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The time variation of the electric field and potential of a wave excited during the development of drift two-
beam instability of a plasma consisting of positive and negative ions, and also the ion velocity

distribution functions, are investigated expetimentally. It is shown that the evolution of a small initial
perturbation of sinusoidal shape leads to the formation of a nonlinear wave in the form of spikes of high-
amplitude electric field pulses, including the capture of a certain amount of particles of both signs and the

formation of captured particle clusters or “macroparticles.”

In connection with the difficulties that arise in the
consideration of nonlinear waves of high amplitude in
plasma theory,!*"®] there is interest in the experimental
investigation of the formation of such waves in a rela-
tively simple system in which there is an unstable ion-
ion plasma.[**]

EXPERIMENTAL METHOD

The investigations were carried out on apparatus
previously described.[*! The experimental scheme is
shown in Fig, 1. The ion-ion plasma consisted of beams
of positive and negative ions of hydrogen, propagated
along the z axis with velocities v, = vo+ Av and v,
= Vo ¥ Av, where 2Av <« vp is the adjustable value of
the relative beam velocity., At the point z = 0, a sinu-
soidal perturbation of the velocity of the beams, with
amplitude ¥, was produced by means of a modulator
to which was supplied an alternating potential of speci-
fied frequency from a high-frequency generator. The
energy of each beam was Wo~ 13 keV (v~ 1.6
x 10° em/sec), and the current of each beam reached
3 mA,

The spatial evolution of the initial perturbation was
observed by means of a movable probe, which was the
end of a high-frequency cable covered with a quartz
capillary and matched to a resistor. In this case, the
signal picked off the resistor is proportional to the
time derivative of the plasma potential a¢g/st and, by
virtue of the relation
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it is proportional to the electric field of the wave. An
integrating circuit made it possible to obtain a voltage
proportional to the wave potential ¢(z,t). The time
dependences of both quantities were observed simul-
taneously on screens of oscilloscopes synchronized
with the modulator.

The intensity of the electric field of the wave was
also measured directly by the deflection of a thin elec-
tron beam with energy 1 keV, which penetrated the
plasma at the fixed point z = 100 cm. Both these meas-
urements have been briefly reported.[® With the help
of a Hughes-Rojansky analyzer placed at the end of the
beams (z = 110 cm), the time average of the energy
distribution function of the particles of each of the
beams was separately measured. To eliminate the ef-
fect of pulsations of the velocity of the ion beams at the
line frequency 50 Hz, the measurements were carried
out over a time interval of 2 millisec, for which the
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FIG. 1. Experimental setup: 1—ion-ion plasma; 2—velocity modu-
lator; 3—~high-frequency generator circuit; 4—electron beam; 5—probing
beam; 6—plates for time sweep of the beam; 7—screen; 8—ion velocity
analyzer; 9—movable probe; 10—broadband amplifier (up to 150 MHz);
11—integrating circuit; 12, 13, 14—oscillographs; 1 5—generator of in-
tensifier pulses.

beams of the oscillographs and the electron beam were
turned on by rectangular pulses of the indicated dura-
tion at the repetition rate of the pulsation frequency.

EXPERIMENTAL RESULTS AND THEIR DISCUSSION

The waves excited as a result of the development of
two-beam instability in an ion-ion plasma can be ob-
served by changing the relative velocity of the beams,
This leads to a change in the increment of the instabil-
ity,[*] which differs from zero only in the range Av
< AVer with a maximum at Av = Avept = 0.87 (£p1/f) Ve
(here f and fp) are the modulation and plasma frequen-
cies), The change in the time profile of the electric
field of the wave (measured with the help of an electron
beam) with change in the relative velocity of the beams
is shown in Fig. 2. It is seen that in the entire range of
relative velocities, with the exception of a small region
near the optimal velocity, the electric field of the wave
has an almost sinusoidal form, and its amplitude is
small. At optimal relative velocity, a wave of large
amplitude of essentially nonsinusoidal shape is excited
in the plasma with unipolar spikes of the electric field,
which is retarding for particles of the fast beam and,
correspondingly, accelerating for the slow beam.

The formation of a nonlinear wave of the shape shown
above at a given propagation length has been observed
at sufficiently high amplitude of the initial modulation
(Fig. 3). As is seen from the figure, the asymmetry of
the field is due to the formation of closely spaced clus-
ters of particles of opposite sign; initially, the cluster
of the slow beam moves forward and then the cluster of
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FIG. 2. Lissajou figures and the corresponding time profiles of the
electric field of the wave. z =100 cm, finod = 28 MHz, 2AW = Wi-W.
(2Av/vy = AW/W,).
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FIG. 3. Spatlal evolution of a sinusoidal excitation: a) for Wo =80
eV, b) for Wo =640 eV (the dashed curve indicates the profile of the
wave of excess density of charges p = p4+—p_, obtained by means of the
Poisson equation 0E/dz = 4mp); fimod = 25 MHz, AW =-0.8 keV (the
gain in case a is larger by 15 dB).

the fast beam. It is characteristic that in the process

of their interaction, the density of the clusters increases
significantly ~nd reaches a maximum value at some
point which is at the phase focus for the particles. An
interesting feature of the behavior of the wave up to the
phase focus is that amplification along the electric field
is much greater than in the case of propagation of a
linear wave (Wo = 80 eV), i.e., there is an effect of non-
linear amplification of the fleld Beyond the phase

focus, both the amplitude of the wave and its asym-
metry decrease.

