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Spatial Evolution of Velocity-Modulated Ion Beams in a Plasma
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Spatial growth and damping of a velocity-modulated ion beam are observed in a Q ma-
chine where no ion-ion instability is predicted. The phenomena are well explained by lin-
ear "wave" theory for beam bunching.

The behavior of modulated ion beams in a plas-
ma is of current interest in conjunction with plas-
ma instability and heating. Several experiments
on ion-ion instability have reported that perturba-
tions grow spatially as a result of the instability,
but saturate and damp subsequently. ' Here we
present another feature of perturbations produced
in an ion-beam-plasma system, clearly demon-
strated in a double-plasma (DP)-type Q machine.
Similar spatial growth and damping appear under
some conditions even if the system is stable. Lin-
ear "wave" theory for beam bunching' explains
the phenomena well.

Two collisionless 4-cm-diam Na plasmas are
produced in a Q machine' which is operated as
a DP machine, ~ as shown in Fig. 1(a). One of
them, the "driver plasma, " is surrounded by a
small metal cylinder tied to the hot plate HPD.
The hot plate HP~ of the other plasma, the "tar-
get plasma, " is grounded, together with the vac-
uum chamber. Electrons of the two plasmas are
separated from each other by a negatively biased
grid G, . With a positive bias q ~ of HPD with re-
spect to HP~, ions of the driver plasma flow in-
to the target plasma [N~ = (0.2-5.0)x 10' cm ',
T,= T& ——0.2 eV] as an ion beam. The beam cur-
rent is almost independent of ys (~ 0.2 V). The
beam energy is estimated by an energy analyzer
to be a little (lÃq or so) smaller than cps. Its
density N~, 10'-10' cm ', is controlled by the
density of the driver plasma. Assuming a half-
Mmavellian velocity distribution for 'ions emitted
from HPD, we estimate the beam temperature
T~,' which decreases with an increase in y~. The
condition T, «T& —-T, is easily realized. Numer-
ical analysis does not predict ion-ion instability
under this condition. The beam velocity is modu-
lated by superposing small voltage variations y
on op~. Spatial evolutions of the perturbations
are measured by a movable grid G„biased neg-
atively.

Typical interferometer outputs' for sinusoidal
modulation are shown in Fig. 1(b). For small

values of e (=N, /N~), the perturbations grow
spatially, but saturate and damp subsequently,
as in the case of ion-ion instability. As e in-
creases, however, there appears a periodic
change of growth, saturation, and damping. Its
pitch / decreases with an increase in c. Figure
2 shows the dependence of the phenomena on y~.
For y~ ~ 1.2 V, almost exponential damping is
observed. The wavelength X, the damping dis-
tance 5, and 5/k increase as p~ increases. The
phase velocities are larger than the beam speed
V, in this range of y~. The periodic growth and
damping are observed for y~ ~ 3 V and then the
phase velocities around the amplitude maxima
are nearly equal to V, . The periodic change of
amplitude suggests that the wave patterns con-
sist of two waves. Their phase velocities can be
calculated from X and t [see Fig. 2(b)]. The
same results are also obtained by the ordinary
grid excitation using Gs or G, in Fig. 1(a).

Figure 3 shows a typical measurement of the
spatial evolution for ramp modulation. A pulse-
shaped perturbation is observed to grow along
the beam up to the distance x, where the ampli-
tude begins to saturate. Beyond there, only the
width spreads gradually. With an increase of y~
and/or v (rise time of the ramp voltage), x, be-
comes large.

For cap~ » ~T„under which the periodic change
of amplitude appears, we can neglect ion response
to the modulated ion beam in the target plasma.
If there is no collective interaction, ballistic
bunching' may be applied to the phenomena. Sup-
pose that an ion beam is velocity-modulated si-
nusoidally at x = 0, i.e. , v, (x = 0, t) ~, cos(cot).
Then the u component of the perturbed ion-beam
current j, (x, t) is predicted to be' N, V~ J',(mx/V, )
x (v,/V~) sin[~(x/V& —t)], because eye»xT~ and

j, (x = O, t) =0 in the experiment. Thus, the enve-
lope is expressed by the first-order Bessel func-
tion whose argument depends on v, (~cp), in con-
trast to our observations.

