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We present the results of new experiments on turbulence heating of a plasma; a theory for 
the effect has also been developed. In the density range from 1012 to 1013 cm- 3 the elec
tron pressure of the plasma is found to be 1015 eV-cm- 3, which is approximately 20% of 
H:_/sn. Under certain conditions the electron heating is accompanied by heating of the ions 
to approximately 150 eV. The containment time for ions with temperatures of approxi
mately 100 eV is roughly 130 J-tSec; for electrons at a temperature of 500 eV this time is 
approximately 60 J-tSec. No strong instabilities are observed during the time in which the 
plasma is confined. Ion cyclotron waves and characteristic oscillations of the plasma 
column have been observed. 

INTRODUCTION 

THE first experimental results on turbulence 
heating of a plasma in a rapidly varying magnetic 
field have been reported. [1- 4] In this phase of the 
work it was possible to establish the dependence 
of the electromagnetic energy absorbed by the 
plasma on the strengths of the fixed and variable 
magnetic fields and it was shown that the absorp
tion could not be attributed to collisional dissipa
tion; several methods of estimating the electron 
temperature were described. The theory of the 
effect was considered in detail for conditions in 
which turbulence heating effects would be ex
pected and a qualitative theoretical estimate of 
the final plasma temperature was given. 

In the present work we report on the results of 
experiments carried out with a new apparatus 
whose parameters are such that the plasma elec
trons can be heated to 1.5 ke V; it is also possible 
to investigate plasma containment in a magnetic 
trap and to produce collisionless heating of ions 
in conjunction with the turbulence heating of the 
electrons. 

1. DESCRIPTION OF THE EXPERIMENTAL 
APPARATUS 

A schematic diagram of the experimental ap
paratus is shown in Fig. 1. The system consists 
of a glass vacuum chamber 1 (inner diameter 12 
em) which is approximately 2 m in length; at the 
center there is a single-turn radio-frequency tank 
coil 2 which is 90 em in width. The circuit capac
ity is charged to 100-120 kV and discharged 

through a controlled spark gap. The natural fre
quency of the circuit is 9 Me/sec and the peak 
alternating magnetic field H~ is approximately 
500 Oe. The initial chamber vacuum is 5 x 10-6 

mm Hg. The vacuum chamber and rf circuit are 
located in a fixed magnetic field that can be varied 
from 0 to 3000 Oe; this field is produced by coil 
3. The additional coils 4 produce a magnetic
mirror configuration. The mirror ratio can be 
varied from 1.5 to 3.5. Before the rf circuit is 
energized a cold plasma is produced in the cham
ber by means of the plasma injector 5, which is 
located at one end of the vacuum chamber. The 
injector consists of an assembly of hydrogen
saturated titanium buttons between which a dis-

FIG. 1. Diagram of the experimental apparatus: 1) vacuum 
chamber, 2) rf circuit, 3) coil for producing fixed magnetic 
field, 4) mirror coils, 5) plasma injector 6) x-radiation de
tector, 7) monochromator with FEU-19 photomultiplier, 8) 
probe connected to electrostatic particle energy analyzer, 
9) probe for observation of transverse ion velocities (this 
can be used in place of 6 which is oriented vertically). The 
device 6 located horizontally can be introduced into the 
vacuum chamber in place of probe 8. 
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charge is produced using a capacity of 0.2 flF 
charged to voltages ranging from 3 to 15 kV. The 
discharge period is 1.5 11sec. The discharge cir
cuit contains a resistance of 0.5 Q which is used 
to damp the oscillations of the discharge current. 
The total time of operation of the injector is 3-4 
11sec. The charged particle density n can be 
varied from 2 x 10 11 to 4 x 10 13 cm- 3. The density 
is estimated by cutoff of microwave signals at 10, 
3 and 0.8 em and by the neutral atom ionization 
time, which is measured by the reduction in the 
emission of spectral lines. 

The electron energy at densities ~ 2 x 10 11 

cm- 3 is determined by measuring the hardness of 
the electron bremsstrahlung in thin carbon sheets 
6 located in front of a Csi ( Tl) crystal in the 
vacuum chamber. At higher densities the electron 
temperature is determined by simultaneous ob
servation of the emission lines Hf3 and He I 5875 
A or He I 5016 A by means of two monochroma
tors 7 provided with FEU-19 photomultipliers. 

The longitudinal velocities of the ions and 
electrons are measured by means of a probe 8 in 
conjunction with electrostatic analysis of the 
particle energy. [sJ The transverse ion velocities 
are measured by means of probe 9 which is lo
cated in the vacuum chamber between the mirror 
and the rf circuit. 

The timing of the operation of the oscillo
scopes, plasma injector, and rf circuit is con
trolled by a synchronization system. The trigger 
for the rf circuit can be delayed by times ranging 
from 0 to 100 11sec with respect to the injector 
trigger. 

2. MEASUREMENT OF ELECTRON TEMPERA
TURE AND DENSITY IN TURBULENCE HEAT
ING OF THE PLASMA 

The electron temperature in the plasma has 
been measured by three methods: (a) by absorp
tion of the electron bremsstrahlung in a thin car
bon sheet, (b) by determining the ratio of the 
quenching rates for various spectral lines, and 
(c) by means of a probe in conjunction with elec
trostatic analysis of the particle energies. The 
bremsstrahlung method can only be used at tem
peratures greater than 1 keV. The optical method 
is effective at temperatures below 500 eV. The 
probe technique is more or less universal. Used 
together these three methods allow us to deter
mine the plasma electron temperature over a 
wide range of various experimental parameters. 
The optical measurements also provide a deter
mination of plasma density in the range 10 12-4 

x 10 13 cm- 3 . Used in conjunction with the micro
wave measurements these give reliable informa
tion on plasma density under various conditions. 

