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The low-frequency region of the spectrum of the ion-acoustic oscillations (!l<:w00 of a plasma under 
conditions of turbulent heating by a current in a closed system is investigated. A technique for observing 
incoherent scattering of electromagnetic waves of !..0 =8.4 and 2 mm by the plasma oscillations is described. 
It is found that the spectrum of the observed frequencies !l is considerably narrower than the transmission 
band of the receiver. It is suggested that this is due to the anisotropy of the angular distribution of the 
long-wavelength ion-acoustic oscillations. An expression has been obtained for the apex angle 8,0 of the 
anisotropy cone, which, under the conditions of our experiment, was "'20'. As in [II, a time lag is observed 
between the time of application of the electric field, producing the turbulent heating, and the moment of 
appearance of the low-frequency ion-acoustic oscillations. A general law for the development of the spectrum 
!l(t) is established. It is suggested that this time lag is connected with energy transfer across the spectrum 
into the low-frequency region due to induced scattering of the ion-acoustic oscillations w0, by ions. 

IT has been shown in investigations of a number of au­
thors[l'2J that in the dissipation of energy during turbu­
lent plasma heating by a current an important role is 
played by the ion-acoustic instability, which has been 
theoretically investigated inC3'4 J. As is well knownC 5J, 
a broad spectrum of oscillations may be excited under 
these conditions. 

The present work was undertaken with the object of 
investigating the low-frequency region of the spectrum 
of turbulent plasma pulsations (n ~ u'pi) under condi­
tions of turbulent heating by a current in a closed sys­
tem. For the observation of the plasma pulsations we 
used the noncoherent electromagnetic- wave scattering 
technique which has been theoretically investigated 
in[s,?J and which has been used to study the Langmuir 
oscillations in a turbulent plasma[a-uJ, as well as the 
magnetohydrodynamic turbulence of the plasma of a 
heavy- current quasi- stationary discharge[12J. 

1. PROCEDURE FOR OBSERVING THE SCATTERING 
SIGNALS 

The experiments were conducted on the toroidal in­
stallation "Vikhr'-2"[13 ' 14]. Noncoherent scattering in 
a plasma of electromagnetic waves with A. 0 = 8.4 and 
2 mm was studied. The frequency of the incident elec­
tromagnetic wave was high in all the experiments 
(wo » Wpe » u'He), and the wavelength was A.o < dpl· 
The experimental conditions precluded the effect of 
multiple scattering of the UHF signal along the propaga­
tion path in the plasma, since the condition1J 

~~~~1. 
Ao ncr n 

is always fulfilled. 
The noncoherent scattering of UHF waves was, in the 

main, observed at small angles (within the limits of the 
±20° aperture angle of the directivity pattern of the 
UHF antennas). To perform these measurements on the 
"Vikhr'-2" installation, we had to use highly sensi­
tive broadband equipment, since the relative broadening 

1>Here n is the plasma density, n"' is the critical density and d"1 is the 
diameter of the plasma filament. 
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of the spectrum of the UHF electromagnetic wave 
caused by the scattering is extremely small, while the 
lifetime of the turbulent state of the plasma is ex­
tremely short. To separate the signal at the plasma­
oscillation frequency n at which the scattering takes 
place, we employed the method of homodyne conversion 
of the entire UHF signal received by the crystal detec­
tor. The useful signal at the frequency n was subse­
quently amplified by a broadband amplifier (the band 
extended from 0.8 to 150 MHz) and was observed with 
an S-1-11 oscilloscope. The frequency spectrum of this 
signal was analyzed by varying the lower edge of the 
transmission band of the video amplifier (from 0.8 to 
50 MHz). The sensitivity of the receiver for A. 0 = 8 and 
4 mm was not worse than 10-6 W. Such a sensitivity in 
the indicated wave bands turned out to be quite sufficient 
for the detection of the effect. However, to observe the 
noncoherent scattering in the plasma of a signal by a 
2-mm wave, it became necessary to construct a more 
sensitive, broader-band receiver. This problem was 
solved with the aid of a homodyne UHF receiver with a 
second frequency conversion by means of a superhetero­
dyne receiver, the block diagram of which is shown in 
Fig. 1. 

