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High-Power Microwaves from a Nonisochronic Reflecting Electron System
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High-power microwave radiation is observed when a positive pulse is applied to an
anode of a reflex triode. The frequency of radiation varies as f -V ~2/D", where V is
the anode voltage, D is the cathode-virtual-cathode spacing, and 0&n -1. The basic fea-
tures of the radiation are explained by a theoretical model which predicts particle bunch-
ing as a result of the energy dependence of the electron oscillation frequency.

Beflecting electron systems in the form of a
low-inductance, coaxial reflex triode have been
recently used to produce MeV proton pulses' of
peak current in excess of 200 kA. In the Letter,
we report results which demonstrate that reflect-
ing electron systems can generate high-power
microwaves with or without an applied axial mag-
netic field (&,). The microwave emission is at-
tributed to the phase bunching of the oscillating
electrons inside the potential well of the system.
This bunching is due to the energy (e) dependence
of the electron oscillation frequency &,. For the
idealized parabolic potential well of Fig. 1(a), &u,

is a function of & only for relativistic electrons.
In the presence of an oscillatory electric field E
=&, cos(&t) of frequency (u ~(u„a sample of ini-
tially uniformly distributed electrons will be
bunched as shown in Fig. 1(b). The reason for
this bunching is that s~,/se & 0 and thus those
electrons located in the upper half-plane at t =0
gain energy (co, increases) and their phase advan-
ces ahead of the wave. This nonisochronic mech-
anism is similar to that of the electron cyclotron
maser. "As will become apparent later on, re-
flecting electron systems have some distinct ad-
vantages over several of the previously reported
devices that also use relativistic electron beams' '
for the generation of microwaves.

In its simplest form, a reflecting electron sys-
tem (see Fig. 1) consists of a positively biased,
semitransparent anode and a grounded cathode. "
Electrons emitted from the cathode are accelera-
ted by the positive pulse that is applied to the
anode, pass through it, and form a virtual cath-
ode. In general, the virtual cathode is formed at
a distance from the anode that is different from
the anode-cathode opening (d). As a result of the
positive potential on the anode, the electrons do
not leave the system but rather oscillate between
the real and virtual cathodes.

The experimental setup has been described pre-
viously in connection with the generation of in-
tense, pulsed ion beams. "'" Briefly, the 50-
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FIG. 1. (a) Reflex triode and idealized potential well;

(b) phase bunching of electrons after several periods
When Q) R h)0.

nsec duration, 250-350-kV positive pulse from a
7-~ generator is applied to the anode of a reflex:
triode. The anode is made either from 6-pm-
thick aluminized Mylar or bare, parallel copper
wires spaced 2 cm apart. It has been determined
in previous experiments that with these sorts of
anodes the ion flux generated by the device is
very small. Both the power and the frequency of
the emitted microwaves appear to be sensitive to
the shape of the cathode. The maximum power
was obtained at B,=0 with an 8.4-cm o.d. solid
cathode facing an aluminized Mylar anode for d
=1.2 cm. ,

The emitted microwave radiation is monitored
in both the X band (f =8.2-12.4 GHz) and the Ea
band (f =26.5-40 GHz). The horn antennas are
situated about 26 cm from the anode with their
axes either parallel to the direction of the accel-
erating electric field (end-on) or with their axes
perpendicular to it (side-on). A very small por-
tion of the microwave signal taken from the out-
put of a directional coupler which is.located im-
mediately after the horn is fed almost undis-
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FIG. 2. Typical wave forms: (a) Voltage at 90 kV/div;
(b) X-band microwaves. The reference signal has been
delayed by 554 nsec; and (c) electron current at 7 kA/
div. The origin of sharp spikes in {b) is not presently
well understood.
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persed to an oscilloscope and is used as a time
marker. The rest of the microwave signal is
transmitted through a long (323 m in the X band,
60 m in the Ka band) dispersive line and is also
fed to the same oscilloscope. The time delay be-
tween the two signals gives information about the
frequency spectrum of the radiation. " Typical
dispersed signals are shown in Fig. 2 together
with the voltage pulse applied to the anode and
the current flowing in the device. Since the power
of the X-band radiation is about equal at the only
two accessible positions of the system that are lo-
cated about 90' apart, it is reasonable to assume
that the emitted radiation is isotropic. Extrapo-
lating the power measured at the horn under the
above assumption, the power emitted by the de-
vice at a single frequency over a 47t solid angle
is between 90 and 100 MW, corresponding to an
efficiency of about 1.5%.

A striking feature of the experimental results
is the variation of the microwave frequency (f)
with applied voltage (V) shown in Fig. 3. Clearly,
the central frequency f, of the spectrum varies
as f, -V' ', where V is the time-averaged anode
potential. In addition, the results of Fig. 3 show

that the frequency depends upon the shape of the
cathode. It can be shown that the distance be-
tween the virtual cathode and anode decreases as
the thickness of an annular cathode increases.
Since the frequency of radiation f -AT, ', where 6
is an integer and T, is the transit time of a typi-
cal electron in the potential well, higher frequen-
cies are expected with higher voltages and short-
er openings between the real and virtual cathodes.
As the anode is moved closer to the real cathode,
the spacing between the anode and the virtual
cathode is also reduced and, thus, higher fre-
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quencies are expected. This is shown in Fig. 4.
The voltage dependence of the microwave fre-

quency can also explain the frequency spread of
the signal shown. in Fig. 2. For this particular
shot the voltage pulse drops by 150 kV during its
duration, corresponding to a &V/V= 0.4 or to
b, v V/v V= 0.2, which is about equal to the ob-
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FIG. 4. Average frequency vs the square root of the
averaged applied voltage for three anode-cathode spac-
ing s ~
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FIG. B. Average freqeuncy vs the square root of the
averaged applied voltage for three different cathodes of
areas 55 cm (solid), 89 cm (thick annular), and 51
cm (thin annular).
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served 6f/f.
At 80 =0, with an aluminized Mylar anode locat-

ed 1.2 cm away from a solid carbon cathode, the
Ka-band power of the microwave radiation at the
horn located about 26 cm from the anode with its
axis parallel to the accelerating field is about 5
KW. This corresponds to a total power emitted
over the 4& solid angle of more than 10 MW. Pri-
or to detection, the signal is passed through a 60-
m-long dispersive line and the observed time de-
lay of 230 nsec corresponds to a central frequen-
cy of 36.6 QHz.

