VOLUME 56, NUMBER 4

PHYSICAL REVIEW LETTERS

27 JANUARY 1986

Virtual-Cathode Oscillator Emission by a Pinched Diode
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Pinched electron beams emit high-power microwaves by formation of a virtual cathode. Radia-
tion occurs simultaneously with pinching or slightly thereafter. Observations of strong electrostatic
fields and the partitioning of current into reflexing and transmitting populations at the same time
that microwaves are emitted indicate virtual-cathode formation. Microwaves originate mainly from
the virtual-cathode side of the anode. Addition of an axial magnetic field suppresses microwave ra-

diation by inhibition of pinching.

PACS numbers: 52.75.Pv, 41.80.Dd, 85.10.Ka

In recent years virtual-cathode oscillators (vircators)
have been demonstrated to emit short pulses of very
high-power microwaves (up to 4 GW)."® The
mechanisms for the emission of this radiation have
been attributed to both space and time oscillations of
the virtual cathode and the oscillation of electrons in
the potential well between the real and virtual cathodes
(reflexing). Simulations show both mechanisms oc-
curring simultaneously in some diodes.®>® A clear
separation of these mechanisms has not been made ex-
perimentally, nor has the time history of the formation
of the virtual cathode been observed.

We report the observation of high-power microwave
radiation with a pinched electron beam. Experimental
evidence of simultaneity of onset of electron reflexing,
indicating formation of a virtual cathode, and high-
power emission is presented. The time history of the
beam dynamics and microwave emission are described.
Our results clearly demonstrate that the dominant radi-
ation source is on the virtual-cathode side of the
anode. Addition of an axial magnetic field suppresses
microwave radiation at the field at which pinching
ceases.

The virtual cathode is formed inside a 12.7 X 6.4-cm?
rectangular waveguide which is 350 cm long and ter-
minated in one end with a movable stub and at the
other end with a rectangular horn antenna (Fig. 1).
The waveguide has two opposite side-wall openings on
its long dimensions located 15 cm from the terminated
end. The anode assembly is mounted on one opening.
The beam is emitted from a 5.1-cm-diam planar
cathode through the anode of 2.5x 107 3-cm aluminum
foil. As the beam entered the waveguide through the
anode, a virtual cathode formed in the waveguide.
The rectangular opening on the far side is connected to
a rectangular drift chamber with a movable graphite
disk on its end wall which serves both as a moving
boundary for the virtual cathode and as a current col-
lector. This chamber is 12.7x12.7 %20 cm?.

Current flow in the virtual-cathode experiment was
monitored by three self-integrating Rogowski coils. /1
monitored diode current on the real-cathode side of
the anode, Iyc the current on the virtual-cathode side
of the diode, and Ipg the current in the downstream
drift chamber. Diode voltage V, was obtained by in-
ductive correction of a resistive voltage monitor locat-
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FIG. 1. Schematic diagram of the experimental apparatus.
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ed on the water side of the water-vacuum interface.
Emission frequencies were measured by a system of
coupler, bandpass filter, and crystal detector and an
X-band dispersive line. All crystal detectors operated
at about 10 mW. The saturation power level was
>100 mW. AIll diagnostic cables (electrical and mi-
crowave) were pulsed with a 1-ns pulser to determine
cable length. In addition, a fiducial was superimposed
on all signals to account for oscilloscope time drift.
Typical voltage, currents, and microwave pulses are
shown in Fig. 2. The radiation chirps [Fig. 2(d)], i.e.,
the frequency increases during the pulse with max-
imum power occurring at some specific frequency.
This central frequency can be altered by a change in
the anode-cathode gap. The total power integrated
over the far field was approximately 350 MW. The
microwave emission was insensitive to the position of
the movable waveguide stub. No significant difference
was observed between 0.25-, 0.5-, and 1-mil aluminum
anodes and a 1-mil aluminized Mylar anode. We ob-
serve that radiation always occurs at an inflection point
in the current. High-power radiation begins when the
diode pinches (Fig. 3), i.e., when the diode magnetic
self-field turns electrons through 90° when they cross
the gap.! The diode follows Child-Langmuir behavior
until /¢ = 1., the critical current for pinching.!! The
diode then operates at roughly constant voltage as the
current increases, which is an indicator of electron re-
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FIG. 2. Typical traces for (a) corrected voltage Vp, (b) to-
tal current /r and propagating current /yc, (c) downstream
current /pg, and (d) microwaves with frequency bands 8-9,
9-10, 10-11, and 11-12 GHz, occurring sequentially in time.

flexing. The radiation peak occurs at current in excess
of I, and below I,, the parapotential current,'! at
which the pinch flow is fully developed. This observa-
tion of microwave radiation from a pinched flow con-
tradicts particle-in-cell simulations which predict
suppression of radiation.?