A. Measurement of Electron Energy from 
Bremsstrahlung 

It has already been shown in the early work on 
this subject [1- 3' that the turbulence heating 
method provides electron temperatures of the 
order of 1 ke V and higher. In the present experi
ments an attempt was made to observe electron 
bremsstrahlung in the vicinity of 1 keV. For this 
purpose, a Csi( Tl) crystal 5 mm in diameter 
shielded from the plasma light by a thin opaque 
carbon sheet is placed directly in the vacuum 
chamber. The crystallographic plane can be 
parallel or transverse to the magnetic field. The 
density of the carbon film placed directly against 
the crystal is 0.4 mg/cm2• The plasma electrons 
striking the film are stopped in a very thin sur
face layer. The energy of these electrons is con
verted into x-ray bremsstrahlung which, after 
partial absorption in the sheet, strikes the crystal, 
causing a light flash. 

In front of the crystal there is a ''flag'' which 
is used to introduce absorbers of different thick
ness or to shield the crystal with a transparent 
Plexiglas plate 1 mm in thickness without break
ing the vacuum. The first experiments at densi
ties of 2 x 10 11 cm- 3 indicated intense emission 
from the crystal which could be observed by eye 
even in an illuminated room. Covering the crystal 
with a thicker carbon sheet or with a transparent 
Plexiglas plate causes the emission to disappear 
completely. Under the present conditions the 
bremsstrahlung from the plasma volume should 
be quite small. By placing the crystal parallel to 
the magnetic field and locating it at various trans
verse positions in the plasma we have shown that 
the bremsstrahlung does not come from the 
chamber walls, but is produced by direct incidence 
of electrons on the carbon sheet. 

In order to estimate the bremsstrahlung energy 
we have taken oscillograms of the emission from 
a crystal located behind the mirror (transverse 
to the magnetic field) and covered by carbon 
sheets of different thickness. The light from the 
crystal reaches the FEU-19 photomultiplier lo
cated outside the magnetic field by means of a 
light pipe. The photocathode of the FEU is 
covered by a diaphragm with an aperture 3.5 mm 
in diameter because the light intensity is so high 
that the photomultiplier is overloaded. The signal 
from the photomultiplier is then fed to the ampli
fier of an OK-17 oscilloscope. 
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In Fig. 2a we show oscillograms of FEU sig
nals for various absorber thicknesses. The emis
sion appears immediately after the rf circuit is 
energized. The sharp reduction in emission with 
time is due to the rapid rf heating of the plasma: 
this means that the first electrons to be lost from 
the trap are those with velocities lying within the 
escape cone. After these electrons are lost the 
loss of plasma through the mirrors is determined 
by particle collisions, a process that gives an ap
preciably smaller loss flux. 

These oscillograms can be used to determine 
the electron temperature if the electron energy 
distribution is known. If a Maxwellian distribu
tion is assumed the experimental results corre
spond to a temperature Te ~ 1.5 keV. Approxi
mately the same temperature value is obtained 
with a rectangular distribution of width Te or 
with a Druyvesteyn distribution. The exact form 
of the distribution function is not known at densi
ties 2 x 1011 cm- 3• However, probe measure
ments at n"' 1012 cm- 3 and a temperature of 500 
eV indicate that the electron energy distribution 
is smooth and that it has a single peak in the re
gion of the mean energy value. Thus it may be 
assumed that the figure given above represents 
a reliable estimate of electron temperature. 

In Fig. 2b we present the results of tempera
ture estimates obtained by interpreting the oscil
lograms for various instants of time. Unfortun
ately, with the sensitivity that was used it is not 
possible to estimate the temperature at times 
greater than 10 psec; the limitation on sensitivity 
arises because the photomultiplier is overloaded 
at the beginning of the pulse at higher sensitivi
ties and the oscillograms become highly distorted. 

B. Optical Measurements of Electron Tempera
ture and Density 

If the initial electron density is high ::_ 10 12 

em- 3 and if the residual or admitted neutral gas 
pressure is high it then becomes possible to de
termine the electron temperature from the emis
sion lifetime of two spectral lines. In the absence 
of thermodynamic equilibrium the line intensity 
is given by 

and depends on the instantaneous value of the 
density na of atoms of a given kind a and on the 
mean rate of excitation of the emitted line ne ( t) 
( vea ( ve)), where the angle brackets denote 
averages over the electron distribution function. 

At electron densities of approximately ~ 1012 

cm- 3 and higher the emission intensity is suffi
cient for detection at gas pressures up to 5 x 10- 6 

mm Hg ( na ~ 2 x 1011 cm- 3 ). It is then possible 
to study the plasma emission in separate spectral 
lines with a rather low neutral density, in which 
case the contributions due to secondary electrons 
and atomic excitation and ionization can be 
neglected. When the mirrors are turned on the 
density of electrons capable of ionization then 
remains essentially the same and the line inten
sity becomes a function of the electron tempera
ture alone. The initial value of the temperature 
can be established by comparing the computed 
and experimental intensity of the spectral lines 
as functions of time. This analysis is simplified 
considerably at temperatures greater than 40-50 
eV because the temperature change due to loss 
of electrons by virtue of excitation and ionization 
of neutrals is never greater than 20-30%. Thus, 
during this time interval the line intensity falls 
off exponentially with the atom concentration. 
The decay time for the line is then equal to the 
time required for ionization of atoms of a given 
kind 1/ne ( va~n) and can be easily related to 
the electron temperature. Obviously this state
ment holds only when there is no strong influx of 
impurities into the plasma during the time inter
val being investigated. Recent spectroscopic in
vestigations (cf. [6}) have shown that in turbulence 
heating the influx of impurities and the impurity 
contribution in the energy balance are both negli
gibly small. 

