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Microwave Generation by Excitation of a 
Plasma-Filled Rippled Boundary Resonator 

Abstract-An experimental demonstration of a strong enhancement 
of the interaction efficiency in a high-power relativistic backward-wave 
oscillator when plasma is injected is presented. Controlled plasma in- 
jection enhances the interaction efficiency over the vacuum case by a 
factor of up to 8 to a value of about 40%. A linear theory of electro- 
magnetic wave generation in plasma-loaded corrugated wall resonators 
is reviewed. A number of physical mechanisms are considered to ac- 
count for the enhanced interaction, including two variations of a three- 
wave interaction involving the electron-heam slow space-charge wave, 
the slow electromagnetic waves in the structure, and the quasi-electro- 
static waves in the plasma. 

I. INTRODUCTION 
HE FIELD of plasma electronics dates back to 1949 T when several authors [l] discussed the excitation of 

electromagnetic waves i! a plasma by an electron beam 
by virtue of stimulated Cerenkov radiation. Since 1949 
this field of research has expanded to include beam heat- 
ing of plasmas, collective acceleration of charged parti- 
cles by plasma fields, and the excitation and amplification 
of electromagnetic waves. This last area has been referred 
to in the literature as “plasma microwave electronics” 
P I  * 

The introduction of plasma into vacuum microwave de- 
vices can have several beneficial effects. It is expected 
that plasma microwave devices could be tuned in fre- 
quency by exercising control over the plasma density up 
to the millimeter wave regime. Finally, extremely high- 
power microwave devices may be realized by using beam 
currents well above the space-charge-limiting current in 
vacuum. These currents may be realized by using a plasma 
to neutralize the beam space charge. 

The practical realization of plasma microwave devices 
involves serious difficulties which have yet to be fully 
overcome. These difficulties include the generation of 
uniform, steady-state, highly ionized plasmas, high noise 
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levels which may have an adverse effect on the operation 
of microwave amplifiers depending on the application en- 
visioned, the lack of a fully developed linear and nonlin- 
ear theory of plasma devices, and the problem of coupling 
the electromagnetic radiation both into and out of the 
plasma. 

In particular, the problem of coupling the electromag- 
netic radiation to plasma waves has proved to be quite 
complicated and must be resolved before truly effective 
plasma microwave devices may be realized. The difficulty 
lies with the slow longitudinal oscillations which are ex- 
cited in the plasma. For nonrelativistic beams, these os- 
cillations have very slow phase velocities (uphase  << c )  
and behave like quasi-electrostatic oscillations. As a con- 
sequence, they are mostly trapped in the plasma. Recent 
efforts have sought to reduce the losses during the extrac- 
tion of energy from a plasma by using relativistic electron 
beams. Under these conditions the wave excited in the 
plasma may have a phase velocity uphase - c, allowing it 
to be more easily extracted from the plasma. 

The purpose of this work is to study the feasibility of 
generating very high-power microwave radiation by using 
relativistic electron beams in plasma-loaded microwave 
devices. Over the years a wide variety of high-power mi- 
crowave (HPM) vacuum devices have been studied, in- 
cluding the well-known magnetron, klystron,, and back- 
ward wave oscillator, as well as newer devices such as 
the gyrotron, the free-electron laser, and the virtual cath- 
ode oscillator [3]. All of these sources have one thing in 
common-they are driven by an intense unneutralized 
electron beam which interacts unstably in high vacuum 
with an electromagnetic wave, leading to the conversion 
of the kinetic energy of the beam into electromagnetic ra- 
diation. The power levels available from such devices 
have grown by an order of magnitude every decade since 
1940. For example, advanced, large diameter, over- 
moded backward wave oscillators (like the multiwave 
Cerenkov and multiwave diffraction generator) have re- 
cently achieved efficient operation at power levels of about 
15 GW [4] at a wavelength of 3 cm and 4.5 GW [ 5 ]  at a 
wavelength of 6.5 mm, and operation at a wavelength of 
2 mm has been demonstrated [ 6 ] .  The thrust of this work 
is to evaluate efficiency enhancement in a small diameter, 
relativistic backward-wave oscillator using a different ap- 
proach-that of plasma loading. 
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Backward-wave oscillators (BWO’s) are ideal candi- 
dates for the evaluation of plasma effects on microwave 
generation because they are relatively simple devices, 
providing fairly effective conversion of electron-beam en- 
ergy into radiation, and can be easily filled with plasma. 
Initial studies [7], [8] have utilized background plasmas 
produced by the electron-beam impact ionization of a low- 
pressure neutral gas background and have demonstrated 
enhanced microwave output power. In recent experiments 
high-power microwave radiation was observed in a rela- 
tivistic backward-wave oscillator which was externally 
filled with a highly ionized plasma [9]. Controlled plasma 
injection enhanced the interaction efficiency relative to the 
vacuum case by as much as a factor of 8,  resulting in an 
efficiency of about 40 % . 