A drastic reduction in the X-band microwave
power is observed when the reflex triode is im-
mersed in an external axial magnetic field. The
emitted power shows a resonancelike behavior
with the applied field. The power at the peak of
the resonance is about two orders of magnitude
lower than the corresponding power at &0 0 In
addition, the frequency of the emitted radiation
increases approximately linearly with the value

of applied magnetic field.
To gain insight on the generation of the micro-

wave radiation we have studied the dynamics of
an ensemble of collisionless electrons that initial-
ly are distributed uniformly in phase inside an
arbitrary potential well generated by the applied
voltage. It is assumed that at t =t, the system is
perturbed by a small-amplitude homogeneous
electric field Eb~ =E exp(i~t). The equilibrium
orbit of an electron (E~" = 0) in the potential well
described by the electric field E"'(z) is

where &z is the lth Fourier amplitude, + is the
fundamental oscillation frequency, and pp is the
initial phase of the particle. Note that &0 and 2&

are in general functions of the total equilibirum
energy e =(y"'- l)m, c'- lelp" . The change of
the system's kinetic energy (KE) density due to
E ", averaged over pp for the l =1 mode, is

++KE ~KE(t) +KE(to)

lel 2~+'~, 2(d

2(L&u,)' ' Bc (1 —cos«u v') +izjI 1+ (1 —coshco T) -~ T sin~ T1 0 1

where np is the average electron density, &w& =w
—lu„and T =t -t, .

If 4S'«&0 the perturbing wave is absorbed by
the oscillating particles, while if &W«& 0 the par-
ticles lose kinetic energy to the wave resulting in
wave growth. The term on the right-hand side of
Eq. (1) which contains the quantity Blz, l2/Be is al-
ways positive and hence is a stabilizing term.
The remaining term which is proportional to &&co/

B&, however, can be negative depending on the
sign of &&u,/&e and b&u, . It is this term which
gives rise to the growth of the wave. It can be
shown from Eq. (1) that the condition for the ini-
tial growth of the wave is that

mate dispersion relation has been derived, which
in the neighborhood of the unstable frequency
takes the form

(&~ )'- ~~'~g .(&/&e)(~. lz, I')&~,/2

= ((dy (do molzyl /2)B(do/Bc ~

where ~,' =4&lel'n, /m, .
As an illustration we consider the simplified

situation where the particles are mildly relativis-
tic and the potential is parabolic given by E "(z~'~)

=)oz ' where $, is a constant. To lowest order
in the small parameter e/ cm' we find that

(b.(u, ) 's(u, /se &0,

together with

(2a)

and

(u, = n, (1--', /me, )c,

(2J' = (c'/2n, ') e/m, c', (4)
BE EGO& BE'

The particle oscillations are nonisochronous,
8~o/& & 0 0, if the potential well is nonparabolic
and/or the particles are relativistic. In the pres-
ent experiment both of these situations are satis-
fied. Using the wave equation for E"' an approxi-

where n, = leis, /m, is the nonrelativistic particle
oscillation frequency in a parabolic potential. Us-
ing Eq. (4) in the expression for the dispersion re-
lation we find that a threshold condition for insta-
bility exists and is

e/m, c'& (8/9v 3)~,/n,
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If the inequality in (5) is satisfied, Eq. (3) can
be solved for the linear growth rate I' =- Im(&~, )
and frequency shift &cu = Re(&&,), which are

3 (~)1/3(M 2(x ) 3(6/w c2)2 =WggK (6)

This idealized theoretical model predicts that
bunching occurs and gives the qualitative depen-
dence of the emitted frequency on the transit
time, which is consistent with the observation
that f-V'"/D"

It is apparent from the previous discussion that
nonisochronic reflecting electron systems have
five interesting features: (i) that the emitted
power is maximum when B,=0; (ii) compactness;
(iii) tunability; (iv) monochromaticity; and (v) long
pulse time. It is possible that the emitted radia-
tion could be used to furnish information about
the properties of the device. For instance, the
electron density may be determined from the
threshold condition given in Eq. (5). However,
this equation has been derived under idealized
conditions and thus its application to obtain plas-
ma properties is not presently warranted. There-
for, the emitted radiation will be used as a diag-
nostic tool after the development of more com-
plete, self-consistent models that are based on
arbitrary potential-well shapes. Presently, an
experiment is under way to measure the anode-
virtual cathode opening from the frequency of the
emitted radiation. Preliminary results are very
encouraging and will be reported in the near fu-
ture.

It is very likely the mechanism responsible for
the generation of microwave radiation in our sys-

tern is also responsible for the high-power (more
than 1 GW) X-band radiation observed by Doucet
and Buzzi, "when a 400-kV, 100-kA relativistic
electron beam is injected into a vacuum through
a foil anode.

One of us (R.A.M.) is a National Research Coun-
cil Research Associate at the Naval Research
Laboratory.
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