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We describe experiments that demonstrate a new method for producing high-power microwave emis-
sion. The unstable oscillations of a virtual cathode, which forms when a magnetized relativistic electron
beam is injected into a circular waveguide, generate the microwave radiation. In contrast to previous
virtual-cathode microwave-generation techniques, electrons in the waveguide cannot be reflected back
into the diode. Using this technique, we have produced 1.4 GW at 3.9 GHz with several hundred

megawatts radiated in harmonic radiation.

PACS numbers: 52.60.+h, 52.65.+z, 85.10.Ka

Much progress has been made recently with use of in-
tense relativistic electron beams (with currents from 1 to
200 kA, and energies from 0.1 to 10 MeV) for the gen-
eration of ultrahigh-power microwave pulses.! Various
techniques have yielded output power levels up to several
gigawatts having frequencies of 1-100 GHz and pulse
durations from 1.0 to 500 ns. Devices that exploit virtu-
al cathodes, which form when an electron beam above
the space-charge-limiting current is injected into a drift
space, are among the most promising sources.’”!'! The
virtual cathode is an unstable region of negative poten-
tial which reflects some of the electrons back into the
source region. These sources have many advantages over
more conventional microwave devices, including current
levels above the space-charge limit, no need for an in-
teraction structure (this may allow higher breakdown
levels), simplicity of the hardware configuration, and po-
tential for high-frequency operation.

Two models have been proposed to explain the mi-
crowave generation by virtual cathodes. In the first,?
electrons being reflected between the real and virtual
cathodes bunch in phase in the presence of an oscillatory
electric field. The electrons lose energy to the radiation
field, thus producing microwave emission. The mi-
crowave frequency is approximately the electron bounce
frequency between the real and virtual cathodes. In the
second model,® longitudinal oscillations of the virtual
cathode excite axisymmetric-transverse-magnetic wave-
guide modes. One-dimensional calculations show that
the radiation frequency scales with the relativistic beam
plasma frequency given by

fo=(n.e?/mym) 12,

where f, is in hertz, n, is the injected beam density (in
electrons/cm?), ¢ and m are the electron charge and
mass, respectively (in cgs units), and y is the Lorentz
factor. As the injected current increases from one to
several times the space-charge-limiting current, the ra-
diation frequency increases from 1 to (27) /2 times f,,.
Computer calculations show that both processes are
present, although one usually prevails. The competition
between these mechanisms leads to incoherent, mul-

timode, and inefficient microwave output. One solution
to this problem is to arrange the experimental geometry
so the two processes have nearly the same frequency.'®
Computer modeling then shows frequency locking and
some improvement in efficiency. Another approach,
demonstrated experimentally here for the first time, is to
eliminate the electron being reflected altogether. ®'%!3

Our technique, shown in Fig. 1, is to inject an intense
electron beam into a circular waveguide through a slot in
a range-thick anode. An axial magnetic field guides the
electrons through the slot. The injected beam current is
above the space-charge limit in the circular waveguide
given by the relation

1=8.5(y+"3—=1)3/In(b/a),

where [ is the limiting current in kiloamperes, b is the
waveguide radius, a is the beam radius, and y is the
Lorentz factor. This leads to formation of a virtual
cathode downstream of the anode. The fields of the vir-
tual cathode impart transverse momentum to the
reflected electrons such that the anode intercepts a large
fraction of them and prevents them from reentering the
diode region. Also, if the applied magnetic field is weak
enough, the radial forces acting on the beam do not bal-
ance,'* and the beam radius can increase in the region
downstream of the anode. This causes the reflected elec-
trons to strike the anode outside the slow outer radius.
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FIG. 1. The experimental arrangement. The axial dimen-

sion has been compressed.
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In both cases, electrons that turn around are prevented
from reentering the diode. This minimizes interpenetra-
tion of the incoming and reflected electron flows, a condi-
tion that severely increases the divergence and energy
spread of the incoming beam through streaming instabil-
ities. Further, the competing reflected mode of radiation
production is eliminated.