Section I1 of this paper reviews wave propagation in a 
plasma-filled smooth-walled waveguide; Section I11 con- 
tains a discussion of the space-charge-limiting current in 
plasma-loaded waveguides. A linear theory of plasma- 
filled corrugated structures is reviewed in Section IV. 
Section V summarizes the results from an experimental, 
plasma-loaded, high-power BWO that demonstrated a 
strong enhancement in the interaction efficiency, and Sec- 
tion VI contains a discussion of the results, including such 
questions as possible coupling mechanisms, mode stabil- 
ity, and future trends in plasma microwave electronics. 

11. REVIEW OF WAVE PROPAGATION IN PLASMA-FILLED, 
SMOOTH-WALLED, CYLINDRICAL WAVEGUIDES 

Plasma effects in conventional microwave-generating 
devices can usually be neglected since the plasma fre- 
quency of the background gas is much smaller than the 
plasma frequency of the electron beam. Typically, w p / w b  
< lo-*, where wp = (eNp/m,c0)1/2 is the background 
plasma frequency, and wb = ( eNb/m,E0)l/2 is the beam- 
plasma frequency. Recent theoretical studies, however, 
have predicted that the presence of a plasma in high-power 
microwave devices may lead to enhanced performance, 
attracting renewed scientific interest [2], [lo]-[ 161. 

One of the characteristics of a fully ionized plasma is 
its ability to support electric fields of almost arbitrarily 
large amplitude. A small local deviation from neutrality 
in an otherwise neutral plasma can give rise to very large 
local fields. As an example, consider a uniform plasma 
with an average density of lOI4 cmP3. A 1 %  fluctuation 
in the local electron density over a distance of 1 mm pro- 
duces a local electric field of - lo6 V/cm. This capabil- 
ity of sustaining very high electric fields makes plasma 
attractive for use in high-power density microwave gen- 
erators. 

The presence of a plasma in a waveguide changes the 
characteristics of the guide and adds new slow modes of 
propagation. For the purpose of this discussion, the term 
“plasma” will be used to describe a fully ionized gas 
which, in the absence of external disturbances, is electri- 
cally neutral. It is further assumed that the ions in the 
plasma are stationary, and that the electrons have no ther- 
mal or random velocities and undergo no collisions. In 

other words, we will consider an ideal electron plasma. 
The term “plasmaguide mode” will be used to denote any 
of the additional waveguide modes that exist due to the 
presence of the plasma inside of the guide. These are the 
slow-wave modes on a nondrifting , ion-neutralized plasma 
column [17]. 

In order to generate microwave radiation, we are inter- 
ested in waves that can cause ‘bunching in an axially 
streaming relativistic electron beam. Therefore only 
waves with axial components E; will be considered. There 
are two such families of waves: The first is the familiar 
TM,, family of electromagnetic modes which will be 
somewhat modified by the presence of the plasma, and 
the second is a family of plasmaguide modes. 

