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gave signals that were within 15% of the predic-
tion made using the axial behavior of Fig. 3(a)
and a R, jr law for the current density. The rath-
er poor divergence angles obtained in this experi-
ment are probably due to the coarse plasma sur-
face on the anode. With the geometry in question,
it would be expected that the radial divergence
would be greater than the axial divergence.

The major result of these initial investigations
is that intense ion beams can be controlled geo-
metrically and that propagation in a high vacuum,
field free region to a first-order focus is gov-
erned by single particle trajectories with no evi-
dence of space charge effects. Although the fo-
cused current density was not as high as we had
hoped, the problems involved appear amenable
to solution. We plan to optimize the system with
the following modifications:

(a) Plasma sources localized over the slots
will be used to maximize the total system effi-
ciency to keep the diode voltage up while extract-
ing a large number of protons into the propaga-
tion volume. (b) The capacitive division of the
plasma anode in azimuth will be considerably in-
creased, reducing the radial divergence angle.
(c) Experiments will be performed using a weak
negative bias magnetic field inside the propaga-
tion volume. If the total flux inside the anode is
zero, all protons, independent of the diode volt-
age, will arrive at the axis in the absence of ra-
dial divergence. In this case, neutralizing elec-
trons will be supplied axially along field lines,

as in previous work. ' "
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We have performed experiments on explosive instability of space-charge waves of the
helical electron beam due to nonlinear wave-particle interaction. The fast and slow
beam modes interact nonlinearly with the helical electron beam and grow simultaneously.

Explosive instability is one of the most interest-
ing phenomena in nonlinear plasma theory, "but
experimental results supporting such theory have
been lacking. ' Further, an experimental study on
explosive instability due to nonlinear wave-parti-
cle interaction (nonlinear Landau damping) has
yet to be reported, although the experimental in-
vestigations of the nonlinear Landau damping of
nonexplosive type have been given by many auth-
ors. ' ' In this Letter, we report the experimen-

tal observation of the explosive instability due to
the nonlinear Landau damping.

For an electron beam-plasma system in a mag-
netic field, the resonant condition for nonlinear
wave-particle interaction of two waves with the
electron beam is given by'~

2 (ksr k&2)"a=mrs„

where ~~ is the velocity of the beam, ~, the elec-
tron cyclotron frequency, m an integer, and the
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with nonlinear wave-particle coupling coefficients
given as follows:

Bf
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where it is assumed that k~v, ~/ur, «1, and the
dispersion relation of two waves is given by'

kII k jVOk IIV'=+ (da Jo ~
k (d

(4)

(5)

Here c is the linear dielectric constant, I II'=kII,
k

b ~, vo ~ = (2 U~ /m, }'~', and v, b
= (2 Tb /m, ) '~'.

The other notations are standard. It has been
proved that E,, E - at a finite time. ' If
II+,IE.,(0)I'-~, IE. (0)l']t I«1, E., and E.,
can be expressed in simple forms which are use-
ful for comparison with experimental measure-
ments:

IE,(t)/E (o) l=1+p,t, (6)

IE„(t)/E (0)I=1+p, t, (7)

where the linear damping is neglected, P, = ao.'a
x IE„,(o) I' and p, =-,'~, IE ~,(o)I'.

In the experiments a monoenergitic beam with
energy Ub =240-270 eV and fb = V-S mA (tempera-
ture T&= 0.5 eV, transverse energy U&= 2 eV,

other notations are standard. When the electron
beam is not helical, this nonlinear Landau damp-
ing is nonexplosive type, as we reported earlier. '
However, it has been predicted theoretically that
when the beam is helical, the first wave (~,} is a
positive-energy one, and the second wave (~,} is
a negative-energy one (~, & v„m & 0), the nonlin-
ear Landau damping is possibly an explosive
type. ' In our experiments, we observed that the
fast and slow space-charge waves of the helical
electron beam (fast and slow beam modes) which
correspond to the positive- and negative-energy
ones, respectively, are amplified simultaneously
by the nonlinear interaction with the beam.

