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Plasma-Induced Efficiency Enhancement in a Backward-Wave Oscillator
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A dense background plasma is observed through computer simulation to reduce the phase velocity of
the most unstable mode in a backward-wave oscillator which results in a strong efficiency enhancement.
The relatively weak beam-backward-plasma-wave instability introduced by the rippled waveguide wall
is found to exert minimal impact on the interaction efficiency.

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

One of the very promising schemes for generating
high-power microwave pulses is based on the interaction
of a relativistic electron beam with the slow electromag-
netic wave in a rippled-wall waveguide. During the last
two decades relatively active experimental investiga-
tions '™ have been carried out to demonstrate the poten-
tial of this mechanism. Output power of 15 GW with
50% efficiency from a vacuum multisection Cherenkov
generator has been reported.’ Theoretical analyses®®
and particle simulations® have also been performed to
evaluate the device performance.

The output power can be increased by raising the
relativistic-electron-beam current to the extent that it is
still well below the space-charge-limited current. To
further increase the beam current, a background plasma
must be employed to provide space-charge neutraliza-
tion. Recently,® in experiments with a plasma-filled
backward-wave oscillator (BWO), it was observed that
the output power improved from about 60 (vacuum
BWO) to 500 MW. This eightfold enhancement cannot
be accounted for by the increased beam current alone.
Some other mechanism must be occurring to explain this
dramatic improvement. The improved BWO perfor-
mance was attributed to the excitation of a beam-
backward-plasma-wave instability. Kurilko, Kucherov,
and Ostrovskii’ have carried out a theoretical analysis of
a plasma-filled BWO and shown that the gain can be
enhanced by a factor of 5 from its vacuum value if the
plasma frequency w,==cko (ko is the ripple-wall wave
number and ¢ is the speed of light). However, the best
experimental result® is operated with w,=0.2cko. In
this paper it will be shown that the excitation of the
above-mentioned instability is highly unlikely. Further-
more, it will be illustrated that a dense background plas-
ma tends to reduce the phase velocity of the most unsta-
ble BWO mode and cause the electrons to give up more
energy to the wave.

To address the plasma effects on BWO efficiency, a
particle-waveguide code!® has been used, which follows
the trajectories of a large number of electrons in time ac-
cording to the relativistic equation of motion under the
influence of the self-consistent, as well as the externally
applied, electromagnetic fields.

The radial field structure is that of a TMg, mode of a
constant-radius waveguide, but the radius is varied

periodically along the axial direction. As a result, the
cutoff frequency and the waveguide radius in the argu-
ment of the Bessel function are both varied accordingly.
Periodic boundary conditions are assumed in the axial
direction so that the nth-mode wave number is defined as
k., =2rn/L, where L is the system length and is chosen
to be 2561, (A, is the spatial grid size). The lowest 60
Fourier modes are followed in time through Maxwell’s
equation and 100 electrons per grid are employed. All
three spatial and three velocity dimensions are followed
but a strong axial magnetic field is imposed to restrict
the electron-beam propagation along the axial direction.
This simple model retains most of the essential physics in
the interaction. The goal of this investigation is to eluci-
date the basic physics involved in the interaction. To
simulate a real device, more realistic boundary condi-
tions have to be imposed, such as the model employed in
Ref. 8. The beam and rippled-waveguide parameters
utilized in the experiment® are used in our simulation.
The energy and current of the relativistic electron beam
are, respectively, 640 kV and 2.5 kA. The rippled-wall
waveguide is described by the following expression:

R, =Ro(1+e€sinkgz) , (1)

where Ro=13.90A,, A,=0.104 cm, and ko=k., for
n=16 in our simulation system. The background plas-
ma frequency w, is chosen to be 0.4ew. lw.=poic/Ry,
where o, satisfies Jo(uo,) =01 which yields the best
efficiency enhancement result in our simulation. All fre-
quencies are normalized to @w.. Both beam and plasma
electrons are assumed to fill up uniformly the waveguide
cross section up to R=Ry(l —¢). Initially, the beam
and plasma velocity spreads along axial and transverse
directions are taken to be 3% of the axial drift velocity of
the beam. The electrostatic space-charge wave associat-
ed with the electron beam is a volume wave which is lo-
cated in the source region. Therefore, regardless of the
amount of beam current, it always requires a number of
orthogonal vacuum modes (different po,) to represent its
radial profile. Thus one may have to resort to the use of
the MAGIC code® to accurately describe the space-charge
wave. In the situation of domination by the TMg, mode
in the electromagnetic interaction (supported by experi-
mental observations®), and using a large solid cross-
section beam, the component of the space-charge wave

