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Large-amplitude, low-phase-velocity, axisymmetric electron cyclotron waves have
been excited and propagated more than 10 wavelengths on an intense relativistic-electron
beam transported along a magnetic field inside a cylindrical vacuum waveguide. Meas-
urements of wavelength and azimuthal symmetry have been accomplished. Wave-phase-
velocity control, essential for collective ion acceleration, has been demonstrated by
spatially varying the magnetic field strength. From measured wave quantities, on-axis
accelerating fields of 10 MV/m are inferred.

PACS numbers: 52.60.+h, 52.35.Hr, 41.80.Dd, 29.15.-n

Among the proposed' methods of collective ion
acceleration is the autoresonant-accelerator con-
cept' which employs an axisymmetric slow cyclo-
tron wave impressed on a very intense electron
beam. In this scheme the ions are initially trapped
by the wave potentia1 in a high-magnetic-field,
low-phase-velocity region and then accelerated
as the phase velocity is increased by Qaring the
magnetic field. In this paper, the excitation,
propagation, and identification of this mode on a
high-power electron beam are reported. The
azimuthal-mode number and wavelength of this
mode have been measured. In addition, control
of the wave phase velocity by spatial variation of
the guide-magnetic-field strength has been dem-
onstrated. These waves have been generated at
levels of interest for collective ion acceleration.

The experimental setup is shown in Fig. 1. The
2.25-MV, 20-kA pulsed electron beam is pro-
duced in a vacuum diode employing a 5-cm-diam
hemispherical cold cathode and a planar anode
with a 6-cm-diam aperture through which the
beam is extracted. The diode is immersed in a
2.5-kG axial magnetic field. Experimental mea-
surements are made during an 80-ns time win-
dow when the diode voltage is constant to within
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FIG. 1. Cross-sectional view of experimental ar-
r angement.
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The electron beam is propagated along a guide

magnetic field interior to a 7.6-cm-diam conduct-

ing drift tube which is evacuated to 10 ' Torr.
Beam propagation has been studied with use of
total coQecting and multiport Faraday cups, ' mag-
netic-field probes, wall charge collectors, and

collimated x-ray detectors and has been found to
be well behaved. Yn, particular, the radial cur-
rent-density profile has been measured to be uni-
form with a diameter of 5.0 cm.

The antenna used to launch the waves is located
approximately 1 m from the diode, and consists
of a resonant (239 MHz) half-wavelength coaxial
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transmission line of 17.6 cm outer diameter with
a 10-cm-diam helical center conductor through
which the beam propagates. The right-handed,
bifilar center conductor is wound with a 5'pitch
angle and is 7 cm in length. A 100-kW external
oscillator, tuned to 239 MHz, inductively drives
this high-Q antenna structure, in an axisymme-
tric mode, to the 2-MW level just prior to the
beam pulse. The beam cyclotron wavelength is
matched to the wavelength of the transmission
line mode by adjusting the guide magnetic field
to 3.5 kG. To surpress unstable high-frequency
(f) 1 GHz) asymmetric beam modes, which grow
from beam noise, the undriven end of the antenna
is loaded with a lossy dielectric material (Ec-
cosorb HF-2050).

Wave measurements are made with a calibrated
probe array located 1 m from the antenna. The
probes, which are oriented to couple the axial
magnetic field of the wave, are arrayed along the
cylindrical coordinates z and 0 to make wave-
length and azimuthal-mode determinations. The
technique used to perform these measurements
has been described in detail elsewhere. ' Briefly,
phase comparisons are made between a reference
probe signal and signals from probes at other lo-
cations with use of double-balanced mixer cir-
cuitry. In practice, either a complete wavelength
or mode measurement can be made on a single
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machine firing.
Previously, the cyclotron mode has been excited

in a low-power-model experiment' and on a low-
current relativistic beam. ' En our case, cyclo-
tron waves are generated on a high-current rela-
tivistic beam by the beam-antenna interaction.
A typical antenna signal, which is shown in Fig.
2, covers the time window of the voltage Qat top.
The antenna signal is observed to increase in
amplitude with an approximately 50-ns e-folding
time for the entire electron-beam pulse reaching
circulating power levels in excess of 3 GW.