Based on the general kinetic equations derived
by Porkolab and Chang, ' we obtained the following
kinetic equations for the explosive instability of
the fast and slow beam modes:
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FIG. l. (al Interferometer traces in an inhomogene-
ous magnetic field. &u&/2w =405 MHz; &u&/2n'=220 MHz;
~,/2' = 158 MHz; U~ = 258 eV; I~ = 8 mA; V& -—0.08 V
[traces (1) and (2)], and V& = 0.16 V [traces (3)-(5)].
(b) Interferometer traces in a uniform magnetic field.
&ui/2m'=400 MHz; &v&/2w =292 MHz; ub/2x = 142 MHz;
U&=265 eV; I&=7 mA; V&-—0.014 V [traces (6)- (8)], and

V& = 0.022 V [traces (9)-(11)].

diameter D = 6 mm) is continuously injected along
a magnetic field into a beam-generated plasma
(diameter = 30 mm) at the argon gas pressure of
0.3.mTorr. The collision frequency of beam elec-
rons is v

- 5X 106 sec- i giving a mean free path
of 2 m. The transverse energy of the beam is
produced by the magnetic cusp in front of the
electron gun or its slight inclination. On oppo-
site side of the electron gun, a Faraday cup is
placed to measure the parallel energy 0 II, and U&

(=U, —U„) and Tb. Two coaxial antenna probes,
axially and radially movable, are placed in the
beam in order to detect and launch the waves.

ln Fig. 1(a) we exhibit typical interferometer
traces of two nonlinearly unstable waves. Two
external signals with the frequencies , and ~,
(voltages V„V,= 0-3 V) are applied to one of the
electrodes of the gun, and the explosive instabil-
ity occurs in the region near the gun where the
magnetic field is inhomogeneous. Traces (1) and
(2) show the first wave in the presence (V, =0.36
V) and absence of the second external signal (~,),
respectively. It is found that the first wave is
slightly enhanced by the second external signal.
Traces (3)-(5) show the second wave. Similarly,
it is found that traces (3) and (4) in the presence
of the first external signal (V, =1.55, 0.4 V) are
strongly enhanced compared with trace (5) with-
out the first external signal, and that the wave-
length of the second wave is shortened by the
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FIG. 2. (a) Location of traces in Fig. 1(a) on the dis-
persion diagram. The empty circle corresponds to
traces (1) and (2), the full circle to traces (3) and (4),
and the full square to trace {5). The solid lines A and
A' show the fast and slow beam modes given by Eq. {5)
under present experimental condition, respectively.
The dotted lines S and S' indicate the space-charge and
cyclotron waves of the beam in the limit (d»~, respect-
ively. (b) Location of traces in Fig. 1(b) on the disper-
sion diagram. The empty circle, square, and full tri-
angle correspond to traces (6)-(8), respectively, and
the full cirlce, square, and empty triangle to traces
(9)- (11), respectively. The other explanations are
similar to those in (a).

first external signal.
In Fig. 2(a), we show the location of traces in

Fig. 1(a) on the dispersion diagram and the fre-
quency spectrum showing the second wave en-
hanced by the first wave. ' We determine that the
first wave is the fast beam mode, the second
wave in the presence of the first wave is the slaw
beam mode, and the second wave in the absence
of the first wave is a result of interference be-
tween the fast and slow beam modes. ' The straight
line R exhibits the resonant condition Eq. (1),
where (&u„k t~,) are given by the theoretical dis-
persion relation A (shown by the cross), m = 1,
and the values of ~, at the point shown by the ar-