The UHF generator 1 generates an electromagnetic 
wave of frequency w 0 , which irradiates the plasma fila­
ment 16 through the horn antenna 15. Owing to the scat­
tering of the electromagnetic wave w 0 by the low­
frequency of the plasma oscillations n, satellites of 

FIG. I. Block diagram of a superheterodyne receiver for the obser­
vation of Raman scattering of a 2-mm wave in a plasma: I) 2-mm wave­
band generator; 2), 3) attenuators; 4) phase shifter; 5) double T-junc­
tion; 6) plunger; 7) UHF detector; 8) mixer; 9) HF heterodyne; I a­
intermediate-frequency amplifier (IF A); II) video detector; 12) video 
amplifier; 13) S-1-11 oscilloscope; 14) electrostatic screen; 15), 17) 
transmitting and receiving antennas; 16) plasma. 
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frequency Wo ± n appear in the frequency spectrum Of 
the UHF signal received by the antenna 17. This signal 
is mixed in the crystal detector 7 with a signal of fre­
quency Wo coming in through the reference channel, and 
a signal of frequency n appears as a result of the homo­
dyne conversion. A HF signal of frequency wH from the 
tunable HF heterodyne 9 is received by the same detec­
tor 7 through the mixing unit 8. The intermediate-fre­
quency amplifier 10 is tuned to the frequency n + wh 
= 970 MHz. On the basis of the time characteristics of 
the investigated plasma process, a 60-MHz band was 
chosen for the amplifier 10. To obtain this band, HF 
pass-band filters were used (the coupled cavity resona­
tors had a total Q ~ 10). The intermediate-frequency 
signal was then detected and the envelope of the oscilla­
tions of frequency n was observed on the screen of the 
S-1-11 oscilloscope. Tuning the HF heterodyne made it 
possible to investigate the oscillations in the plasma in 
the frequency range from 200 to 800 MHz. The sensitiv­
ity of the receiver was in this case ~lQ-7 W. 

2. EXPERIMENTAL RESULTS 

All the results cited below pertain to turbulent heat­
ing of a plasma in the toroidal "Vikhr'- 2" installation 
by a single current pulse (duration ~o.25 !J.Sec) under 
conditions of anomalous resistance. Typical oscillo­
grams of scattering signals are shown in Fig. 2. 

The oscillograms of the plasma oscillations of fre­
quencies n, obtained during the noncoherent scattering 
of UHF electromagnetic waves by the methods des­
cribed above, were used to determine, first, the fre­
quency spectrum of the turbulent pulsations; second, 
their lifetimes; and third, the relative efficiency of the 
noncoherent scattering (Psc/Po). 

1. The oscillograms 4 and 5 (Fig. 2) of the plasma 
oscillations at frequencies n much lower than wpi are 
the clearest. They were obtained with the aid of the 
first of the receivers described above during the scat-

FIG. 2. Typical oscillograms ob­
served when waves in the 2-30-mm 
band are scattered by the turbulent 
pulsations of a plasma. I) Electric 
field Eo; 2) current; 3) envelope of 
signal of frequency b.v = 240 MHz 
when a 2-mm wave is scattered (wh = 
730 MHz, band of the video channel, 
0.8-60 MHz); 4), 5) fluctuation sig­
nals when 4- and 8-mm waves are re­
spectively scattered; 6), 7) fluctuation 
signals due to the reflection of a 30-
mm signal from the boundary of the 
plasma at the level of I o-3 P ref and 
10-2 Pref respectively (n- 2 X 1012 

cm-3 , H = 2 kOe, E0 = !50 V/cm); 
the oscillograms 4, 5 and 6 were ob­
tained with an amplifier band of 30-
150 MHz, and 7 was obtained with a 
band 0.8-100 MHz. 
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FIG. 3. Dependence of the frequency shift occuring in the Raman 
scattering of UHF waves (continuous line) and of the scattering factor 
(dashed curve) on the length of the wave vector of the sounding wave. 