In the presence of collective interaction, the
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where C,' = vT, /M, and n„(x, t) and v, (x, t) are perturbed ion-beam density and velocity, respectively .
Introducing the Fourier transform in time and the Laplace transform in space,

A(x, t) = f' A(x, Q) exp(-iQt)dQ/2m, A(k, Q) = f "A(x, Q) exp(-ikx)dx,

we obtain, after simple algebra,

j~(k, Q) . v~(x=0, Q)Q V~ —eC„
N, V, V,' (Q —kV, )'-k'eC, ' '

For sinusoidal modulation, v~ (x =0, Q) =mv, [6(Q+w)+5(Q —~)] [5($) is the delta function]. The in-
verse transformations of j, (k, Q) yield"" slnMx ~ sin~ ~ x tj (xt} v v v . e"'C . V

Jg Vg Vg E' C vs vp vs vp

where J,=N~ V~, and v&z (= V~ e+'"C,) and v~, (= V, —e"'C, ) are phase velocities of fast and slow ion-
beam modes, respectively. The phase velocity of this interference pattern, v~, is equal to v~zv~, /V, .
The shape of the envelope is independent of y.

Ramp modulation yields v, (x = 0, Q) = v, (~5(Q) +[exp(iQv) —1]/Q'v]. Then we get

jib (x, f) v~ v~gvq~ x —v~g(t —T)
g( (f )) x —v~gf

( )J„V~2V~e'~ C v' v f Spy

x -v„(t —v) x-v„t+ " e(x —n~, (t —r)) — " 9(x -sr~, t)),
ps ps

where 8(g) is the step function. This equation
yields a pulse-shaped perturbation which devel-
ops as shown (a„/V, =O) in Fig. 3. The growth
of j ~ (x, t) is given by v~/V, 'v up to the distance
x, [=v~zv~, ~/(v~z -v~, )] where the amplitude sat-
urates. Beyond there, only the pulse width spreads
gradually.

The above theory provides an essential mech-
anism of the phenomena. In order to explain oth-
er characteristics, however, we must extend the
analysis to T,c 0. Assume a shifted Mmnvellian
velocity distribution for the ion beam. Then, for
V, »a, [= (2zT, /M)'~'] and e"'C, »a, [= (2zT, /
M)' '], v» and v~, are given by v~&, ——V~+ e'~'C,
&& (1+&T', /&, )~' which are plotted, together with
v~ (=v~zv~, /V, ), in Fig. 2(b). A good agreement
between experiment and theory is found in this
figure. The other effect of T, is the wave damp-
ing. For V, »a, and e' 'C, »a» with an increase
of V~ and/or e, the damping factors of fast and
slow modes, P& and P, , decrease in such a man-
ner that P, —Pz (&0) becomes small. This is the
reason why clear interference patterns are ob-
served for large values of V, and e. For small
values of V, and/or e, the slow mode damps
more strongly than the fast. mode, and so its con-
tribution to the wave patterns is negligible es-
pecially far away from 0, . Moreover, for ep~
s T„ the slow mode cannot propagate in the di-
rection of the beam velocity. Thus, it is well
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understood that the measured phase velocities
coincide with v» for p~ ~ 1.2 V at which the damp-
ing is observed to be exponential.

Predicted evolutions of ramp-modulated per-
turbations for a,/V, x 0 are shown in Fig. 3, where
both j, (x, t)/J, and n, (x, t)/N, are included. In
the experiment, G~ is biased negatively to pick
up ion currents. The estimated value' of a,/V,
is 0.046 for y~= 3 V. A good agreement between
measured and predicted evolutions is found in
Fig. 3.

The simplest way to prove our explanation is
to make an experiment on pulse modulation. In
fact, there appear positive and negative pulses
which are easily confirmed to correspond to fast
and slow ion-beam modes.

In our work, ions of the target plasma play no
significant role. Thus, the situation is equiva-
lent to a single-ended Q machine under an "elec-
tron-rich" condition, in which an ion beam flows
through electrons. v An important difference is
that V~ can be arbitrarily controlled in the DP-
type Q machine. In this work, collective inter-
action plays an important role for low-frequency
perturbations produced in a Q machine, in con-
trast to the analyses emphasizing the nonexis-
tence of such an interaction in an ideal Q ma-
chine. ' The phenomena observed should always
exist in an ion-beam-plasma system. In ion-
beam shocks, ' the same phenomena can be found
before the shock formation. Only slow modes
were picked up in recent work on nonlinear ion-
beam modes using DP machines"; but our work
shows that both fast and slow ion-beam modes of
nearly equal amplitude propagate along the beam.
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It has been predicted that an intense light beam in a plasma will break up into a number
of self-focused filaments. We show that as a result of filamentation, strong plasma heat-
ing can occur in a wider range of densities than has been expected. The laser light de-
cays into lower frequency modes which then heat the electrons and assist in the further
development of a narrow filament.

Plasma heating by intense electromagnetic
waves is an essential aspect of laser fusion
schemes. The heating mechanisms mostly con-

sidered occur near the critical density surface,
where the local electron plasma frequency co~
equals the laser frequency ~,. Mechanisms
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