If two gases are used (in the present experi
ments, hydrogen and helium) the optical measure
ments of the variation of density with time make 
possible a simultaneous determination of the tem
perature and density of the electrons. For this 
purpose it is only necessary to know the value of 
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FIG. 2. a) Oscillograms of the emission from the Csl(Tl) 
crystal for electron bremsstrahlung in carbon sheets of dif
ferent thickness; b) the electron temperature as a function 
of time determined from these oscillograms. 
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FIG. 3. Theoretical 
curve for the ratio of the 
e-folding times for the 
He I 5875 A and the H.f3 
line as a function of eltron 
temperature T e· The cal
culations are carried out 
assuming a Maxwellian 
electron distribution. The 
curve is used to determine 
T e in the range between 
30 and 500 eV. 

the averaged quantity ( vu~n) as a function of 
temperature for each atomic species. The ratio 
of the ionization times can be used to determine 
the electron temperature (cf. Fig. 3); then, using 
the ionization lifetime and the electron tempera
ture the electron density can be found. 

In Fig. 4 we show two pairs of oscillograms of 
the emission of lines from hydrogen and helium 
taken in one experiment. From the ratio of the 
decay time of the emission for these spectral 
lines one determines the plasma temperature 
using the curve in Fig. 3. The first pair corre
sponds to Te = 40 eV, ne = 3 x 10 13 cm- 3 while 
the second corresponds to Te = 200 eV, 
ne = 6 x 10 12 cm- 3• To use this method it is neces
sary to know the quantity ( vu~n) which, in gen-

FI~. 4. Oscillograms of the emission of the Hf3 and He I 
5875 A lines for turbulence heating of a plasma in a trap taken 
in one experiment. The neutral atoms of hydrogen and helium 
amount to less than 10% of n. The period of the sine wave is 
10 p.sec. 

eral, depends on the choice of the distribution 
function. This dependence, however, is very weak 
and the method should give reasonably reliable 
results in the region 30 eV < Te < 500 eV. At 
lower temperatures the electron loss becomes 
important and at higher temperature the ratio 
< vuwn) I< vuW~) becomes essentially constant. 

The results of optical measurements of elec
tron temperature and density are shown in Fig. 17 
(cf. below). 

C. Probe Measurements of the Electron 
Temperature 

The velocity distributions of the electrons and 
ions in the direction of the magnetic field has been 
measured by using a probe in conjunction with an 
electrostatic analysis of the particle energy. [5] 

The probe is placed in the vacuum chamber be
hind the mirror in order to avoid perturbing the 
plasma. This probe is a grounded metal cylinder 
34 mm in diameter whose end face is covered with 
a copper fpil having 50 apertures 0.1 mm in 
diameter. To the first grid of this probe is ap
plied a separation potential which retards charged 
particles of one sign and extracts particles of the 
other; these extracted particles are then energy
analyzed by an analyzing potential applied to a 
second grid. A third grid located in front of the 
collector is grounded. 

In order to verify the probe accuracy we in
vestigated the energy distribution of the ions in 
plasmoids produced by the plasma injector (Fig. 5). 
The negative separation potential was 550 V and 
the mean energy of the directed motion of ions 
from the plasma injector was found to be 90 eV, 
in good agreement with the ion ene,rgy as meas
ured by the time of flight. 

A positive separation potential is used to study 
the electron energy distribution and the retarding 
voltage on the analyzing grid is varied from 0 to 
1500 V. As in the bremsstrahlung measurement 
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FIG. 5. The probe current (F i• relative units) for different 

retarding potentials V and the ion distribution (ni, relative 
units) from the plasma injector as functions of the energy of 
directed motion; H = 500 Oe. The voltage to the condenser 
bank is 13 kV. 
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FIG. 6. Oscillograms of the electron current to the probe 
after turbulence heating of the plasma for various analyzing 
potentials. The period of the sine wave is 10 Jl.Sec. 

the signal is produced primarily by electrons 
which acquire velocities lying in the escape cone 
as a result of heating. Thus, the duration of the 
current pulse is not determined by the lifetime of 
the hot plasma but by the time required for these 
electrons to escape from the trap. It is not pos
sible to increase the sensitivity of the probe in 
order to analyze electrons escaping from the 
trap by virtue of collisions because of the over
loading of the amplifier due to the first pulse. 
The flux of electrons escaping from the trap as 
a consequence of collisions is considerably weaker 
and is not recorded in the present experiments. 

In Fig. 6 we show typical oscillograms of elec
tron current at the initial time with various re
tarding potentials. Using these oscillograms one 
can find the electron energy distribution for vari
ous values of the fixed and alternating magnetic 
fields and for different plasma densities. A 
typical curve showing the electron energy distri
bution is shown in Fig. 7. A peak is observed 
near 500 eV. These probe measurements are in 
good agreement with the optical measurements 
( cf. below, Fig. 17). No noticable effect of sec
ondary emission on the energy measurements was 
observed up to 500 eV for the ions and up to 150 
eV for the electrons. This result was established 
in special control experiments. 
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FIG. 7. The electron 
current to the probe (Fe. 
relative units) as a func
tion of the analyzing po
tential of the probe and 
the electron energy distri
bution in turbulence heat
ing (ne = dF e/dV is the 
number of electrons having 
a given energy in relative 
units), H_ = 500 Oe, H = 

400 Oe, initial plasma den
sity ne = 2 x 1012 em·•. 

a function of the fixed magnetic field. The maxi
mum temperature is obtained at fixed fields of 
approximately 600 Oe; at higher fields (up to 
2000 Oe) the electrons are still heated to temper
atures of 100-150 eV. This dependence of elec
tron temperature on field is in agreement with the 
behavior of the energy absorption from the rf 
circuit obtained earlier. [2] 

3. TURBULENCE HEATING OF IONS 

It was established with the apparatus described 
in [3 •4] that the ions are heated at fixed magnetic 
fields greater than 1000 Oe; this effect could not 
be attributed to the collisions of plasmoids that 
were studied in this work. This phenomenon was 
detected by means of the probe described in. [4] 

The dependence of ion temperature on magnetic 
field obtained under these conditions is shown in 
Fig. 9a. Although simultaneous measurements of 
the dependence of electron and ion temperatures 
on field were not made it appears that the maxi
mum ion heating occurs at high fields, where the 
electron heating has already been reduced. As 
the strength of the alternating magnetic field is 
increased the peak is displaced in the direction of 
higher fixed fields (Fig. 9b). These observations 
were the motivation for building the new apparatus 
with increased tube diameter that could contain 
high energy ions. 