Iyc measures current propagating through the virtu-
al cathode and returning to ground through the
waveguide walls. Current which is reflected from the
virtual cathode and reflexes in the anode (Ig ), return-
ing to ground through the anode, is not seen by /yc.
I measures total beam current. Therefore, we mea-
sure reflexing current from the partitioning of currents
Ir = I+ — Iyc [Fig. 2(b)]. Divergence between the two
currents is simultaneous with the emission of mi-
crowaves and the pulse spike /pg [Fig. 2(c)]. The Ipg
pulse is electrostatic pickup, i.e., it does not invert
when the Rogowski coil is inverted. We interpret this
as detection of the strong electric fields from the virtu-
al cathode. As much as one-third of the current re-
turns to ground by reflexing in the anode, and the rest
goes through the virtual-cathode region. Partitioning
of currents at the same time as the microwave emis-
sion is a direct measurement of formation of the virtu-
al cathode.

It and Iyc diverge at a current higher than theoreti-
cal predictions of the current required for virtual-
cathode formation.!! In our experiment, virtual-
cathode formation and emission of high-power mi-
crowaves occur at —60 kA. The theoretical 1D
space-charge limited current for this geometry is ~— 10
kA. The 1D theoretical prediction is invalid for a
pinched diode, which is a strongly 2D phenomenon.

In order to determine the mechanism for the gen-
eration of the radiation we investigated the configura-
tion shown in Fig. 4. The virtual cathode forms in a
region which is inaccessible to the overmoded
waveguide. Only radiation from reflexing electrons
will propagate into the anechoic chamber. By making
openings in the anode at B (Fig. 4) we verified that the
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FIG. 3. Typical current as a function of voltage (solid
line), and computed values of Ic, /., and /,.
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FIG. 4. Schematic diagram of the experimental configura-
tion to determine radiation regions.

virtual cathode formed: Substantial radiation leaked
into the waveguide. However, when these openings
were closed off, the measured radiation was reduced
—8.2 dB. Therefore the principal radiation was pro-
duced on the virtual-cathode side of the anode, and
the contribution from reflexing electrons was small.
These results demonstrate that the radiation was pro-
duced almost entirely from the oscillating virtual
cathode. For the oblique angles of incidence which
pinched flow produces, few transits of the anode are
expected. Simulations predict little reflexing radiation
in such conditions.®

Other evidence that pinching is associated with the
onset of microwaves comes from the reduction and
elimination of microwaves in all bands upon applica-
tion of an axial magnetic field, attributed to prevention
of pinching (Fig. 5). According to the model of For-
ster,'? pinching is prevented by a field B, =dl./r>c,
where 7, is the cathode radius and d the anode-cathode
gap. For this experiment, the predicted field is 1 kG,
which is the field at which microwaves are observed to
cease. Simulations of the effect of guide field contra-
dict this result. In some cases calculations predict
enhanced microwave emission with guide field."> Sul-
livan'* has suggested that a guide field enhances
streaming instabilities which suppress microwave
emission.

In summary, early in the pulse the electron beam
follows Child-Langmuir behavior. As the beam
current approaches the critical current for pinching,
electron trajectories are increasingly deflected by the
magnetic field on both sides of the anode. At the criti-
cal current, the beam pinches along the anode plane,
and the virtual cathode forms. The electron popula-
tion divides into propagating and reflexing parts.
High-power microwave radiation and strong electro-
static fields are observed at this time. After <40 ns,
microwave radiation ceases, and the beam continues to
propagate. Cessation may be due to ion injection from
the heated anode.

We wish to acknowledge the expert assistance of Al
York in engineering design and construction of the ap-
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FIG. 5. Microwave suppression by axial guide field.
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