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The excitation of oscillations is investigated in a plasma-beam discharge (density 1011_1013 electrons/cm3) 

located in the magnetic field of a mirror-trap and modulated by the electron beam (energy 30 kV, current 
20 A) at the frequency of the lower hybrid resonance. It is shown that slow waves can be effectively 
excited (by external modulation) in volumes that considerably exceed the beam volume. The excitation of 
the oscillations is due to nonlinear interaction between high-frequency Langmuir waves and the low­
frequency waves. 

It has been shown previously[l,2] that the effective 
heating of the plasma ions by an electron beam is ob­
served under conditions of excitation of oscillations 
with low velocity from the lower-hybrid resonance 
region (w 2 ~ WHiwHe). One of the methods of excitation 
of this type of oscillations can be the multi-frequency 
high-frequency modulation of the beam[S] or amplitude 
modulation of the high-frequency signal.[2,3] These 
methods are based on the nonlinear transformation of 
the energy of the high-frequency waves, excited by the 
beam, into low-frequency ones. 

In the work of Haas and Eisner, [4] and Bhatnagar and 
Getty, [6] the excitation of oscillations by the electron 
beam was studied at a frequency of the lower hybrid 
resonance due to the Cerenkov effect (w "" k' Vb) and a 
conclusion drawn on the small effectiveness of the given 
method for WOe > wHe (WHe, WOe are the electron­
cyclotron and electron-plasma frequencies). It seems 
to us that in this case the methods of excitation of the 
low-frequency oscillations, based on the nonlinear 
transformation of the energy of the high-frequency 
waves into the low frequency, can be rather effective. 
One of the possibilities of its accomplishment is the 
imposition of a low-frequency perturbation on the beam, 
keeping the optimal conditions for excitation of the high­
frequency oscillations. As shown in(6], the periodic 
change in the density of the plasma beam at a low fre­
quency leads to a change in the increment of growth of 
the high-frequency Langmuir oscillations with the 
period of these fluctuations, which generates self-modu­
lation of the wave. If the group velOCity of the high­
frequency wave is identical with the phase velocity of 
the low-frequency wave, then these waves turn out to be 
coupled, as a result of which there is a pOSsibility of 
the amplification of the low-frequency oscillations at 
the expense of the energy of the high-frequency waves. 
This process is similar to a decay instability.[7] Quali­
tative relations between the amplitudes of the low-fre­
quency and high-frequency waves in the given situation 
were obtained by Bakai,ca] 

If we assume that the increment Yk for the high­
frequency waves changes slowly, and 

(1 ) 

where y is the variable part of the increment, and fib 
Vb are the time averages of the density and velOCity of 
the beam, then the amplitude of the high-frequency wave 
can be represented in the form 

259 Sov. Phys.·JETP, Vol. 41, No.2 

(2) 

For y = g cos Ot 

(3 ) 

In the presence of nonlinear interaction of the high­
frequency and low-frequency OSCillations, the equation 
which describes this interaction has the form 

(4) 

where bn is the amplitude of the low-frequency oscilla­
tions with wave vector K, V is the coupling coefficient 
between the high-frequency and low-frequency waves, 
rn is the attenuation of the high-frequency OSCillations, 
ak = w(k + K) - w(k). Equation (4) for the amplitude of 
the high-frequency wave gives the relation 

~ V(til.-Q,til.,Q) I a.' I 
b.=g . 

• (ir. + ~.h. 
(5) 

If we assume that V remains unchanged then, denot­
ing the percentage modulation by 0, the relation (5) can 
be written in the form 

(6) 

i.e., the amplitude of the low-frequency wave is directly 
proportional to the coupling coefficient V, the percen­
tage modulation 0 and the square of the amplitude of 
the high-frequency oscillations. 

