of the plasma column followed by substantial heating. 
It follows that the process of accumulation of energy in 
the plasma may be regarded as complete at the time of 
transition from quiescent heating to the development of 
large-scale instability. The equilibrium between the 
absorption of energy and losses which are expended 
largely at the anode of the discharge is established next. 

In conclusion, the authors wish to thank E. K. 
Zavo1ski1 and L. I. Rudakov for their constant interest 
and advice in this research. 
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