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AN EFFICIENT, MONOCHROMATIC, HIGH-POWER MICROWAVE GENERATOR
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Los Alamos National Laboratory
P.0. Box 1663, MS B259

Los Alamos,

ABSTRACT

Microwave generatjion by electron beams in
virtual cathode configurations can achieve sig-
nif:cant power levels. However, most designs
inherently have two competing mechanisms gener-
a:lng microwaves: namely thc oscillating virtual
cathode and the reflexing electrons. Thesc two
mechanisms tend to Interfere destructively with
each other. Specifically, the reflexing
electrons subject the electron beam Lo two-stream
instablility, causing considerable heating of the
electron beam. In addition, the space-charge of
the reflexing electrone can causc the diode
i{mpedance to fluctuate, resulting in oscillatlons
of the electron bcam energy. We have inves-
tigated a novel idea to remove these undeslirable
effects and we found thet high-power, narrow-
band, and monochromatic microwaves could be

gencrated with efficiency of 10 to J0%.

INTRODUCTION

Microwave gencration resulting from the
formation of a virtual cathode of a relatjvistic
electron becam has been demonstrated In a number
of experiments [1-G]. With the possible excep-
tion of the Didenko et al. experiments [3], this
new 2lass of microwave Lube generates radiation
with multiple frequencies and modes at Jow
efffeliency. Alno, recent werk shows that the
outpul occurs in random subnanosecond bursta [7].
Although moat virtual cathode tubes have a simple
geometry, they exhibit complex nonlinear behaviyor
that has reaulied in che alow developnent of a
narrow-bandwldth virtual cathode tube.

The complex, nonlinear character of the
virtual cathode device neceasitatea particle-jin:
cell planms almulation techniques, which have
been ussd extenalvely to underatand the microwave
generation nrneeses . Tpeae fnvestigations ({10
ifndicate two soyrcen of the radiation: (1) the
trapped electrons reflexing between the real and
virtual cathoden, and ({1) the eactillatton «F the

virtual cathode, In the convent tonal destgn, the
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two mechanisms coexist; therefore, the efficicnzy
of microwave generatjon suffers. These two
mechanisms interfere with each other destruc-
tively, so it l= essential to select a dcminant
mechanism by design of the devicec. Wwe hove
investigated a novel configuitation which can
effectively climinate the reflexing electrons.
We have confirmcc vla two cdimensional particle-
in-cell simulationcs that th.s configuration
exploits the oscillations of the virtua! cathode
exclusively and it generates nonbursting, Single-
mode, narrow-bandwidth, high-power elcctro-
magnetic radiatfon. The efficicncy of microwave
prodiiction can be as high as 38% in the most
optimized case. The virtual cathode microwave
generator has a largc operation fregquency range,
aboul 100 MHz to U0 GHz. Further, it can gener-
ale Significant power (tens of gigawatis!
concentrated in a8 single waveguide mode. This
configuration is Lherefore, ideal for devcelopront
of single modulecy of the extremely hign-power

phase-array microwave generator.

A NARROW-BANDWIDTH, EFFICIENT MICROWAVE GENEhATUR

Microwiave generation by the oscillaling
virtual cathode of a relativistic elcctron beam
suffers from rapidly decrcasing efficiency as the
encrgy spread or angular scattering inuareases
{11, 1In the configurations considered to date,
the quality of the incoming electron beam can be
advernsely affected by the clectrons reflextnyg
between the virtual cathode and the real cathod
of thr diode. bpecifliceally, the reflexing
electrons aubject the electron beam Lo two-strean
Instabnlity, causing conafderab.yv heating of th
electron beam, Further, the space-charge of (he
reflexing clectrons can cause the diode Impedancee
to fluctuate, reaulting in oscitlationn of the
electron beam energy. Theae effects which have
been observed fn our computer afmulation greatly
degrade the efficiency of micerowave production by
oaclllating virtual cathodea. A typieal microe

swave apectrum genrrated by o virtual cathode



oscillating virtual cathodes. A typical micro-
wave spectrum generated by a virtual cathode
oscillator where no specilal precaution is taken
to eliminate the reflexing electrons consists of
multiple modes and i{s generally broadb&snd.
Moreover, the efficiency is limited to 1 or <.
The broadband characteristiec and low efficiency
are undesirable in the further development of
system of phase-locked virtual cathode
oscillators.

To eliminate these undesirable effects, we
have developed a concept that =»revents electrons
from reflexing {nto the diode region. (Similar
concepts were pointed out by D. Sullivan [v20.
The i.ea considered here {s to use a thick anode
with appropriate slits in combLination with an
axial magnetic fleld of suitable strength. The
thickness of the anode has to be at least an
electron range. The electron beam generaced by
fleld emi{ssion is guided through the anode slic
by the magnetic fieid, and many of the refleccted
electrons from the virtual cathode are absorbed
by the anode because of the transvere momentum
induced by the self flelds. Properly matching
the magnetic field strength with the slit width
so that few electrons can get back to the diode
will maximize microwave production efficlency.
Such a design Is shown in Fig. 1, where the anode
i{s made up of a high Z material (for example,
tungsten). Numerical modzling of such a design
requires self-consjstent treatment of the
electromagnetic fields and accurate treatment of
electron transport through the anode via Monte
Carlo methods. We have successfully incorporated
the Monte Carlo charged particle t-ansport method
developed by Moliere and Bethe into the two-
dimensional, fully electromagnetic, relativistic,
particle-in-cel]l plasmiy simulation code, ISIS and
CCUNE [13], to treat the physics of microwave
generation by virtual cathodes correctly.