In the new apparatus the ion heating is observed 
by means of two probes which are perpendicular 
and parallel to the magnetic field. The first of 

FIG. 8. The electron 
temperature T e as a func
tion of the strength of the 
fixed magnetic. field as ob
tained from probe measure
ments; H_ = 500 Oe, ne = 
2 x 1012 em·•. 
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FIG. 9, (a) The ion temperature in turbulence heating as a 
function of the fixed magnetic field H and (b) the position of 
the peak in the ion heating curve as a function of the rf cir
cuit voltage Uc (the circuit frequency 1.2 x 107 cps); H_ = 

800 Oe, n = 1013 cm-3• 

these is a grounded copper cylinder 100 mm in 
diameter whose end face is covered by copper 
foil. The foil contains 100 apertures 0 .1 mm in 
diameter. The probe is introduced into the plasma 
across the magnetic field. Inside the cylinder 
there is a collector separated from the input aper
tures by a distance of 6 mm. Thus, only ions with 
a Larmor radius greater than this distance can 
reach the collector. When the magnetic field is 
changed from 500 to 1500 Oe the threshold energy 
is changed from 4 to 36 eV correspondingly. The 
electrons do not reach the collector since the 
electron Larmor radius at these magnetic fields 
is much smaller than the distance between elec
trodes. The probe does not show any readings 
when a plasmoid is produced by the injector; 
after the operation of the rf circuit there are 
strong signals of positive polarity in the absence 
of any external voltage. This result can be ex
plained only by assuming large transverse veloci
ties for the ions. 

A more detailed probe investigation was car
ried out in conjunction with electrostatic analysis 
of the longitudinal energy of particles beyond the 
mirror. In Fig. 10 we show the probe reading as 
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FIG. 10. Probe current for ions (Fi) and electrons (Fe) 
under the same conditions as functions of the probe analy
ing potential; we also give the ion distribution (ni = dF /dV) 
and the electron distribution (ne = dF e/dV) in energy (same 
conditions); H_ = 500 Oe, n = (2-3) x 1012 cm-3 , H = 1100 
Oe. 

FIG. 11. Ion probe current and 
the ion energy distribution for the 
case n = 1012 cm-3 , H_ = 500 Oe, 
H = 370 Oe. The peak in the dis
tribution curve lies near 175 eV. 

a function of retardation potential and of the en
ergy distributions for the electrons and ions ob
tained under identical conditions. The peaks of 
the distributions for the electron and ion energies 
lie at 130 and at 80 eV respectively. The maxi
mum ion temperature recorded in these experi
ments was 175 eV (Fig. 11). This result was ob
tained with an rf circuit voltage of 120 kV. 

The results given here lead to the conclusion 
that the turbulence heating method allows simul
taneous heating of electrons and ions. In these 
experiments we have obtained ion temperatures 
of 100-175 eV with alternating fields of 400-600 
Oe. Using alternating fields of higher amplitude 
would give the possibility of obtaining still hotter 
plasmas. 

4. CONTAINMENT OF A TURBULENCE-HEATED 
PLASMA 

After the turbulence-heating process the time 
for which the high electron and ion temperatures 
can be maintained is very sensitive to the pres
ence of the mirrors, although the mirrors have 
essentially no effect on the heating itself. This 
result indicates that the plasma is cooled pri
marily at the ends of the plasma column rather 
than across the magnetic field. 

An idea of the containment time for hot elec
trons can be obtained, as before, [2 •3] by observing 
the emission of the He II 4685 A line (Fig. 12). 
Helium is added to the hydrogen plasma in 
amounts less than 10% and is not ionized before 
the turbulence heating occurs. Hence, after 
plasma heating the intensity of emission of the 
He II 4685 A line grows, serving as a measure of 
the neutral helium that is ionized; this intensity 
then diminishes by virtue of the secondary ioniza
tion of helium and cooling of the electrons. Using 
the optical technique described above the electron 
temperature and plasma density are measured in 
the same experiments. It is thus possible to com
pare the measured electron containment time 
with the calculated time under the assumption 
that the escape of plasma electrons captured in 
the trap is due to collisions. The calculation is 
carried out using the expression 



NEW RESULTS IN TURBULENCE HEATING OF A PLASMA 355 

1, rel units 

FIG. 12. Intensity of the emission of the He II 
4685 A line after turbulence heating of the plasma. 
The hatched region indicates the total time the cir
cuit is in operation. The insert in the upper right 
shows an oscillogram of the current in the circuit; 
the period of the calibrating sine wave is 0.085 J-LSec. 

Te = lfm (lln a 1- 0.6) T'J, /6.1 Ae4n, 

where e and m are the charge and mass of elec
tron, a is the mirror ratio, and A is the Coulomb 
logarithm. Substituting the measured values 
n = 1012 cm- 3, Te = 500 eV and the mirror ratio 
a = 3, we find Te = 0.7 x 10- 4 sec. This value is 
approximately the same as the measured value 
Te exp = 60 11sec. 

In another series of measurements carried out 
at higher values of the fixed magnetic field, in 
which case the ions and electrons are heated ap
proximately uniformly, we have studied the con
tainment of hot ions. An idea of the containment 
of hot ions in the trap can be obtained from the 
readings of the ion probe located perpendicularly 
to the magnetic field ( cf. Sec. 3). 

In Fig. 13 we show typical oscillograms of the 
probe readings with the mirrors switched on. The 
oscillograms indicate a long (approximately 130 
11sec) containment of heated ions in the trap. 
Clearly evident are the current oscillations with 
fundamental close to the ion cyclotron frequency. 