The wave generated by the antenna propagates
to the wave-diagnostic section located about 1 m
downstream. An example of a B, probe signal is
shown in Fig. 3. A Fourier transform of this sig-
nal shows it to be at the antenna driving frequen-
cy.

The azimuthal-mode number of the wave is
measured by simultaneously examining the rela-
tive phase of signals from four probes equally
spaced about the azimuth at a common axial loca-
tion. An example of the mixer phase signals from
these probes is shown in Fig. 4. These signals
are seen to be in phase during the time window
160-210 ns. In fact, a least-squares best fit to
the normalized phase data indicates that the wave
is 9(PO axisymmetric (m =0). Since the signal-
to-noise ratio of the high-frequency signals is
only about 8:1, then to the accuracy of the mea-
surement the beam perturbation is totally axisym-
metric.
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FIQ. 2. Waveform of a probe signal located interior
to the helical antenna, showing temporal growth due
to interaction with the electron beam.
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FIG. 3. Waveform from a B, probe located in the
wave probe array 1 m downstream of antenna.
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tron cyclotron mode has been demonstrated ex-
perimentally by maintaining a fixed magnetic-
field strength at the antenna and then adiabatical-
ly varying the downstream field strength while
monitoring the wavelength in this region. In I'ig.
6 the measured wave phase velocity is plotted
versus guide-field strength. The solid curve is
the theoretical prediction [Eq. (2)], which is in
excellent agreement with the data.

Finally, it is possible to determine the cyclo-
tron-wave-accelerating electric-field amplitude
on axis from the measured wave magnetic-field
perturbation level at the drift-tube wall with use
of an accurate theoretical description of the cy-
clotron eigenmode. The most complete theoreti-
cal model available includes equilibrium radial
y variation and nonlinear corrections associated
with resonance broadening due to wave-related
finite perpendicular velocities. ' From measured
wave magnetic-field perturbations, which are in
excess of 50 G, wave potentials in excess of 120
KV (zero to peak) are inferred, with on-axis ac-
celerating fields of 10 MV/m.
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Vortex Solitons of Drift Waves and Anomalous Di6'usion

K. Nozak&~'~
DePartment of Physics, University of California, Los Angeles, California go/+4

(Received 18 August 1980)

It is shown that two-dimensional solitons, being vortices propagating at characteristic
speeds, can be formed in a long-wavelength drift-wave turbulence. A random set of vor-
tex solitons scatters plasma particles and leads to enhanced diffusion, whose coefficient
can become as large as that due to convective cells.

PACS numbers: 52.35.Mw, 52.25.Fi, 52.35.Kt

Nonlinear drift waves have been studied in con-
nection with enhanced diffusion in magnetic con-
finement devices. ' ' The recent theory of drift-
wave turbulence showed that the energy of drift
wave is likely to condense at a long-wavelength
region due to nonlinear wave-wave interaction':
k, =0 and k„p, (np, )'t'=-k, p„where k, is the
wave number in the direction of the diamagnetic
drift, x is the direction of density inhomogeneity,
n (= —dlnn, /dx) is the measure of inhomogeneity,
p, [=(T, /M)'~'/&u„. ] is the effective ion Larmor

radius, T, is the electron temperature, M is the
ion mass, and &„.is the ion cyclotron frequency.

It was found that, consistent with this theory,
two-dimensional drift-wave solitons can exist
with k„p, of order unity and A, p, «1.' However,
when k becomes so small that k, /k, -&p, (k, is
the wave number in the direction of the ambient
magnetic field B,I), we must take into account
the finite-k, effect, which was neglected in Refs.
1-3. The effect of finite k, brings about the
steepening nonlinearity, which is the same as that
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