2808 © 1989 The American Physical Society



VOLUME 63, NUMBER 26

PHYSICAL REVIEW LETTERS

25 DECEMBER 1989

with the TMy, radial profile may be strongly coupled to
the electromagnetic wave and becomes dominant. The
dispersion relations of the decoupled beam slow space-
charge wave (wb/yyzz 0, where 7 is the relativistic en-
ergy parameter) and the electrostatic and the elec-
tromagnetic modes of a plasma-filled rippled waveguide
are shown in Fig. 1(a) (¢=0.1). In the presence of the
rippled wall, Floquet’s theorem demands the solution to
be periodic which results in two additional new features
in comparison with that of a smooth-wall waveguide;
that is, the existence of the backward-propagating plas-
ma wave and the high-frequency TM slow wave.

To ensure that our simulation model contains all the
essential modes with correct dispersion characteristics,
the frequency spectrum of a rippled-wall waveguide filled
with thermal plasma is simulated. The results are
displayed as solid circles in Fig. 1(a) and they are in
good agreement with the theoretical prediction. The fre-
quency spectrum of a typical mode (n=11) is exhibited
in Fig. 1(b). In the simulation, the result of a negative-
k, mode is always the complex conjugate of the result of
the positive-k, mode so that a negative frequency from a
positive-k, mode is equivalent to a positive frequency
from a negative-k, mode. In ascending order, the vari-
ous peaks in the spectrum correspond to backward plas-
ma wave, forward plasma wave, slow TM wave, and fast
TM wave. The last mode (vpn > ¢) plays no role in mi-
crowave emission due to its inability to interact with the
relativistic electron beam. Under the condition
wplwe < Bsyvo (By =Vs/c), which is satisfied in our simu-
lation, the conventional beam-forward-plasma-wave in-
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FIG. 1. The propagation characteristics of a plasma-filled

rippled waveguide: (a) the dispersion relation including the
electromagnetic and plasma waves, solid circles are the results
from simulation; (b) the frequency spectrum of mode 11
(k:c=1.55w.).

stability will not be excited, but from the dispersion
curve the beam line will definitely intersect the backward
branch of the plasma wave. It will be shown later that
this interaction is relatively weak and plays no role in
enhancing the efficiency.

The microwave generation from a vacuum BWO is
simulated first. Based on the coupling provided by the
boundary condition that the tangential component of the
electric field vanishes at the ripple wall, the dispersion
relation can be obtained as!!

2
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According to the theoretical prediction, the beam mode
in the zeroth-order Brillouin zone (wo== k.oV}) should
be coupled with the TM waveguide mode in the first-
order Brillouin zone [wo=(w2+k2_1c?)'?] and grow
together with the same frequency wo. In the limit of
small ¢ and a solid cold beam the perturbation on wg can
be approximated by

1/2
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where C; =wodA;/8wo and Eq. (4) is valid if |éw]|
< |wo—k:oV5 |.

The wave-energy time evolutions of the most unstable
modes are shown in Fig. 2(a). Their respective frequen-
cy spectra are given in Fig. 2(b), which confirms that
both are oscillating at wo=1.26w, and the wave number
of the beam mode is k,oc =1.41w. (n =10) whereas that
of the TM mode is k, —jc=—0.850, (n=—6). The
temporal growth rate estimated from the simulation is
0.014w., which is below the theoretical prediction
8w =0.0190w, [Eq. (4)]. This discrepancy could be pri-
marily due to the fact that the simulation beam has an
initial 3% thermal spread. For comparison, a simulation
run with 5% thermal spread has also been carried out
and the resulting growth rate is lower (5w =0.012w,).
The radiation energy is concentrated mostly in the TM
fast wave (s=—1) as is evident from Fig. 2(a). The
simulation results also reveal that mode 6 has an earlier
start and mode 10 starts to grow when mode 6 attains an
amplitude which satisfies the equilibrium mode energy
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FIG. 2. Simulation results of a vacuum backward-wave os-
cillator: (a) the time evolution of wave energy of unstable
modes and (b) their frequency spectra.
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distribution in the presence of rippled-wall coupling.
These two modes exponentiate with the same growth
rate and saturate at the same time, which is strong evi-
dence of mode coupling.