Computer calculations have shown that this approach
potentially leads to enhanced efficiency, more mono-
chromatic output, and better mode control than conven-
tional unmagnetized or magnetized systems.'> These
calculations predict efficiencies of 15%-20% with band-
widths of less than a few percent, in some cases. More
conventional virtual-cathode devices produce 0%-3%
efficiency and 10% bandwidth. An additional benefit is
that the thick anodes survive firing at current densities
that destroy the usual thin anode foils. This enables re-
petitive operation without the replacement of the anode
between shots. We demonstrate below that inhibition of
the electron being reflected into the diode region has
been achieved and report very high microwave power
levels. We make comparisons with computer modeling
to delineate the various physical phenomena. In these
preliminary experiments, we have not yet demonstrated
enhanced radiation efficiency, and limitations in diagnos-
tic resolution have not allowed predictions of improved
bandwidth and modal purity to be checked. These issues
will be studied in more optimized future experiments
with improved diagnostics.

The beam electrons were emitted from a 6-cm-diam
annular cathode having a 0.05-cm wall thickness. The
cathode was centered inside an 11.4-cm-diam housing
and was spaced | to 3.7 cm from the anode face. The
anode was 1-cm-thick, high-density graphite with a 0.5-
cm-wide azimuthal slot centered on a 6-cm diameter.
The center of the anode was supported by three radial
spokes that intercepted approximately 6% of the beam
current. The beam was injected through the slot into an
18-cm-diam circular waveguide, and the entire diode and
the first 16 cm of the waveguide were immersed in a uni-
form axial magnetic field variable from O to 30 kG. The
microwave radiation produced downstream of the anode
foil propagated along 1.25 m of circular waveguide. A
1.25-m-long conical antenna, terminated by a 0.6-m-
diam vacuum window large enough to avoid microwave
breakdown at the vacuum-air interface, followed the
waveguide. The diode region and output waveguide base
pressure were approximately 3x 10 ~° Torr.

We sampled the radiation field in a plane 2 m from
the output window with open sections of standard rec-
tangular waveguide. These signals were transmitted
through short runs of waveguide to heavily attenuated,
fast-response-time detectors (l-ns system rise time) out-
side the hard x-ray field of the electron beam. Frequen-
cy coverage was from 2 to 40 GHz. In the frequency
bands from 8 to 40 GHz, signals were transmitted to

detectors through a second set of much longer runs of
waveguide to disperse the signals for frequency identi-
fication. In the frequency bands from 4 to 8 GHz, phase
comparison between signals transmitted through differ-
ent length cables was used to make frequency measure-
ments. Below 4 GHz, bandpass filter and waveguide
dispersion techniques were used. We inferred power lev-
els by integrating radial profiles measured by scanning
the radiation field from shot to shot. Mode identification
was made from the profile data and observation of the
light output from an array of fluorescent tubes illuminat-
ed by microwaves.

As the anode-to-cathode gap was varied from 1.7 to
3.7 cm, the diode voltage, diode current, and propagated
current varied from 1.4 to 1.9 MeV, 48 to 35 kA, and 14
to 20 kA, respectively. Figure 2 shows typical diode
current, propagated beam current, and microwave en-
velope signals for an applied magnetic field of 9.3 kG
and anode-cathode gap of 3.7 cm. This configuration,
which produced strong microwave output, will be re-
ferred to as the standard case in the following. The peak
diode current, peak propagated current, and beam pulse
width (full width at half maximum) are 35 kA, 18 kA,
and 70 ns, respectively. The diode voltage waveform fol-
lows the diode current quite closely and has a peak of 1.9
MYV. The microwave burst is about 45 ns in duration

40.0
DIODE

CURRENT 20.0
(KA)

.000

20.0

PROPAGATED 49 ¢

CURRENT
(kA)
.000
2.00
MICROWAVE
SIGNAL 1.00
.000

.000 20.0 40.0 60.0 B80.0 400. 420.
TIME (ns)

FIG. 2. Diode current, transmitted beam current, and mi-
crowave envelope (relative vertical scale) for B=9.3 kG and
3.7-cm anode-cathode gap.
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FIG. 3. Relative microwave power vs applied magnetic field
for an anode-cathode gap of 2.6 cm.

(half-power points).

The goal of initial experiments was to establish that
the electron being reflected into the diode region could
be suppressed as predicted. First, we measured the
power as a function of magnetic field strength. Figure 3
shows that the microwave power peaks for an applied
field of 5 kG when the field is varied from 0 to 20 kG.
Similar behavior is observed in computer calculations.
We believe that when the magnetic field is weak (but
strong enough to guide the beam through the slot) the
consequent high beam divergence leads to reduced out-
put power. For a strong magnetic field, the reflected
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electrons are so tightly bound to the field lines that they
reenter the diode, leading to reduced power output.
Thus at the intermediate value of the magnetic field
(about 5 kG, in our experiment) the power reaches a
maximum. When microwave power is substantial with
the thick anode, we observe insignificant power with a
thin anode substituted for the thick anode. This implies
that under the same conditions, the radiation mechanism
with the thick anode is much more efficient than with the
thin anode. This is likely the result of the thick anode
intercepting reflected electrons. Also, after many shots
the anode is discolored at the slot edge on the output
waveguide side, suggesting electron impact.