In these experiments we also measured the 
plasma density by optical methods and the ion and 
electron temperatures by means of probes. The 
following mean values were obtained: 

T; = 102 eY, Te = 1.5 ·102 eV; n = 1Ql2 c.lt -a 

Thus, the calculated containment times for the 
ions and electrons in the '·probkotron'' are T i 
= 1.3 x 10- 3 sec and Te = 1.2 x lo- 5 sec. The 
measured value of Tfxp is found to be ~ 1.3 · 10- 4 

sec so that Te < Tfxp < Ti. 

FIG. 13. Oscillogram of the ion current to the 
probe oriented perpendicularly to the fixed mag
netic field. The mirror ratio is 3.4 the period of 
the calibrating sine wave is 10 J-LSec, H_ = 500 
Oe, H = 500 Oe, n = 1012 ern-' . 

This time relation can be explained as follows. 
After a time Te the temperature of the plasma 
electrons is reduced appreciably because of the 
escape of hot electrons which interact with the 
end plates of the apparatus, and because of the 
influx of cold electrons. In this case the plasma 
density is obviously maintained at the density of 
hot ions contained in the trap. It may be assumed 
that the experimentally measured containment 
time Tfxp is determined by charge exchange. 
This assumption is reasonable because atomic 
hydrogen can enter the trap from the injector. 
Hydrogen is essentially the only gas on which ap
preciable charge exchange can occur. Direct ex
periments show that charge exchange on the 
residual gas in the chamber is insignificant: the 
time Ti does not change as the residual gas pres
sure is raised from 5 x1o- 6 to 3 x lo- 5 mm Hg. 

Thus, as in the earlier work, [3] the experi
mentally measured containment time for the 
plasma electrons is found to be close to the es
cape time computed on the basis of collisions. 
Further evidence that the plasma in the trap is 
stable in the present experiments is provided by 
observations of low-frequency noise in the plasma 
(cf. the following section). The random fluctuations 
characteristic of a convectively unstable plasma 
have not been observed. 

A possible mechanism for the stabilization of 
the convective instability in the present experi
ments has been pointed out in. [3] As before, we 
are inclined to believe that the plasma is stable 
as a consequence of the electric contact with the 
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metal endplates of the apparatus; this contact is 
made through the cold plasma which is always 
available in sufficient amounts beyond the mir
rors. 

5. LOW FREQUENCY NOISE IN TURBULENCE 
HEATING OF A PLASMA 

The noise in the plasma is observed by means 
of probe 9 (Fig. 1); the signals from this probe 
are applied to the input in the amplifier of the 
OK-17 oscilloscope which has a bandwidth of 
10 Me/sec. The oscillograms of the ion current 
show strong coherent oscillations (Fig. 14). Some
times these oscillations are damped and then ap
pear later. These oscillograms show that the 
fundamental frequency is accompanied by har
monics. In Fig. 15 we show the frequency as a 
function of fixed magnetic field. On the bases of 
these data it can be concluded that these are ion
cyclotron oscillations. No other low-frequency 
oscillations have been observed. 

In addition to ion-cyclotron oscillations, under 
certain conditions turbulence plasma heating 
seems to excite magnetic sound resonances. The 
signal from a double electric probe located in the 
plasma which measures the field E <P is applied 
to the plates of an OK-19 oscilloscope. With ap
propriate choice of density and fixed magnetic 
field there are oscillations at the frequency of the 
rf circuit but characterized by a quality factor 
( Q) appreciably greater than the Q of the circuit 
itself (Fig. 16a). In some cases these oscillations 
jump to another mode, as is evident from Fig. 16b. 
Evidently magnetic-sound oscillations are excited 
by the rf circuit during the plasma heating 
period. 

6. THEORY AND DISCUSSION OF RESULTS 

In formulating a theory for turbulence heating 
we have started from the assumption that this ef
fect is due to a current-driven instability in the 
plasma. 

FIG. 14. Oscillogram of the ion current to a 
probe located between the mirror and the rf cir
cuit perpendicularly to the fixed magnetic field 
H = 680 Oe. The coherent oscillations at a fre
quency of 0.83 Me/sec are clearly evident on the 
oscillogram. The period of the calibrating sine 
wave is 2.5 p.sec. 

The alternating magnetic field H~ produced 
by the rf circuit excites a hydromagnetic 
(magnetic sound) wave in the plasma that fills the 
inner volume of the tank coil. The magnetic field 
gradient in the wave is related to the electron 
current flowing in the plasma by the expression 

. c iJ(H~)z 
I = - enu = - 4n _iJ_r_ . 

If the current density exceeds some critical 
value j* = -enu *, where u* is the critical cur
rent-associated velocity of the electrons, which 
is determined below, the electron stream will 
excite oscillations at some range of values of k 
( k and Wk are the wave vector and oscillation 
frequency). 

The oscillations most likely to be excited are 
electrostatic oscillations ( E = - V cp) for which 
the dispersion relation is [7] 

V=V(Vj_, 8,Vz); (1) 

00 

cp (r, t) = ~ dk <pk exp {i (kr- wkt)}, 
-00 

Here wbl.l = 41Tne 2/ml.l ( l.l is the particle species), 

V Me/sec 
Z.J ,; 

FIG. 15. The frequency of the z 
fundamental in the plasma noise 
as a function of the strength of 1.5 

the fixed magnetic field in the 
trap (curve 1). The frequency of I 

the fundamental is close to the 

/ 

# r- -

~ 
'7 

w 
j 

/I.J ion-cyclotron frequency for pro
tons (curve 2). I 

ll JIJIJ 1/JIJ/J IJ/Jil 2/J.?/1 
If, De 
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FIG. 16. Oscillograms of the readings of the double elec
tric probe. a) The current oscillations correspond to free mag
netoacoustic oscillations of the plasma column at a frequency 
close to the circuit frequency; b) in the second half of the cur
rent oscillogram there are oscillations at a higher frequency 
corresponding to another mode. The period of the calibrating 
signal is 0.09 tJ.Sec; H_ = 500 Oe, H = 1300 Oe, n = 2 x 10' 2 

em-•. 

wHe = eH/mc, and the remaining notation is con
ventional. Equation (1) and all the following equa
tions are written in the coordinate system in 
which the electrons are at rest and in which the 
ions move with velocity u across the magnetic 
field Hz. The effect of the magnetic field on the 
ion motion in the wave is neglected and it is also 
assumed that the ions are cold. 