Cur two-dimensjonal particle simula‘ fonn
confirm the biaslc idea of such a virtuval cathode
microwave generator. In the study of erficliency
ataling with vthe axial magnetic fleld, a
simplification was made by trealing the anode
prrlfectly absorplive to diacriminate the
rel'locted olectrona.  As soon an the reflectoed
clectrona get In contact with the anode aurface,
they are abasortwd {mm-diately withoul transport-
fng Lthem In the anode via the rather computer-
time consuming Monte Carlo method, The reaultn

are ahown in Fig. & which ahow the dependence of
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Fig. 1. Configuration of a highly effi.cicnt,
single-mode, monochromatic virtual
cathode microwave generator,
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Fig. 2. Efficiency of microwave generation
maximlized at & particular value of daxial
magnetlc field for a gliven
configuration.

the efficiency on the arinl magnetice fileld., In
the conflguration shown in Fig. 1. the cplimal
magnitude is found to be 7.9 kG. In the simula-
tions, a TEM wave of 3.4% MV was launched from
the left-hand boundary into the coasxtal
wavVegulde, Elecirons emisaion at the cathod wag
treated accurding o space-charge limlitation
model. A hollow cleetren bram wan generated |-
Lhe simulationna. For magnetic fl-ld leas than ')
kG, the cleciron bram was not adequately gulard
thirough the altt, Conaequently, thero were no
microwaven generated in the wavegulde, When the
magnetic rfield wan inc ecased beyond HO ki, Lhe
efficiency dropped off rapidly becaune the
reflected electrons streaned back to the diode

region aloag the atrong magnet le Cield 1inen and



caused the adverse effects on the elecctrcn beam,
It was also evident that the optimal value
depends nol only on the magnetic fleld but also
the width of the sijit as well as the energy of
the electron beam.

After the optimal value of the magrutic
fleld {s founa, we proceeded t0 Simulate s¢lf-
consistently the case including tne electron
transport in the anode. Electron transport in
the anode was modeled according to the Moliere
multiple scattering theory [14] of electrons an
Bethe's formula of electron stopping power [15],
The configuration space diagram of the electron
beam {n Fig. 3 shows that there werc a few
electrons leaked through the slit into the ciod-,
nith more optimized shaping of the anode foll,
one might be ahle to further reduce the reflexing
electrons in the dicde. The phase-space diagram
is also shown in Fig. 3 where the formation and
oscillatlion of virtual cathode are clea-ly
demonstrated. Further, the elcctron phase spiice
shows sirong modulation of the electron benm
beyond the virtual cathode, a characteristic of
strong excitation of coherent radiation. ‘he
electromagnetic radiation field was monitorecd in
timc at a fixed location near the right-hind
boundary and away from thc electron beam. “he
time history of the axial component of 1| he
electric field (Ez) 18 showp in Fig. 4., 7The
envelope of the field shows the growth znd
saturation of the transversc magnelic modes.  “he
Fourler transform in Fig. 4 shows that the fre-
quency spectrum of the microwaves peaks at [~0..0%
GHz with a bandwidth (Aw/w) less than 3%. The
frequency of the microwaves can be tunecd by
varylng thec Recometry of the device and/or the
electron beam parameters (that is, voltage and
current density) [V6]. The power diatribution
among the transverar magnetice modens {8 shown in
Fig. %,  The microwave power was almost entircly

concenlriate in TH() . Note that thia single mcode

[}

hid power of 4 .('.h which {5 at least aeveral
times higher Lhan Ube power level in any mode in
a conventional virtual cathode configurationn,
In fact, this single-mode characterintic han
never been achieved an o any virtunl cathode
device,

Eff ictency ol the microwave product fon war
moni tored during the courne of the aimulation,
The microwave power wab oblalned by sommat lon of
the power in all waveguidr modes ., The efffclency

(primartily 1n TM mode: ) 40 ahown a o Danet fon o
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Fig. 3. Conf:gu-3ation and phase space djagrans
of t+ alectron beum showed the effect
of .: .'..ck anode and strong modulation
bv the oscillating virtual cathode which
way indicative of strong excitation cf
microwaves.
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Fig. 4. Time nistory of the axiel electric flole
and its Fourler transform showed Lhe
coherent generation of electromegnetic
radlation.
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timec Iin Fig. 6. It rose dur)ng the rise-time of
the electron beam and saturated alL a level of
about 12%. The rise-time of the electron beam
was chosen to be artificially short for computa-
tional cfficiency since {t did nct seem to0 have
any effect in the process of microwave gener-
ation. The gap between the cathode and anode was
found to bc an important parameter {n the cf-
riciency of microwave gcneration. The cep ndcnce
is shown in Fig. 7. The efficiency is at a
maximum at & gap of about 0.7 cm for the con-
figuratjon and parametcrs considered here. The
reason ror the functional dependence is that the
current of the dicde varies with the diode im-
pedance which {8 determined by the gap spacing.
Therefcre, the resultant magnetic field (i.e.,
the sum of the self field of the becam and the
axial magnetic ficld) varfes with tne gap spacing
and, conseguently, affects the effectiveness of
the anode i1n the abmorption of the reflected

electrons.

CONCLUSIONS AND DISCUSSIONS

hc have demonstrated via computer simula-
tions that high-power, single-modc, and
monochromatic microwaves can be generated by
oscillating virtua) cathodes in @ configuration
where reflexing electrons can be effectively
eliminated, The monochromatic and single-mode
characteristics of the microwave output are
extremely desirable for microwave generators. On
the other hand, they also represent important
advances toward Lhe development of single modules
of high-power, phase-lockcd microwave sources,
Further enhancement and selection of module
purity and mohochromaticity may bec achieved by
the use of a cavity resonator in conjunction with
a strajght waveguide placed downstrram [from the

anodc fofl.
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