tering of waves of .\ 0 = 4 and 8 mm. We can make some 
judgement about the spectrum of the frequencies n 
directly from the shape of the oscillograms. It is- note­
worthy that the spectrum of the observed frequencies is 
considerably narrower than the band of the video re­
ceiver. For example, oscillations in the frequency 
range D.v = 60 ± 5 MHz are observed on the oscillogram 
5 with a video- channel transmission bandwidth of 
30-150 MHz. 

The oscillogram 3 in Fig. 2 is the envelope of the 
plasma oscillations observed during the scattering of a 
,\ 0 = 2 mm wave, in the case when the superheterodyne 
receiver was tuned to the frequency range D.v = 240 
± 30 MHZ. At other frequencies n between 200 and 
800 MHz, with the same sensitivity of the receiver, no 
scattering signals were detected. 

To verify that the oscillations n registered on os­
cillograms 3- 5 (Fig. 2) do in fact represent plasma­
density pulsations and not oscillations of the plasma 
filament as a whole, we set up a check experiment on 
the reflection of a .\ 0 = 30 mm wave from the boundary 
of the plasma filamene>. Typical oscillograms of the 
fluctuations of the phase and amplitude of the reflected 
signals (6-7 in Fig. 2) clearly show that the frequencies 
of the oscillations of the boundary of the filament are 
considerably lower than the frequencies n of the signals 
observed during the scattering of .\ 0 = 2.4 and 8 mm 
UHF waves that had penetrated into the turbulent plasma. 

The experimental dependence of the averaged fre­
quency shift D.v, which occurs in Raman scattering, on 
the length of the wave vector k 0 of the scattered electro­
magnetic signal was found from the data of the oscillo­
grams in Fig. 2. As shown by the continuous line in 
Fig. 3, this dependence is linear. 

2. It can be seen from the oscillograms of Fig. 2 
that all the Raman- scattering signals appear and exist 
only during the time when the current flows in the 
plasma. In accord with previously published results 
obtained on the "Vikhr'- 2" installation[ 1J, the frequency 
and moment of appearance of the low-frequency oscilla­
tions, n < wpi• observed by means of the Raman- scat­
tering method, are related to each other: the higher the 

2lThe maximum density of the plasma in the filament was 
~.. 2X 1012 cm- 3• It was established by UHF-interferometry at the 
wavelengths 2, 4, 8 and 30 mm, with a time resolution "' w-s sec, 
that the mean plasma density and diameter of the plasma sheath 
remained constant to within 10% during the heating by the current. 
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frequency of the plasma oscillations, the sooner they 
will appear after the current is switched on. 

3. Knowing the absolute sensitivity of the receivers, 
we could, using the oscillograms of the scattered sig­
nals-of the type shown in Fig. 2-determine, for each 
section of the !&-frequency spectrum, the dissipated 
power P sc received by the UHF horn antenna and, 
consequently, the scattering factor P sc /Po, where Po is 
the power of the unscattered signal. The power of the 
wave incident on the plasma was about 10-2 W in all the 
experiments. The dependence of the scattering factor 
on k0 is shown in Fig. 3 by the dashed curve and can be 
approximately described by the relation P 8 c/Po ~ .\~. 

The growth of the scattering factor with increase in 
the solenoidal electric field Eg in the circuit of the 
plasma filament (and with a corresponding increase of 
the plasma temperature, see[1 ' 14 J) was clearly observed 
in the experiments. It is interesting to note that a quad­
ratic growth of the scattering factor for UHF waves 
scattered by low-frequency pulsations of the turbulent 
plasma was observed when the electric field strength 
Eg was less than 200 V/cm. At Ee > 200 V/cm, some 
limitation on the growth of the energy of the turbulent 
plasma pulsations is observed. An entirely similar de­
pendence of the energy of the fluctuations on Eg was ob­
tained in the same experiment with an electric double 
probe introduced into the turbulent plasma. 

3. DISCUSSION OF THE RESULTS AND CONCLUSIONS 

1. The effect of noncoherent scattering of electro­
magnetic waves in a plasma, observed in this work, can 
be described as scattering by long wavelength (k8 « ko) 
ion sound. 