As was demonstrated by Trivelpiece and Gould (T-G) 
[ 171, the dispersion relation for a plasma-loaded, smooth- 
walled, cylindrical waveguide immersed in an infinitely 
large axial magnetic field is given by: 

- = k : +  W 5  (P /u /Ro)2  
C 2  1 - w ; / w 2  

where w is the angular frequency; k, is the axial wave 
number; c is the speed of light in vacuum; Ro is the wave- 
guide radius; andp,, is the vth root of the Ith order Bessel 
function of the first kind. 

If the operating frequency of the device is greater than 
the plasma frequency ( w  > w,,), the electromagnetic 
waves in the plasma-loaded waveguide are very similar to 
the TM waves in a smooth-walled empty waveguide, as 
can be seen from (1). The only difference is that the cut- 
off frequency for the plasma-filled guide is increased rel- 
ative to the empty waveguide by: 

/ \ 2  

This shift in the cutoff frequency can be seen in Fig. l(b), 
where the dispersion curve for the lowest-order symmet- 
ric electromagnetic mode (labeled “TMol ”) is displayed. 
In addition, the presence of the plasma in the waveguide 
allows k !  to take on positive real values for w < wp, thus 
giving rise to a propagating wave. Fig. l(b) also displays 
plots of several plasma-guide (T-G) modes. The geome- 
try of the problem is shown in Fig. l(a). 

Thus the lower branches in Fig. 1 (b) represent a family 
of plasma-guide modes having a high-frequency cutoff at 
w,, and no low-frequency cutoff. One of the interesting 
features of the plasma-guide modes is that the high-fre- 
quency cutoff is independent of the geometry and depends 
only on the plasma frequency. This is in contrast with the 
electromagnetic waveguide modes whose cutoff frequen- 
cies depend intimately on the geometry. Another differ- 
ence between the plasma-guide and electromagnetic 
modes is the fact that for operating frequencies within the 
plasma-guide mode band (0  < w < w p ) ,  all of the plasma- 
guide modes ( I  1 0, v L l )  will propagate simulta- 
neously if excited. In contrast, at frequencies above the 
plasma frequency the number of electromagnetic wave- 
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Fig. I .  (a) A smooth-wall plasma-loaded waveguide immersed in an infi- 

nitely large guiding magnetic field (model of Section 11). (b) The dis- 
persion relation for a plasma-loaded smooth-wall waveguide having a 
radius of R,, = 1.44 cm. A single TM,,, mode with and without a plasma, 
as well as several plasma-guide (T-G) modes, are shown. 

guide modes that can propagate at any given frequency is 
finite, though increasing with frequency. The principal 
feature of plasma-guide propagation is that a plasma col- 
umn can support modes of wave propagation below the 
plasma frequency, even in the absence of electron drift 
motion. 

As was pointed out earlier, the plasma-guide modes are 
electromechanical in nature. The wave propagation re- 
sults from the interchange between the kinetic energy of 
the electrons and the stored energy in the electric field. In 
contrast, for the case of electromagnetic waves in an 
evacuated waveguide, the wave propagation results from 
the interchange of the electric and magnetic stored en- 
ergy. Nevertheless, there are some similarities between 
the two families of waves in terms of the field compo- 
nents, mode structure, and power-carrying capabilities. 
Table I compares the field components and power carried 
by the two classes of waves for the case of azimuthal sym- 
metry ( I  = 0). 

The two families of modes propagate in two different 
frequency ranges. While the T-G (plasma-guide) modes 
propogate below the plasma frequency, the electromag- 
netic modes can only propagate at frequencies above: 

r 

(3)  

Using Table I, a number of informative plots for the 
T-G modes may be generated. For example, Fig. 2 shows 
the electric field configuration for the two lowest-order 
T-G modes (T-G(o, and T-G(o,2,). The power carried 
by these same modes as a function of frequency is plotted 
in Fig. 3, where a plasma frequency of 4 GHz and a max- 
imum electric field amplitude of 100 kV/cm has been as- 
sumed. From this figure it is clear that the presence of the 
plasma inside the waveguide does not lower the power- 
handling capabilities of the system. As the wave fre- 

TABLE I 
FIELD COMPONENTS A N D  AXIAL POWER FLOW FOR AZIMUTHALLY 

SYMMETRIC ELECTROMAGNETIC (TMO,) AND PLASMA-GUIDE (T-G) MODES 

Waveguide 

J d b )  

U I - _ _ _  ~ 

k, = po, /Ro:  Cut-off wavenumber for the specific mode of interest. A 
= E,(r  = 0): Electric field amplitudes on axis. 