It should be emphasized that Eq. (1) is derived 
under the assumption that the zero-order distri
bution function f 0 ( v) (on which the oscillations 
occur) is stationary and uniform. In the present 
case the zero-order quantities depend on coordi
nates and time. This situation can be neglected 
only for high-frequency oscillations and small 
wavelengths. 

Equation ( 1) can be investigated in two limiting 
cases: kPHe » 1 and kpHe « 1, where PHe is 
the electron Larmor radius. In the first case Eq. 
(1) is written in the form 

2 2 co I" 
_ Wpi Wpe \ dv . 0 o _ 0 

e (w, k) = 1 - (w + ku)2 + ---r .) w- kv &V- ' (2) 
-co 

An investigation of the dispersion relation (1) for 
the case kPHe « 1 shows that the most unstable 
oscillations are those for which 

where ce is the mean thermal velocity of the 
electrons. In this range of values of kz/k the 
dispersion equation for the long wave oscillations 
is the same as Eq. (2) if k is replaced by kz in 
the integral: 

_ W~i W~e r dvz i)j 
e(w, k) = 1- (w + ku)2 + !<'2kz .) w-kzvzovz = 0. (3) 

-co 

As long as the oscillation amplitude is small 

the growth in time is exponential' and each mode 
grows independently of the others. At higher 
amplitudes the nonlinear interaction between 
modes characterized by different k becomes im
portant and this interaction acts to limit the 
further growth of the unstable modes. Nonlinear 
processes lead to an exchange of energy between 
modes in the spectral range of unstable k, in
cluding values of k for which the oscillations are 
absorbed by Landau damping; this phenomenon 
causes plasma heating.O 

The wave kinetics can be treated using the 
example of a one-dimensional oscillation spec
trum ( k parallel to u). In the range of values of 
k in which the oscillations are stable and Wpe/ce 
» k » 1/ PHe the spectral density of the oscilla
tion energy Wk is determined from the kinetic 
equation for the ''mode occupation numbers'' 
Nk:[SJ 

dN 
d;a. = 2vka.N ka. + l't L; ~ ~ dk' dk"b (k' + lc" -!c) 

lh 

X b (wka. - Wk'il - Ulk"y) W ( Wka.'Wk'il'Wk"y) 

x(Nk'f3Nk"y- Nka.Nk'fl- Nka.Nk"y) 

1 lBy heating we mean an increase in the mean particle 
energy 

miL r 
T .l(v-u)2 /l'-dv. 

We shall call this the "temperature" and denote it by the 
expression T ll = Y2 mile~. 
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I 4ne3 \d Bfb'fov ]2 
X I ~ ~ ~ v (wk<t- kv) (wk'(J- k'v) (wk"y- k"v) • 

- p. p. 

(The subscripts a, {3, y denote branches of the 
oscillations and assume the values 1, 2, 3 for the 
spectrum derived below (6).) The mode occupa
tion number Nk is related to the energy density 
Wk by 

wk = 8~ k2 a: roke (rok) I cpk 12 = Nkrok. 
k 

We now examine the meaning of the terms in 
Eq. ( 4). The first term on the right side takes 
account of the production or absorption of modes 
characterized by wave vector k. In particular it 
includes the linear Landau damping. The second 
term describes the change in the mode occupa
tion number as a result of processes with the 
participation of three waves with different k: 
decay of modes with wave vector k into two 
modes k' and k" and also the inverse process of 
fusion and scattering of the type k + k' = k". In 
these processes energy and momentum are both 
conserved. For example, in mode decay 

k = k' + k", 

The change in the total energy of the interacting 
mode is associated with processes described by 
the third term. It takes account of processes in 
which the combination of two modes with frequen
cies Wka and Wk'f3 forms modes characterized 
by frequencies Wk" = wka - Wk'f3 where k" = k 
- k' and these modes are absorbed by resonance 
particles, for which v = "-'k"/k". Hence this 
process is essentially a nonlinear Landau damp
ing effect. Although the nonlinear Landau damp
ing is formally small compared with the term 
2vkNka, it is important for waves in which the 
linear damping is small or completely absent. 

Landau damping due to resonance particles 
leads to a change in the zero-order distribution 
function.l9J This process is described by the 
quasilinear equation for the electron and ions 

( 5)* 

Resonance particles which absorb energy diffuse 
in velocity space v as long as a plateau 8f~/8v 
= 0 is not formed on the zero-order distribution 

*[vH] = v x H 

function. The position and width of the plateau 
!:::.v corresponds to the range of phase velocity 
!:::. ( w /k) satisfying the mode spectrum. 

We now apply the general considerations given 
in Eqs. ( 1) -( 5) to the problem of turbulence heat
ing of a plasma. Before proceeding to a detailed 
analysis of the problem we note some of the 
salient features of the current instability. The 
relation given in (2) has been studied quite 
thoroughly L10J for a Maxwellian electron distribu
tion function. If the current-associated velocity 
u is smaller than the thermal velocity of the 
electrons ce the resonance electrons excite os
cillations with phase velocity w/k ~ ( Te/M) 112 

(ion acoustic wave). The growth rate for this in
stability v ~ ( w2/k)8~/8v. When u > u* ~ ce a 
hydrodynamic instability is excited and the growth 
rate is independent of the detailed structure of the 
distribution function as in the case u < u *, but is 
determined by the amount by which the current
associated velocity u exceeds the critical velocity 
u*. It increases with increasing u - u* and k 
and reaches a maximum value Vm ~ ( m/M) 1/ 3wpe 
when k ~ u/wpe· 

Since Eqs. (2) and (3) have the same structure 
it is easy to establish the nature of the instability 
for long-wave oscillations kPHe « 1. The hydro
dynamic instability now also exists when u < u *. 
The instability arises for waves for which kz 
< k ·u/u* 

In order to facilitate the analysis of nonlinear 
processes associated with current instability we 
first consider the case in which the magnetic 
field is such that the amplitude of the long waves 
cannot increase appreciably while the rf circuit 
is in operation. We then estimate the contribu
tion in the electron heating due to long waves. 