The effect of nonlinear amplification is observed
especially clearly in the dependence of the amplitude of
the field of the wave on the value of the initial modula-
tion (Figs. 4 and 5). As follows from the figures, the
entire range of change of the field of the wave in the
region of the phase focus (Fig. 4b and the open circles
of Fig. 5) can be split into three characteristic regions,
corresponding to three stages of evolution of the wave.
The region I corresponds to the linear stage. In region
II, because of the nonlinear amplification, the amplitude
of the field increases more rapidly than in region I. As
to the amplitude of the potential, its growth in region II
is slowed (Fig. 4).

For an explanation of the feature of the interaction of
the particles with the wave, we consider the change in
the velocities of the particles in the course of their
evolution. In a set of coordinates in which the wave is
at rest (this system moves with the velocity v,
= (2Wo/M)¥2), the velocities of the particles of the
beams are specified at the initial instant, and are equal
to uo+ AV + Vo cos z', while the waves will change with
increase in the potential according to the relation

VaMu =" M+eq(z'). (1)

This change in the velocities has been observed on the
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FIG. 4. Dependence of the amplitude of the electric field and the
potential of the wave on the amplitude of the initial modulation: a) for
z=25cm,b) for z=80 cm, ¢) forz=110 cm; fmod = 25 MHz, W
=-0.8 keV.

FIG. 5. Dependence of the amplitude of the electric field (measured
by beams of an electron beam) on the amplitude of the initial modula-
tion: O—AW =-0.8 keV, @—AW =-0.6 keV, f,04 = 50 MHz, z = 100
cm.

distribution functions shown in Fig. 6, where the ampli-
tude of the initial modulation is measured along the W,
axis, and the dependence on it of the maximum and
minimum velocities of the particles is shown by the
dashed lines. As is seen, this dependence has the same
three regions as the analogous dependence of the elec-
tric field. The most important feature of the propaga-
tion of the particles in region II is the appearance of
particles with opposite velocities, i.e., particles cap-
tured by the electric field. The capture of these parti-
cles leads to an amplification of the grouping into
clusters and is connected with this amplification of the
electric field, retarding the clusters of the fast beam
and accelerating the clusters of the slow beam.

The relation (1) allows us to determine the absolute
value of the amplitude of the potential of the nonlinear
wave by substitution in it of the measured values of the
maximum or the minimum velocity of the particles. At
that moment when upjn = 0 (this is the point of inflec-
tion on all the amplitude dependences) we have

ep=e€Qcapt= 2 Muy®. (2 )

As is seen from Figs. 4 and 6, the potential continues

to increase and after the beginning of capture (this is
seen in Fig. 6 from the change in the maximum velocity)
and reaches a maximum value which exceeds @capt by

20—30%.

The maximum field intensity as a function of the
wavelength of the initial perturbation is shown in Fig. 7.
The dashed lines indicate the dependence of the field
corresponding to complete separation of the charges
distributed over a half wavelength, and is equal in the
one-dimensional case to

E=2nen). (3)

The linear character of the experimental dependence
indicates that radial swelling of the clusters, which
should lead to a decrease in the field in comparison
with the field of one-dimensional clusters, does not
manifest itself as yet. It is seen that the degree of
grouping of the particles into clusters as a result of
their capture is less than one half the maximum possi-
ble.

On the basis of the aggregate of experimental data,
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FIG. 6. Change in the velocity distribution function of positive and
negative ions upon increase in the amplitude of the initial modulation;
fmod = 50 MHz, AW =-0.6 keV,z=110 cm.

FIG. 7. Calculated (dashed curve) and experimental dependences of
the maximum electric field on the wavelength of the excitation.

we can conclude that a nonlinear interaction of wave and
particle takes place during the process of development
of a two-beam instability. The capture of the ions by
the wave is such an interaction. As a result of the cap-
ture of a definite part of the particles, the formation of
clusters of captured particles takes place—‘‘macro-
particles’’l”] of two types, with which are connected the
effect of nonlinear amplification of the field, the specific
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profile of the wave, and the maximum values of its am-
plitudes. The experimental data of this research are in
agreement with the results of mathematical modeling of
the nonlinear interaction of beams of positive and nega-
tive ions, given inl®l,
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