1-2 GHr 

0 01 02 03 04 05 

0 005 010 015 020 025 030 
x (mi 

(b) 
Fig. 2. Electric field configuration for the two lowest-order, symmetric- 

plasmaguide modes. (a) T-G,,, , ). (b) T-G,o.z,. Both were calculated for 
up = 2% . 4 GHz, Ro = 1.44 cm at a frequency of 2 GHz. 

quency of the T-G mode approaches the plasma fre- 
quency, the wave becomes increasingly electrostatic in 
nature, its power-carrying capability diminishes, and its 
group velocity a w / a k  decreases to zero. Fig. 4 shows the 
radial distribution of the three field components E,, E,, 
and He for the lowest order ( 1  = 0, v = 1 ) symmetric 
plasma-guide mode for various frequencies. As before, its 
w approaches up = 4 GHz (in this example), both He and 
E, decrease to zero. Only the electrostatic component E, 
remains unchanged. 

111. SPACE-CHARGE-LIMITING CURRENT IN PLASMA- 
LOADED WAVEGUIDES 

In essence, a backward-wave oscillator consists of an 
electron beam confined radially by a strong longitudinal 
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Fig. 3 .  Calculated power-carrying capabilities of the two lowest-order 
symmetric plasma-guide modes versus frequency (U,, = 2a . 4 GHz). 
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Fig. 4. Calculated radial dependence of E:, E,, and Hs for the lowest-or- 
der, symmetric plasma-guide mode at few frequencies ( U,, = 2a . 4 
GHz, R, = 1.44 cm).  

magnetic field and propagating axially through a slow- 
wave structure. The slow-wave structure consists of a cy- 
lindrical waveguide with a periodically varying wall ra- 
dius R ( z )  sinusoidally rippled about the mean radius Ro, 
such that: 

R ( z )  = R, + h cos koz (4) 
as shown in Fig. 5 ,  where h is the ripple amplitude, zo is 
the ripple period, and ko = 27r/z0. 

The slow-wave structure supports a set of electromag- 
netic modes in the waveguide which has phase velocities 
parallel to the beam velocity and propagate at less than 
the speed of light. These slow electromagnetic waves in- 
teract resonantly with the negative energy slow space- 
charge wave supported by the beam, which leads to an 
instability that transfers kinetic energy from the beam to 

1 z O =  2 r / k o  1 
Fig. 5. The slow wave structure and beam model of Section 111. 

the electromagnetic field of the structure. The backward- 
wave oscillator is so named because, at the point of beam 
and electromagnetic structure-mode resonance, the struc- 
ture mode has a negative group velocity, resulting in the 
propagation of electromagnetic energy backward along the 
beam-i.e., the Poynting vector points antiparallel to the 
beam velocity. 

As indicated in Section I, recent theoretical studies have 
predicted that the introduction of a plasma into vacuum 
HPM devices may lead to greatly enhanced performance 
[2], [lo]-[ 161. For the purposes of the discussion of the 
space-charge-limiting current, we will approximate the 
corrugated-wall waveguide with a smooth-walled wave- 
guide having the same average radius. In the presence of 
a background plasma, the space-charge-limiting current 
in a smooth-walled cylindrical waveguide can be in- 
creased by a factor of ( 1  - f)-', wheref = ni /ne  rep- 
resents the amount of charge neutralization provided by 
the ions in the background plasma. The increased space- 
charge-limiting current may allow microwave-generating 
devices to transport more intense electron beams, leading 
to the possibility of generating enhanced power levels. 