Assume that the plasma heating process is 
determined by short waves kpHe » 1. We have 
already estimated the maximum growth rate 
vm ~ ( m/M) 113 Wpe. In a plasma with density 
n > 10 13 cm- 3 the quantity vu/u > 102 . Thus, in 
the heating process at each instant of time there 
will be established some spectral distribution of 
waves Nk which varies slowly with increasing 
current-associated velocity u ( t). If 

it follows from Eq. (5) that there will always be a 
plateau on the distribution function 8f ~ /8v = 0 in 
the velocity range !:::.v in which the phase veloci-
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ties of the steady-state oscillations appear. Hence, 
in Eq. (2) the integral is to be computed in the 
sense of the principal value. This means that ion 
acoustic waves are not excited in this regime; the 
only waves that are excited correspond to a hydro
dynamic instability for u > u * ~ ce. 

As the current velocity increases the quantity 
u - u* increases. On the other hand, the non
linear damping of oscillations, which leads to 
plasma heating, reduces this quantity. The steady 
state supercritical equilibrium must then obvi
ously be determined by the value of the parameter 
vmu/u and occurs at slight "supercriticality" 
when vmu/u » 1. In a weakly supercritical 
regime waves are excited which propagate almost 
parallel to the current with phase velocity of 
order ce ( m/M) 113 . The stability limit is deter
mined by an integral condition on the distribution 
function 

~ of"/or 
J(u, c.)= c2 ~0-_ -dv = 0. 

e u-f-v 

For a Maxwellian function f~ ~ exp( -mv 2/2Te) 
this condition is satisfied when u ~ -0.9 Ce. The 
spectrum of electron-ion oscillations in the 
vicinity of unstable values of k is of the form 

( 
2 )'/, 'I re w =- ku --f- 'nkc ± -'Yl (k2 - k2 )''-1,2 'I e 3{ 'I 0 (J) ' 

u pe 

k~ = (J)~e {I+ I' [ '1]- ( 1- ~~) ]} , 
c. 

(6) 

The relation in ( 6) can be applied for values of k 
that are not too large, in which case k2 

< ( Wpelce )27). The limiting value k0 and conse
quently, the growth rate of the instability Vk• are 
determined by the parameters of the steady-state 
turbulence heating regime (the electron tempera
ture Te, the density n and the quantity u/u). 

We now consider the kinetics of waves de
scribed by Eq. ( 4). The spectral distribution of 
the oscillations Nk for k > k 0 is determined by 
three processes: the influx of oscillation energy 
from the range k < k 0 where the oscillation 
''sources'' are located, the loss of energy as a 
consequence of nonlinear Landau damping, and 
loss due to decay processes. In the steady-state 
regime the influx of oscillation energy must be 
balanced by the non-linear damping. 

The effect of linear electron Landau damping 

on the wave kinetics is insignificant in the present 
experiment. The diffusion process in v-space, 
which is described by the nonlinear term in Eq. 
( 5) for the electrons, leads to the establishment 
of a plateau. The relative width of the plateau is 
small: 

11vlc. = 11 (wlk)lc. ~ (m!M)'1'. 

As a result of the establishment of the plateau the 
electron temperature increases by an amount 
~Te ~ Te(~v/ce) 3 ~ Te(m/M) 213 . As the 
current-associated velocity increases, the width 
of the plateau increases slowly. However, during 
the turbulence-heating process the electron tern-

• • 2 
perature must increase at a rate Te ~ 1/2mu . 
Hence the small contribution to the temperature 
change due to the increase in the plateau can be 
neglected. It is evident that in the overall energy 
balance one need not take account of the energy 
loss due to the increase in the plateau width, i.e., 
the linear Landau damping. 

Comparing the second and third terms in Eq. 
(4) it is evident that the wave interaction process 
for the spectrum in Eq. (6) goes approximately 
( M/m) 1/ 3 times faster than the nonlinear Landau 
damping process and equilibrates it to the influx 
of oscillation energy from the region k < k 0. 

Hence, in the zeroth approximation the spectral 
distribution of the modes should be determined 
by decay processes which lead to the establish
ment on branches 1 and 2 of a Rayleigh-Jeans 
distribution for the mode occupation number 
Nka = (nce/wpe)®/wka• where® is the wave 
temperature. 

The temperature of the waves can be deter
mined as follows: in the quasistationary regime, 
in which u ( t) = u*( t) ~ ce ( t) during the entire 
process, the rate of electron heating Te is due 
to the absorption by the electrons of oscillations 
at temperature ® from branches 1 and 2 as a 
consequence of nonlinear Landau damping: 

(7) 

The current-driven instability can heat the 
ions as well as the electrons. An investigation of 
the dispersion equation (2) shows that when k is 
of order wpelce the frequencies w2,3 approach 
the ion plasma frequency. Consequently the phase 
velocity of these oscillations can be of the order 
of the ion thermal velocity. Strong linear Landau 
damping of these oscillations should lead to ion 
heating at a rate that can be estimated from Eq. 
( 5) written for the ions. The diffusion process in 
v-space, which is unimportant for the electrons, 
leads to ion heating at a rate 



360 M. V. BABYKIN, et al. 

T;~ Te (m!M)'1'(wpeulu)-'1'. (8) 

The ion-heating rate becomes equal to the elec
tron-heating rate when ( "-'peu/u) m/M ,2 1. We 
emphasize that the heating process described 
here can be established only during the course of 
a monotonic rise in current-associated velocity. 