We made an attempt to verify experimentally the ef­
fectiveness of such a method of excitation of the oscilla­
tions at the frequency of the lower hybrid resonance. 
The experiment was carried out on the apparatus 
previously described.[9] The basic parameters of the 
apparatus are: a beam energy up to 30 kV, current up 
to 20 A, density of the hydrogen plasma 1011_1013 

electrons/cms, magnetic field of the mirror trap with 
mirror ratio Hmax /Hmin ~ 3 and intensity at the trap 
center 0.3-1.5 kOe. The modulation of the electron 
beam was accomplished with the help of a network at a 
frequency of 45 MHz. The modulation frequency was 
chosen from the condition of satisfaction of the lower­
hybrid resonance for a magnetic field at the center of 
the trap. The oscillations excited in the plasma were 
started by electrical and magnetic probes. The phase 
velocity of the oscillations in the plasma were deter­
mined with the aid of movable magnetic probes, con­
nected in a balanced cable bridge for the comparison of 
the phase of the oscillations. 

The investigations have shown that, under the condi-
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FIG. I. Dependence of the amplitude of high-frequency and low­
frequency oscillations on the preliminary modulation of the beam: 
I-high frequency oscillations; 2-low-frequency oscillations; 3-low­
frequency oscillations-computed curve. 

FIG. 2. Values of the phase velocity of the wave in the direction 
of motion of the beam for change in the plasma density. 

tions of intense excitation of the high-frequency oscilla­
tions (w < WHe < wOe) in the case of superposition of 
an external low-frequency modulation on the electron 
beam, a strong dependence of the amplitude of the low­
frequency oscillations at the modulation frequency on 
the amplitude of the high-frequency oscillations ap­
pears (w ~ wHe, w ~ 0.5-7 GHz). Figure 1 shows the 
dependence of the amplitude of the high-frequency oscil­
lations (1-10 GHz, curve 1) and the low-frequency os­
cillation at a frequency of 45 MHz (curve 2) on the pre­
liminary depth of modulation of the beam. The number 
3 indicates a curve obtained for bn on the basis of 
Eq. (6) according to the experimental values of Ii, a2 
under the assumption that V is a constant. Curves 1 and 
2 of Fig. 1 were obtained for a beam power of 200 kW 
(Eb = 25 keV, Ib = 8 A). Curves 2 and 3 (as can be seen) 
are very close, Le., the experimental dependences fit 
well within the framework of theoretical representa­
tions on the tight coupling of the low-frequency and 
high-frequency oscillations. 

Figure 2 indicates the values of the phase velocity of 
the wave along the direction of motion of the beam for 
a change in the plasma density in the trap region. It is 
seen that the phase velocity of the excited wave at a 
frequency of the external perturbation is two orders 
smaller than the beam velocity. In the region of lower­
hybrid resonance the relation 

k,>2(jJ,.'Ic'-kJ." (7) 

is satisfied, in accord with the theory of plasma 
wavesyo,llj Experimental investigations show that this 
relation is satisfied in the presence of modulation with 
a frequency w2 ~ wHiwHe. 
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FIG. 3. Distribution over the plasma radius of the amplitudes of 
the field components of the excited wave. 

FIG. 4. Dependence of the amplitude of the excited wave on the 
modulation of the beam for fixed beam power. 

260 Sov. Phys.·JETP, Vol. 41, No.2 

Both magnetic and electric components of the field of 
the wave were recorded in the experiment. Also, the 
spatial region of localization of the wave exceeded many 
times (by an order of magnitude) the region occupied by 
the beam. Figure 3 shows the distribution along the 
plasma radius of the amplitudes of the wave field com­
ponents at a frequency of 45 MHz. Estimate of the field 
components E cp and Er from probe measurements 
showed that their values reach 200-500 V / cm for beam 
power up to 200 kW. 

By knowing the field components of the excited oscil­
lations, we can estimate their power. The simplest ex­
preSSion for the power of the oscillations in the cross 
section of the plasma column is obtained in terms of 
the magnetic components of the wave fieldY2j Under the 
assumption that the wave field is concentrated in the 
volume of the plasma, 

P=~~~H.' (8) 
2 kllk 811 ' 

R is the radius of the plasma column, Hcp the azi­
muthal component of the magnetic component of the 
wave field, Ell the longitudinal component of the dielec­
tric constant. 