The space-charge-limiting current in the presence of the 
plasma for a thin hollow beam with a mean radius Rb and 
a thickness A << R,  is given by [ 181 : 

' I  

where y = ( 1 - Z I ~ / C ~ ) - ' / ~  is the relativistic mass factor 
for the beam electrons. By increasing the beam current 
through introduction of a background plasma, a new lim- 
itation is encountered which is imposed by the onset of 
beam-plasma instability. This instability will occur at cur- 
rent levels that are larger than the vacuum-limiting current 
by the factor [2]: 

For mildly relativistic electron beams having y = 3, the 
actual current carried by the beam in the presence of 
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plasma may be as much as seven times larger than the 
vacuum case. The increased injected current level may 
simply allow operation at higher beam power and result 
in enhanced microwave power output without affecting the 
interaction efficiency or the physical interaction mecha- 
nism. 

IV. LINEAR THEORY OF PLASMA-LOADED CORRUGATED 
WAVEGUIDES 

In addition to affecting the space-charge-limiting cur- 
rent, the presence of plasma in the slow-wave structure 
may completely alter the nature of the beam-wave inter- 
action, leading to greatly enhanced device power-gener- 
ation efficiency. The studies reported here are the first that 
clearly belong to this latter category. 

The linear theory of thin annular beams in an evacuated 
corrugated wall structure has been treated both analyti- 
cally and numerically by researchers in the U.S. [19] and 
the Soviet Union [20]. The introduction of plasma into 
the slow-wave structure, however, necessitates the devel- 
opment of an extension to the vacuum theory. Previous 
treatment of the linear theory of plasma-loaded structures 
[21], [22] used the approximation of small corrugation 
amplitudes ( h / R o  << 1) .  Recently, a linear theory al- 
lowing for the treatment of arbitrarily large corrugation 
amplitudes has been developed. A complete description 
of the theory can be found in [23]. The main results of 
this linear theory describing the excitation of electromag- 
netic waves in a plasma-filled BWO by a relativistic elec- 
tron beam are presented below, where the dispersion re- 
lation and growth rates of plasma-filled periodic structures 
have been calculated. 

In developing the linear theory the following assump- 
tions were made: (i) The magnitude of the axial-guiding 
magnetic field is taken to be infinite, confining the elec- 
tron motion in the beam to one dimension; (ii) the beam 
is monoenergetic, with an axial streaming velocity &; (iii) 
the beam is of uniform density Nb and completely fills the 
waveguide; (iv) the waveguide is infinite in length and the 
waveguide wall is perfectly conducting; (v) only the sym- 
metric (TM,,) electromagnetic modes are considered; and 
(vi) the plasma-guide modes are neglected. 

In general, the linearized normal electromagnetic modes 
of a periodic corrugated wall structure are the transverse 
electric (TE) modes, with electric and magnetic field 
components E,,, B,, and B,, and the transverse magnetic 
(TM) modes, with field components E,, E,, and Bo. In our 
idealized one-dimensional system the TE waves do not 
perturb the axial electron motion and will not be consid- 
ered further, since they cannot cause beam instabilities. 
The TM waves, on the other hand, are capable of per- 
turbing the axial beam velocity and beam density and as- 
sumption ( v )  above is justified. 

The periodicity of the slow-wave structure permits the 
field components and beam perturbation to be expanded 
in an infinite Floquet sum. Assuming azimuthal symme- 
try, the axial and radial components of the TMoy electric 

field can be expressed as 1231: 
m I \  

n =  -m exp [ i ( k n z  - ut)] ( 7 )  

l ’ \  

exp [ i ( k , z  - at)] 

where wb is the beam-plasma frequency, and 

k, = k, + nk, 

Assumption (iv) requires that the tangential electric field 
vanishes at the waveguide wall. Using the axial and radial 
electric-field components of (7) and (8), we express this 
boundary condition in matrix form as: 

m 

D - A  = c A,D,,,, = O  (9)  
m , n  = -m 

where A is a column vector with elements A,,, and D is a 
matrix with elements Dm,n.  A dispersion relation results 
when a nontrivial solution to (9) is found by solving the 
determinant equation det 1 DI = 0.  