Indeed, the frequency shift occurring in such scat­
tering is determined by the Brillouin- Mandel' shtam 
formula: 

(1) 

where Vo is the frequency of the incident wave, c8 is the 
velocity of the ion sound, and 8 0 is the observation angle 
(angle between the wave vectors of the incident and scat­
tered waves). 

In the experiment on the "Vikhr'- 2" installation, 
with Te ~ 2 kV, n = 2 x 1012 cm-3 , and Ao = 2.4 and 
8 mm, the observed frequency shifts 1'>. v correspond to 
Eq. (1) when the aperture angle of the directivity pat­
tern of the receiving antenna is 8 0 ~ 40 ± 5o. For given 
Te and Bo, the frequency shift L'>.v depends linearly on ko 
(see Fig. 3), while at fixed .\ 0 and 8 0 , as reported in[1 J, 
L'>.v ~ ..JT; ~ c8 • 

2. The experimental data indicate that after excita­
tion of high-frequency ion-acoustic oscillations with 
k8 ~ k0 in the plasma by the current, there occurs a 
redistribution of energy over the spectrum of the tur­
bulent oscillations with the result that a low- frequency 
ion sound appears. As in[lJ, a delay was observed in 
this experiment between the moment of application of 
the electric field effecting the turbulent heating and the 
moment of appearance of the low-frequency ion-acoustic 
oscillations. This time lag, which was revealed by the 
appearance of the corresponding Raman- scattering sig­
nal, turned out to be in good correspondence with the 
T d(v) plot in[lJ. It is interesting to note that it agrees 

with a general law of spectrum evolution of the form 

[ 
't.- t] 

Q(t) ~ "'"'exp ___!_' -. - for t~Tp,. 
'tp, 

The redistribution of energy into the low-frequency reg­
ion of the spectrum is indicated[!] by the fact that the 
peak of the frequency spectrum in the region wpi was 
observed to fall at the same time as the intensity of the 
low-frequencies increased. This is also attested to by 
the experimental dependence of the scattering factor on 
the wavelength of the sounding wave, shown in Fig. 3: 
P 8 c/Po ~ A.~. 

The transfer of energy to the low-frequency region 
of the spectrum can, apparently, be attributed to in­
duced scattering of the ion- acoustic oscillations wpi by 
ionl15J. The experimentally observed delays in tlie ap­
pearances of the low-frequency oscillations 
( T ~ 10-8-10-7 sec) are sufficiently well described by 
the formula for the characteristic time of energy re­
distribution over the spectrum[lsJ: 

1 W k T, , 
_ = Q ~~---S:rr'e.,­
-.: 'nm,vT•·' /';k T, • ' 

for the parameters of the plasma in the "Vikhr'- 2" 
installation, under the assumption that kT/Tei'>.k ~ 1. 

3. The foregoing model of the appearance of low­
frequency ion- acoustic oscillations of a current- carry­
ing turbulent plasma in the "Vikhr'- 2" installation 
would seemingly lead us to expect to observe a continu­
ous spectrum of frequency shifts L'>.v, corresponding to 
the aperture angle of the directivity pattern of the 
antenna, in the entire transmission band of the receiver. 
In reality, however, the experimentally observed broad­
ening of the spectrum of L'>.v (see the oscillograms of 
Fig. 2) is considerably narrower than the transmission 
band of the receiver. Such selectivity in the scattering 
of electromagnetic waves can, apparently, be explained 
if we assume that the angular distribution of the recor­
ded ion-acoustic oscillations is anisotropic, i.e., that 
the waves are propagated only in a comparatively nar­
row cone defined by the directions k 8 . 

Another cause of the narrowness of the observed 
spectrum of the scattering could be the nonstationarity 
in time of the isotropic spectrum of k8 . Under this as­
sumption the range of the observed values of kin the 
scattered signal is bounded from above by the condition 
that the vector ko + k 8 fall in the antenna aperture angle, 
and from below by the exponential decrease of the spec­
trum according to the relation[Is] 

W, = W,exp {(k,-k,,)t/-r}, 

where T ~ 4 x 10-8 sec under the conditions of our ex­
periment[!]. However, the first supposition seems 
sounder. 