row in Fig. 1(a) is used. We have confirmed that
the second wave was not the linearly unstable
wave (positive-energy one) due to a linear beam-
plasma interaction. For comparison, the disper-
sion relation of the cyclotron waves of the beam
given' by &u -k~~ v, +su, =~ cva(k~~/k)J, (k~uo~/co, ) is
shown by the solid lines & and B' (k~=4.8/D). It
can be seen that the second wave is distinguished
from the cyclotron wave of the beam I3 which is
the positive-energy wave. We can conclude that
the fast and slow beam modes are simultaneously
amplified by the nonlinear interaction with the
helical electron beam. These instabilities are
caused more easily in an inhomogeneous region
of the magnetic field than in a uniform region.
However, there is uncertainty in the confirma-
tion of the resonant condition due to the uncertain-
ty in the value of &u,.

We have tried to cause this instability in the
uniform region of the magnetic field (1% in uni-
formity and 10 cm in length). In Fig. 1(b), we
exhibit the typica1 interferometer traces ob-
tained in the uniform region. By applying the
second external signal to the gun and the first
one to the probe located in the uniform region,
we obtained traces (6)-(8) which show the first
wave with V, =1.5 V, the first one without the
second one, and the second one, respectively.
The first wave is enhanced and its wavelength
stretches by the presence of the second wave,
which means that only the fast beam mode grows.
On the other hand, traces (S)-(11)were obtained
by applying the first external signal to the gun
and the second one to the probe, and show the
second wave with V, =10 V, the second one with-
out the first one, and the first one, respectively.
The second wave is also enhanced and its wave-
length is shortened by the presence of the first
wave, which means that only the slow beam mode
grows. In Fig. 2(b), we show the location of
traces in Fig. 1(b) on the dispersion diagram.
We can also confirm the similar amplification of
two beam modes in the uniform magnetic field.
Moreover, we could observe the virtual wave at
the difference frequency ~y 402.

In Fig. 3(a) [3(b)], we show semilogarithmic
plots of the first- (second-) wave power and a
linear plot of the second- (first-) wave power ver-
sus the power of the second (first) external sig-
nal P, (P,). We see that the first or second wave
grows exponentially before saturation with in-
creasing E'„or P„respectively, and this am-
plitude variation follows the theoretical predic-
tion4' (e(p/T, s 10 ').
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FIG. 3. (a) First-wave power vs P, is shown by the
full and empty cirlces for the cases of Vi = 0.8 and 0 V,
respectively. The dotted line is a linear plot of the
second- (pump-) wave power. (b) Second-wave power
vs P& is shown by the full (V2= 0.9 V) and empty (V& = 0

V) circles. The dotted line is the first- (pump-) wave
power. &u&/2ir=400 MHz; &ui/2m=292 MHz; &u,/2m=144
MHz; U&=240 eV; and I&=7 mA.

In order to determine the nonlinear wave-parti-
cle coupling coefficients, the growth rate of the
amplified waves p, and pz were measured. By
the pulsative injection of the first external signal,
as shown by the lower trace in the insets of Fig.
4(a) and the continuous injection of the second ex-
ternal signal to the gun, the time evolution of the
first wave observed in the inhomogeneous region
of the magnetic field was obtained with use of the
boxcar detector, and its typical raw data are
shown in the insets. From the upper trace, we
see that the first wave grows initially and then
saturates. We can regard the initial growing to
be almost linear, as predicted by Eqs. (6) and (7).
Similarly, the time evolution of the second wave
was observed, and its typical raw data are shown
in the insets of Fig. 4(b). The growth rate p, (p, )