In order to numerically analyze experimental systems, 
the infinite matrix of (9) must be truncated to a finite size. 
For example, to analyze an experimental system with a 
corrugation amplitude ratio h/Ro = 0.3, a truncated ma- 
trix with a rank of nine was found to be sufficient. 

Fig. 6 displays the calculated TMol mode dispersion 
curves in a plasma-filled corrugated waveguide for a va- 
riety of plasma densities. The beam space-charge line, as- 
suming infinitesimal beam density ( a b  = 0),  is superim- 
posed on this dispersion curve and has been plotted for 
the case which corresponds to the experimental parame- 
ters to be described in the next section. As can be seen in 
Fig. 6, the presence of the plasma tends to raise the TMol 
mode cutoff frequency relative to the vacuum cutoff fre- 
quency while also causing a decrease in the group velocity 
everywhere, resulting in a “flattening” of the dispersion 
relation. 

When the beam density is neglected (q,, = 0), the ra- 
diation frequency w is real for real values of the axial wave 
number k, and no instabilities are expected. To obtain the 
TM,, growth rates, a nonzero value of a b  must be used 
and the dispersion equation must be solved for complex 
values of w for real values of k,. Fig. 7 displays the growth 
rate Im (w/27r) calculated for the experimental parame- 
ters. The results are similar to those found in [15], with 
the exception that in this case the peak growth rate is a 
function of the plasma density as shown in Fig. 8. The 
calculations predict, therefore, a considerable decrease in 
the linear growth rate for plasma densities of N,, 1 10I2 
crnp3. 
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Fig. 7 .  Calculated linear growth rate for the TMol mode versus wavenum- 
ber kL for the case where N,, = 2 . IO" cm-3,  Nh = 6.3  . 10'' c W 3  
(solid beam). 
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Fig. 8. Calculated peak growth rate I, , , (w)/2n versus the plasma density 
for the TM,, mode (solid beam of density N,, = 6.3 . 10" cm-3) .  

V .  MEASUREMENT OF EFFICIENCY IN A PLASMA- 
LOADED BWO 

Early experiments testing the effect of plasma on the 
operation of vacuum BWO's utilized background plasmas 
produced by electron-beam impact ionization of a low- 
pressure neutral background gas to demonstrate enhanced 

RELATIVISTIC Bz MAGNETIC 
ELECTRON BEAM FIELD COIL 
630 kV 23  kA 100 ns , SLOW WAVE STRUCTURE MICROWAVE PLASMA 

BEAM DUMP PLASMA CLOUD 

Fig. 9 .  Schematic diagram of the plasma-loaded BWO experiment. The 
electron beam is injected from the left and the radiation is extracted at 
right, where the plasma is injected. 

microwave output power [7], [8]. In recent experiments 
[9] an independently controllable Argon plasma source 
was used to inject plasma directly into the BWO slow- 
wave structure, as shown in Fig. 9. 

A hollow relativistic electron beam with an injection 
energy of 630 keV, a beam current of 2.3 kA, and a pulse 
duration of 100 ns (Fig. 10) was propagated in a sinu- 
soidally rippled slow-wave structure immersed in a uni- 
form axial magnetic field of - 12 kG. The slow-wave 
structure had an average radius Ro = 1.445 cm, a corm- 
gation amplitude h = 0.44 cm, a corrugation period of zo 
= 1.67 cm, and a structure length of 8 periods. The elec- 
tron beam had an average radius of 0.8 cm, a thickness 
of 0.2 cm, and an electron density of -5 x 10" ~ m - ~ .  

A coaxial plasma gun [24] was located approximately 
100-cm downstream of the slow-wave structure in a field 
free region and generated an Argon plasmoid which 
crossed the magnetic field lines at an average velocity of 
about 1.2 cm/ks on its way towards the interaction re- 
gion. The system was pre-evacuated to a pressure of <4 
X T. 