We now estimate the contribution to electron 
heating for wavelength kPHe « 1. It follows from 
Eq. (3) that the critical velocity for the long-wave 
hydrodynamic instability is of the order of the 
ion thermal velocity. Hence, in contrast with the 
case kpHe » 1, electron heating due to nonlinear 
Landau damping does not lead to the appearance 
of a long-wave instability. In the strongly super
critical regime the most unstable perturbation 
grow almost a periodically with growth rate y ~ w 

~ ( mu/Mce) 113 WHe. To estimate the electron 
heating rate due to the absorption of these oscil
lations we again use Eq. (4), although the applica
tion of this equation in an essentially aperiodic 
case is open to question. The calculations give 

Te ~ TewHe (ulce) 3 (m!M)'1'. (9) 

The long-wave instability and the electron heating 
associated with it are specially important when 
u < ce, in which case the short waves are stable. 

To compare the theory given here with experi
ment one must know how the current-associated 
velocity u is related to the measured parameters 
of the rf circuit and the plasma. In the general 
case of a nonlinear highly damped hydromagnetic 
wave it is difficult to establish this relation. In [2] 

the two simplest situations were considered: the 
case of quasistationary compression of the plasma 
by the alternating magnetic field and the case of 
small wave amplitudes. The current-associated 
velocity in a plane wave ( H~ )z = H~ sin ( kzr 
- n t), which propagates across the magnetic 
field H, H~/H « 1, is given by the expression 

H':_ QZ 

-2- = 8nn -1 -w-2 ---Q-2-J ' 

'· e 

mu2 
( 10) 

The kinetic energy of the electrons in the 
current-associated motion mu2/2 has a peak at 
H = (Q 2mMc 2/e2 ) 112 and falls off as H- 2 as H in
creases. At smaller values of H the wave field 
penetrates into the plasma only to a skin depth 
c/wpe· 

The value of H is small at the circuit fre
quency n/27T = 107 and is approximately 150 Oe 
for protons. For appreciable heating of a plasma 

"th d "t" 1012 13 WI ens1 ws -10 one requires an alter-
nating field value comparable with or greater than 
H. Hence the majority of the present measure-

ments were carried out at H~/H ~ 1 in which 
case Eq. (10) only applies qualitatively. Actually, 
as a consequence of the curvature of the front of 
the highly nonlinear hydromagnetic wave the 
quantity mu2/2 must be larger than given by Eq. 
( 10) and its dependence on field in some range of 
values of H must be weaker. 

As we have shown above, because of the cur
rent-associated instability the temperature of the 
plasma electrons at each instant of time must be 
greater than mu2/2. Hence the energy absorbed 
by the plasma must depend on the field H in the 
same was as mu2/2 while the maximum effective 
heating 8rrnTe/H2 must be of order unity. These 
theoretical conclusions are qualitatively verified 
by the measured dependence of energy absorbed 
from the circuit described in [2] and the measured 
dependence of electron temperature Te in turbu
lence heating on the plasma density n. 

The maximum heating efficiency 8rrnTe/H:, 
for a fixed value of H:,/8rr must depend only on 
circuit parameters so that a change in plasma 
density means that the pressure must remain 
fixed. In Fig. 17 we have plotted the quantities 
ne and T e as measured by three different methods: 
by bremsstrahlung in the region of large values 
of Te and small n, and by the optical method and 
the probe method at high densities. All the ex
perimental points give satisfactory agreement 
with the line nTe ~ 1015 eV cm- 3• These measure
ments were carried out at alternating fields of 
H~ = 500 Oe so that 8rrnTe/H:, = 0.2. 

Ion heating has been observed in these experi
ments. This effect can be explained by the theory 
given here. Ion heating is possible if 
( wpeu/u)m/M .?: 1 and this condition is satisfied 
in the present experiments. 

Te, ev 
I 

l Ill 

IIIII 
If 1fZ atJ l~d IV' Ill 

n, cm"'3 

FIG. 17. The electron temperature T e as a function of 
plasma density n in turbulence heating H-v = 500 Oe, H 
= 500 Oe. (O) data obtained by the optical method, (L'I) data 
obtained by x-ray measurements, (D) mean of the many re
sults obtained by probe measurements. In the region 5 x 1011 

-• < < 4 1 o" -• · h · em - n - x em , usmg t e curve we fmd nT e = 1015 

eV-cm-•. The value of this product at optimum heating, as 
indicated by the measurements, is proportional to H~. 
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We emphasize that the comparison of certain 
experimental facts given here with the theory that 
we have proposed indicates primarily that there 
are no contradictions. In order to make sure that 
turbulence heating is due to the processes de
scribed here it would be desirable to observe the 
mode spectrum during heating. 

7. SUMMARY OF RESULTS 

1. A detailed experimental investigation has 
verified that it is possible to obtain rapid and ef
fective collion-less heating of plasma electrons 
to high temperatures by means of a strong hydro
magnetic wave which propagates across the mag
netic field. In the present apparatus we have 
established that nTe ;::; 10 15 eV cm- 3 over a wide 
range of values of the density n. 

2. It has been established that under certain 
conditions the electron heating in the wave is 
accompanied by appreciable ion heating. 

3. We have proposed a mechanism for colli
sionless heating of electrons and ions in a strong 
hydromagnetic wave. Qualitative agreement has 
been shown between the experiments and this 
theory of turbulence heating. 

4. We have investigated the confinement of a 
plasma heated by turbulence heating in a trap. 
The confinement time for high-temperature ions 
in the trap reaches 130 11sec when n = 10 12 em- 3• 

The confinement time for hot electrons is 60 11sec 
when n = 10 12 cm- 3, in approximate agreement 
with the escape of electrons by virtue of colli
sions. During this time period no strong instabil
ities are observed in the plasma which could lead 
to the rapid loss of plasma. 

5. Strong ion-cyclotron waves are observed in 
the plasma. With certain choices of the values of 
density and magnetic field strong oscillations of 
the plasma column are excited. These oscilla
tions evidently correspond to magnetic-sound 
resonance of the plasma at the frequency of the 
rf circuit. 
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