obtained from the initial time evolution is plotted
versus P, (P,) in Fig. 4(a) [4(b)]. We can con-
firm that both P„Pz are proportional to Pm, P,
within the experimental error, respectively, and
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FIG. 4. (a) Growth rate of the first-wave P f vs E2
with V~ =8 V. The arrow in the insets indicates the
saturating point. (b) Growth rate of the second-wave
P, vs Pi with Vi = 0.7 V. ~,/2z =400 MHz; &u, /2ii =292
MHz; ~ /2w=148 MHz; Ui, =256 eV; and I& =8 mA.
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this agrees qualitatively with the theoretical pre-
diction. ' We estimated the electric field by meas-
uring probe coupling coeffic|ent, which is deter-
mined by the method described by Malmberg and
Wharton. ' Thus, we obtained the coupling coef-
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' from Fig. 4. The corresponding theo-
retical values obtained from Eil. (4) under the
present experimental condition" are 0,, -—3.0 x10'2
cm sec g ', a, -—3.4 &10' cm sec g '. We consid-
er this agreement to be good within the experi-
mental error . .

In conclusion, we believe that we have observed
the explosive instability due to nonlinear wave-
particle interaction.
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al damping rate v~ is greatly larger than P& and P2.
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The theory in this Letter is only applicable to an in-
finite uniform plasma in a uniform magnetic field, but
in the theory of finite and nonuniform plasma it is suf-
ficient to alter only n~ and n2. The accurate theoretical
values of n& and o2 cannot be obtained, because the ac-
curacy of the values of plasma parameters is poor.
Therefore, we compared the experimental values of
Qf and u2 with the theory which does not match com-
pletely to the practical experimental situation.
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Ion heating by irradiation of rf fields in the ion-cyclotron range of frequencies is in-
vestigated using several diagnostic techniques. It is shown that substantial heating of
the bulk of the ions can be achieved by this method.

It is generally believed that some form of sup-
plementary heating will be required to heat to-
kamak plasmas to thermonuclear temperatures.
One such method currently under intensive ex-
perimental'"' and theoretical' "investigation is
irradiation of the plasma by electromagnetic
fields in the ion-cyclotron range of frequencies
(ICRF heating). Although earlier heating experi-
ments"' have produced encouraging results, it
is not certain that the rf power can be deposited
in the plasma in a meaningful manner by this
method. In this Letter, results are reported
from a recent series of experiments conducted
in the adiabatic toroidal compressor" (ATC) near
the second harmonic of the deuteron cyclotron
frequency. These experiments extend the results
of earlier efforts in the ST device' by thorough
investigation of the nature of the observed ion
heating.

All heating experiments reported here are con-
ducted with the second-harmonic resonance layer
positioned near the center of the plasma. Moving
the resonance layer in and out of the plasma
shows that the wave-damping processes take
place on or near the layer. However, the damp-
ing strength inferred from measured cavity Q
factor is much stronger than expected from the
second-harmonic resonant-damping theory. Sim-
ilar observations were made in other experi-
ments. ' The current theoretical model, ' "sup-

ported by some experiments, ' 4 is that the ob-
served discrepancy is due to the influence of two-
ion hybrid resonance between the majority deu-
terons and the minority protons. (The latter may
be present in small quantities as impurities in a
deuterium plasma. ) However, the detailed mech-
anisms remain unclear, and this paper is pri-
marily concerned with the investigation of power
deposition.

The rf generator frequency (fixed at 25 MHz
corresponding to the second-harmonic deuteron
cyclotron frequency at 1.64 T) is matched well to
the ATC device and the experiments can be con-
ducted under favorable discharge conditions.
Principally for this reason, the maximum rf en-
ergy input [limited by occurrence of magnetohy-
drodynamic (MHD) oscillations that often lead to
plasma disruption] is one order of magnitude
greater than for the ST experiments. ' The rf
power and plasma parameters are adjusted to
avoid these MHD oscillations. The rf power level
(maximum peak power approximately 200 kW)
drops during the pulse and all values quoted be-
low refer to the time average. The pulse length
(10 ms) is comparable or longer than the ion-en-
ergy replacement time (5-11 ms). It is consider-
ably longer than various ion relaxation times
(equipartition, deflection time, etc.) and the heat-
ing at the pulse end can be reliably assessed.
This Letter presents strong evidence, substanti-