In separate experiments the plasma column density was 
measured with both a 35- and 70-GHz microwave inter- 
ferometer and its velocity, density, and temperature was 
measured with Langmuir probes. Preliminary results in- 
dicate that the average plasma density could be varied by 
changing the plasma gun voltage and gas pressure. Real- 
izable plasma densities in the slow-wave structure ranged 
from 0 up to a maximum value estimated at - 10l2 ~ m - ~ .  

There were three principal overlapping time scales in 
the BWO experiments: The longest time scale was on the 
order of 10 ms, corresponding to the quarter-cycle time of 
the pulsed axial-guiding magnetic field. The second long- 
est time scale was on the order of 100 p s ,  corresponding 
to the plasma generation and propagation time from the 
plasma gun to the slow-wave structure. Finally, as noted 
above, the beam pulse duration was 100 ns. The three 
time scales were all synchronized such that the beam and 
plasma interacted in the slow-wave structure during the 
time that the applied magnetic field was nearly constant 
and at its peak value. 

The plasma density in the slow-wave structure was in- 
tentionally varied from shot-to-shot in order to determine 
its effect on the operational efficiency of the BWO. The 
plasma density was varied in the slow-wave structure by 
delaying the time of beam injection into the slow-wave 
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Fig. 10. Diode voltage (top trace) and BWO beam-current waveforms used 
in the experiment. An annular beam with an average radius of 0 . 8  cm 
and a thickness of 0.2 cm was used. 

structure relative to the time of initial plasma generation. 
By changing the relative delay times from shot-to-shot, a 
greater or lesser density plasma was allowed to diffuse 
into the slow wave structure at the instant of beam injec- 
tion. 

An enhancement of the microwave power-generation ef- 
ficiency was observed over a wide range of injected 
plasma densities, G < Np < N p ( c r ) ,  where N p ( c r )  is a crit- 
ical plasma density. This critical plasma density, to be 
discussed in Section VII, occurred at a delay time A t  - 
90 ps relative to the initial generation of the plasma. The 
efficiency enhancement factor over vacuum BWO opera- 
tion was found to be dependent on the plasma density and 
reached a maximum value of eight when the electron beam 
was injected into an optimized plasma density. 

The points of maximum BWO efficiency enhancement 
were found to occur for two different time delays-once 
for a short time delay At - 60 ps, which occurred during 
the plasma buildup in the slow-wave structure, and then 
again for a longer delay A t  - 100 ps, which occurred 
during the plasma decay. Fig. 11 is a plot of the peak 
radiated power (at 8.4 GHz) as a function of the beam- 
injection time delay A t  gathered over a number of shots. 
At the points of maximum enhancement, indicated by the 
two relative maxima of Fig. 11, the interaction efficiency 
increased to almost 40%, compared with approximately 
5 %  for a vacuum BWO under the same operating condi- 
tions. The output power was measured using a side cou- 
pler calibrated for the TMol mode over the relevant band- 
width. 

The plasma density in the slow-wave structure reached 
its highest values for beam-injection time delays in the 
range 60 ps < A t  < 100 ps. In this range the BWO ra- 
diation at 8.4 GHz from the fundamental TMo, mode was 
quenched and higher frequency emission in the 12-18- 
GHz range was observed. At these higher plasma densi- 
ties the BWO was considered to be overdriven and 
switched from the fundamental TMol mode to TMo2 and 
possibly higher order modes, as indicated in Fig. 12. 

An example of the change in frequency spectra that ac- 
companies mode switching is shown in Fig. 13, which 
plots the single-shot experimental spectrum for an effi- 
ciency-enhanced BWO, shown in Fig. 13(a), and an over- 
driven BWO, as shown in Fig. 13(b). These experimental 
curves were obtained using a dispersive line technique, 
where different frequency components are resolved by 
their different propagation velocities in a dispersive wave- 

- 12 Kgauss 

BEAM INJECTION TIME DELAY 

Fig. 1 1 .  Peak microwave power (at 8.4 GHz)  versus the beam-injection 
time delay. By adjusting this delay we can set the desired plasma density 
in the BWO before the injection of the electron beam. 