The saturation mechanism of a BWO is due to trap-
ping of the electrons by the axial electric field of the
beam mode, which has been clearly demonstrated in the
beam phase diagram at w.t =500 [Fig. 3(a)l. At the
time of saturation, the mean beam electron velocity is on
the average slowed down to the phase velocity of the slow
wave. The efficiency of a BWO can be roughly ex-
pressed as n="_(yo— ypn)/(yo— 1), where 7o is the initial
beam energy and ypn =[1 = (vpn/c)?] 172 corresponds to
the energy of a particle moving at the phase velocity of
the wave.'? Therefore the efficiency of a BWO depends
on the difference between the beam drifting velocity
(Vy==0.9¢) and the phase velocity of the beam mode
(uph). In the case we simulated vp,==0.894¢, which re-
sults in only about 6% efficiency for the vacuum BWO.

The simulation results of the plasma-filled BWO are
shown in Figs. 3 and 4. The beam axial velocity versus
distance plotted at the time of saturation (w.z=>520)
shows that the trapping width is greatly enhanced in the
presence of the plasma [Fig. 3(b)] (w, =0.4w.) and the
efficiency is increased to about 36%. The efficiency is
estimated from the expression n=C(yo—y,)/(yo—1),
where 7 is the minimum beam energy in the time evolu-
tion of beam energy [Fig. 3(c)]. After saturation the
wave and electron energies are observed to slosh back
and forth if the simulation is run longer. In this case the
unstable coupled modes are mode 5 and mode 11 which
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FIG. 3. Electron axial velocity vs distance for (a) vacuum
BWO at w.=500 and for (b) plasma-filled BWO at

w1 =520; (c) the time evolution of beam energy for both
cases.

strongly perturb, respectively, the plasma and beam
phase spaces. This is because mode 11 is in resonance
with the beam drift motion whereas neither mode is in
resonance with plasma electrons, and hence the plasma
responds passively to the axial electric field of the unsta-
ble modes according to their amplitudes. The fact that
this strong plasma perturbation is not due to the beam-
plasma interaction is further supported by the
frequency-spectrum analysis [Fig. 4(b)] which shows no
evidence of a plasma-oscillation component. The effects
of background plasma tend to slightly increase the
growth rate (0.0150.) as well as the real frequency
(1.285w,) of the unstable modes [Fig. 4(a)l, in agree-
ment with the results of Ref. 7. At the same time the
beam-mode axial wave number has been shifted to 11
which results in lower phase velocity (v,,==0.83¢) and
thus increases the efficiency by a factor of 6 [Fig. 3(c)].
The influence of a plasma on the performance of a BWO
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FIG. 4. Simulation results of a plasma-filled BWO: (a) the
time evolution of wave energy of unstable electromagnetic
modes and (b) their frequency spectra.

becomes significant only if w, is a major fraction of w,
such that the mode phase velocity is substantially
modified. The full plasma effect can only be evaluated
from solving the original dispersion relation [Eq. (2)] or
performing computer simulations.

In analogy to a vacuum BWO the rippled wall should
also provide the coupling for the beam slow space-charge
wave and the backward plasma wave. However, simula-
tion results reveal no trace of this interaction, which may
be attributed to the fact that the strong BWO interaction
overwhelms the weak beam-plasma interaction. To elu-
cidate this uncertainty, the latter is isolated by using the
electrostatic approximation, both in simulation and
theoretical analysis. Both results show that the growth
rate of the beam-backward-plasma-wave interaction is
more than an order of magnitude smaller than that of

the vacuum BWO, and the impact of this mode on the
efficiency of a BWO will be minimal. Therefore, we ar-
rive at the conclusion that the wave-phase-velocity retar-
dation induced by background plasma is a more plausi-
ble explanation for the efficiency enhancement observed
in experiments.® However, the plasma-induced changes
in the beam density and velocity are not included in the
simulation. In order to single out the absolute mecha-
nism responsible for the observed efficiency enhance-
ment, a more realistic simulation has to be performed.
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