We performed computer simulations to model the
standard case (B;=9.3 kG, gap =3.7 cm) to examine
the electron being reflected into the diode region. We
chose computer modeling since the highly nonlinear and
time-dependent behavior of this system probably pre-
cludes accurate analytic modeling. The 2 5 -dimensional,
fully electromagnetic, relativistic, particle-in-cell code
ISIS was used with axisymmetric cylindrical geometry.
A Monte Carlo transport technique was used in the code
to calculate electron trajectories in the anode material. '

Figure 4 shows the calculated particle plots in the r-z
and the p,-z planes for a typical time. Here r and z are
the usual cylindrical coordinates, and p, is the axial-
relativistic-electron momentum. The particle trajectories
in the r-z plane show the beam flowing from the cathode
to the anode through the annular slot. The beam radius
decreases slightly as it is guided through the collimator.
This pinching, observed experimentally in x-ray pinhole
photographs of the anode, results from the anode’s short-
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FIG. 4. Particle plots from computer simulation for B=9.3 kG and 3.7-cm anode-cathode gap. The top graph shows electrons in
the r-z plane; the bottom graph shows electrons in the (p./mc)-z plane.

290



VOLUME 59, NUMBER 3

PHYSICAL REVIEW LETTERS

20 JuLy 1987

FREQUENCY (GHz)
7+

o b

1.5 2 2.5 3 3.5 4
GAP SPACING (CM)

FIG. 5. Dominant frequency vs anode-cathode gap spacing
for B=9.3 kG. The crosses with error bars are the measured
values and the circles are values of the injected relativistic
beam plasma frequency obtained from computer simulations.

ing of the electron beam’s radial electric field. Down-
stream of the anode, the transmitted beam electrons flow
along the flaring magnetic field lines at the magnetic
field coil end and strike the waveguide. The reflected
component strikes the collimator. In this case, the
reflected beam is prevented from reentering the diode
primarily because the reflected beam radius increases.
Estimates of the radial forces acting on the beam show
the applied magnetic field is weak enough for this to
occur. The phase-space plot shows that the virtual
cathode forms 2.2 cm from the downstream side of the
anode. Here one can see that most of the reflected elec-
trons (that is, those with negative momentum) strike the
waveguide side of the anode and are absorbed. Very few
electrons flow back into the diode region. Thus mi-
crowave power scaling with magnetic field, power mea-
surements with and without the thick anode, anode
discoloration, and computer simulations demonstrate
that we have achieved the desired nonreflecting opera-
tion.

We performed frequency scaling experiments to en-
sure that virtual-cathode oscillations produced the radia-
tion. Since the microwaves are generated by virtual-
cathode oscillations, we expected the radiation frequency
to scale with the relativistic beam plasma frequency.
One-dimensional computer calculations support this con-
jecture, Figure 5 shows the measured dominant frequen-
cy as a function of anode-to-cathode separation for an
applied magnetic field of 9.3 kG. Also shown are values
of the relativistic beam plasma frequency for the electron
beam obtained from computer simulations of the diode
region. The agreement is quite close, indicating that
virtual-cathode oscillations produce the radiation. We
also investigated the scaling of the dominant frequency
as a function of applied magnetic field strength for 2.6-

cm anode-cathode gap. Here the frequency was expect-
ed to change primarily as a result of beam thickness
variations. The frequency was only weakly dependent on
the magnetic field. This rules out processes that depend
strongly on magnetic field such as gyrotron emission.

Power measurements were made for the standard case
(B, =9.3 kG, gap =3.7 cm). We measured the power-
density distribution and found that TMg, was the dom-
inant waveguide mode. The inferred peak power level
was 1.4+0.3 GW at the dominant frequency of 3.9
+ 0.4 GHz with several hundred megawatts emitted in
harmonic radiation. The dominant calculated waveguide
mode was TMy;, and the calculated frequency was 3.6
GHz, both in good agreement with observations. Com-
puted power levels were somewhat lower than the mea-
sured values.
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