Estimates of the power, obtained by this formula, 
show that from 10-30% of the beam energy is trans­
formed into low-frequency oscillations under optimal 
conditions, Le., the effectiveness of the excitation of the 
oscillations is rather high. It is necessary to note that 
such a coefficient of transformation of the energy was 
predicted by Onishchenko et al.,[13 j who considered the 
decay of the high-frequency waves with excitation of the 
low-frequency ones in the beam-plasma system. 

Thus, the investigations that were carried out of the 
excitation of low-frequency oscillations in a plasma by 
an electron beam upon the imposition on it of external 
perturbations confirmed the basic conclusions of the 
theory, while they also showed that there is a number 
of phenomena in this method of excitation which can be 
explained only by a further broadening both of the theo­
retical and the experimental investigations. 

Under the assumption that the type of the waves does 
not change during the course of experiment, Le., the 
value of the coupling coefficient for the waves remains 
constant, there should correspond a single value of the 
amplitude of the low-frequency oscillations to each 
value Oa2, in accord with (6). However, as we see from 
curves 2,3 of Fig. 1 and the curve of Fig. 4, which is 
constructed according to curve 2, in the experiment, two 
values of the amplitude of the low-frequency oscillations 
correspond to a single value of Oa2. With increase in 
the percentage modulation, the amplitude of the low­
frequency oscillations decreases. At high beam powers 
(above 200 kW), the linear dependence of the amplitude 
of the low-frequency oscillations on the percentage 
modulation is preserved only for small O. Thus, for a 
beam power of 500 kW, it is preserved for 0 in the 
range from 3 to 5%. Along with this, an increase is ob­
served in the power of the low-frequency oscillations 
with increase in the beam power. On the other hand, a 
significant broadening is observed in the spectrum of 
low frequencies with increase in the modulation of the 
beam and the amplitude of the low-frequency oscilla­
tions, (see Fig. 5). For Ii = 80%, af/f reaches a value 
of 0.34. 

It should be noted here that the theoretical considera-
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FIG. 5. Dependence of the width of the spec­
trum of excited oscillations on the modulation of 
the beam. 

tion which we have given is limited to the small ampli­
tude wave, when the reaction of the amplified wave on 
the distribution function of the beam is not taken into 
account. It is not excluded that the coefficient V also 
changes during the course of the experiment. Moreover, 
the modulation frequency in the experiment is of the 
order of the increment of growth of the high-frequency 
waves. A consequence of this fact can be a decrease in 
the high-frequency amplitude, and therefore in the low­
frequency oscillations. A similar effect of the low­
frequency on the high-frequency oscillation was ob­
served in[14]. It is not excluded that the broadening of 
the low-frequency perturbation spectrum during the 
course of growth of the amplitude (Fig. 5) is connected 
with the effect of capture of the particles by the field of 
the excited wave.[lS] 

We can now draw the following conclusions on the 
basis of the experiments that have been carried out. 

1. With the application of external low-frequency 
perturbations on the electron beam under conditions of 
excitation by it of intense high-frequency oscillations, 
amplification of the low-frequency perturbations is pos­
sible. The mechanism of amplification is based on the 
nonlinear interaction of the low-frequency and high-fre­
quency waves. For a complete description of the given 
interaction, additional experimental investigations are 
necessary, including the measurement of the coupling 
coefficients. 

2. The effectiveness of the considered method of ex­
citation of oscillation can be rather high and, as our in­
vestigations show, can be used successfully for the ex­
citation of oscillations at the frequency of the lower 
hybrid resonance and for heating of the high-density 
plasma in large volumes. l16] It can be expected that the 
amplification of the low-frequency oscillations, excited 
by the beam, will be much greater than the frequency of 
the modulating low-frequency oscillations.[17] 
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