It is not difficult to show from the laws of energy 
and momentum conservation that the apex angle of the 
anisotropy cone is determined by the expression 

c,Q, {( /';Q) 1\(/';Q)} 60,= 1+- sin8,be,-(1-cos8o)~ , 
c/';Q sin 0, Q, /';Q 

(2) 

where the scattering angle 8 8 (angle between ko and k 8 ) 

has, under the conditions of our experiment, the value 
7T/2 + 7T/12. Substituting in Eq. (2) the experimental data 
for 1'>.!2 = 27Ti'>. v and the other quantities, we find that the 
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wave vectors of the ion sound, from which the Raman 
scattering of the UHF waves took place, lie inside a 
cone with an apex angle e so = 2 oe s ~ 20°. Such a strong 
anisotropy of the long-wavelength branch of the ion 
sound is easily explained if we recognize that according 
to the theory of anomalous resistance[3 J the short­
wavelength ion sound is highly anisotropic and that the 
long-wavelength ion sound observed by us is the prod­
uct of the conversion of the former. 

In conclusion, the authors express their gratitude to 
B. A. Demidov and N. I. Elagin for their help in conduct­
ing the experiments. 

1N. F. Perepelkin and S. D. Fanchenko, Dokl. Akad. Nauk SSSR 
189, 288 (1969) [Sov. Phys.-Dokl. 14, 1078 (1970)]. 

2Yu. P. Kalinin, D. N. Lin, L. I. Rudakov, V. D. Ryutov, and V. A. 
Skoryupin, Dokl. Akad. Nauk SSSR 189, 282 (1969) [Sov. Phys.-Dokl. 
14, 1074 (1970)]. 

3L. I. Rudakov and L. V. Korablev, Zh. Eksp. Teor. Fiz. 50, 220 
(1966) [Sov. Phys.-JETP 23, 145 (1966)]. 

4R. Z. Sagdeev, Proc. Symp. Appl. Math. 18, 281 (1967). 
5B. B. Kadomtsev, Voprosy teorii plazmy (The Problems of Plasma 
Theory), Vol. 4, Atomizdat, 1964, p. 188 [Engl. Trans!. under the title: 

Plasma Turbulence, Academic Press, New York, 1965]. 
6L. M. Kovrizhnykh, Zh. Eksp. Teor. Fiz. 49, 1332 (1965) [Sov. 

Phys.-JETP 22, 919 (1966)]. 
7D. D. Ryutov, Dokl. Akad. Nauk SSSR 171, 73 (1967) [Sov. 
Phys.-Dokl. 12, 223 (1967)]. 

8B. A. Demidov and S. D. Fanchenko, Zh. Eksp. Teor. Fiz. Pis'ma 
Red. 2, 533 (1965) [JETP Lett. 2, 332 (1965)]. 

9N. F. Perepelkin, Zh. Eksp. Teor. Fiz. Pis'ma Red. 3, 258 (1966) 
[JETP Lett. 3, 165 (1966)]. 

10B. A. Demidov and S. D. Fanchenko, At. Energ. 20, 516 (1966) [Sov. 
J. At. Energy 20, 597 (1966)]. 

11 N. I. Malykh, N. F. Perepelkin, L. A. Utkina, and E. S. Yampol'skii, 
At. Energ. 25, 3 (1968) [Sov. J. At. Energy 25, 735 (1968)]. 

12M. M. Larionov and V. V. Rozhdestvenskil, Zh. Tekh. Fiz. 38, 279 
(1968) [Sov. Phys.-Tech. Phys. 13, 202 (1968)]. 

13B. A. Demidov, S. D. Fanchenko, N. I. Elagin, and D. D. Ryutov, 
Zh. Eksp. Teor. Fiz. 46, 497 (1964) [Sov. Phys.-JETP 19, 337 (1964)]. 

14S. D. Fanchenko, B. A. Demidov, N.J. Elagin, and N. F. Perepelkin, 
Phys. Rev. Lett. 21, 789 (1968). 

15V. N. Tsitovich, Nelinelnye effekty v plazme (Nonlinear Effects in a 
Plasma), Nauka, 1967. 

Translated by A. K. Agyei 
159 