BEAM INJECTION TIME DELAY ( p s )  
~~ 

Fig. 12. Microwave radiation detected from the plasma-loaded BWO in 
the frequency bands: (a) 12-18 GHz (corresponding to emission at high- 
order mode); and (b) 18-26 GHz (which may correspond to emission 
due to an electromagnetically pumped FEL; see discussion). 

~ 

U 

Fig. 13. Spectral results from plasma-enhanced backward-wave oscillator. 
(a) Maximum enhancement; and (b) overdriven device. The “prompt 
signal” is a timing reference. 

guide. Fig. 13(a) plots the power spectrum emitted by the 
BWO under the condition of strong plasma enhancement, 
where the dominant frequency component is centered near 
8.4 GHz. A timing-reference microwave signal (labeled 
prompt) is superimposed on the dispersed signal. Fig. 
13(b) represents the spectrum for an overdriven device in 
which mode switching has clearly occurred and frequency 
components in the range of 12-18 Gz are present, corre- 
sponding to TMo2 or higher order modes as well as plasma 
oscillation. At even higher plasma densities microwave 
breakdown within the device will occur. 

Strong microwave emission was also detected in the 
18-26 GHz band, proportional in amplitude to the fun- 

- 
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damental TM,, backward-wave oscillations. These high 
frequencies are believed to be produced by a free-electron 
laser interaction driven by an electromagnetic pump, as 
previously reported [251, [26]. 

In our experiments the introduction of plasma into the 
device had no adverse effects on the diode voltage and 
current. The beam current entering the slow-wave struc- 
ture was unaffected by the presence of the plasma and no 
effect on the diode shorting time was observed. 

VI. DISCUSSION OF RESULTS, COUPLING MECHANISMS, 
AND FUTURE TRENDS IN PLASMA MICROWAVE 

ELECTRONICS 
As the experiments described in the previous section 

demonstrate, the presence of a controlled plasma in the 
BWO slow-wave structure strongly enhances the interac- 
tion efficiency over a very wide range of plasma densities. 
In addition to efficiency enhancement, two other interest- 
ing features of the experimental results are: BWO plasma- 
saturation effects, and mode switching. 

It was anticipated that overdriving the device with 
plasma above a critical density N p ( c r )  would lead to a 
quenching of the BWO interaction. As discussed in Sec- 
tion IV, the presence of plasma in the slow-wave structure 
tends to raise the lower cutoff frequency while simulta- 
neously causing a flattening of the overall dispersion 
curves. If the device is overdriven to a point where the 
lower and upper cutoff frequencies are similar, the elec- 
tromagnetic-mode group velocity is drastically reduced 
and no backward wave interaction is possible. 

The linear theory of electromagnetic waves in plasma- 
loaded BWO’s, presented in Section 111, predicts that 
BWO TMol quenching by plasma saturation might be ob- 
served for critical densities, 

N ~ ~ ~ ~ ,  3 [ ~ m - ~ ] .  (10) 
If the plasma density is above this critical value, the linear 
growth rate will begin to decrease as shown in Fig. 8.  
Linear theory also predicts that mode switching may oc- 
cur at about the same critical density [23]. Indeed, both 
BWO plasma saturation, as seen in Fig. 11, and mode 
switching, as seen in Figs. 12 and 13, were observed when 
the device was overdriven. This occurred when the beam- 
injection delay time was adjusted to A t  - 90 ps, corre- 
sponding to an estimated plasma density of N,, < 2 x 10” 
cmP3, which is far below the value predicted by the linear 
theory. 

The linear theory for a plasma-loaded fundamental 
TMol mode in a BWO predicts that the interaction fre- 
quency of the BWO will increase with increased plasma 
density, as may be seen in Fig. 6.  This predicted increase 
has not yet been observed experimentally. Recent data in- 
dicates that the radiation frequency remains fixed (within 
the measurement resolution) despite changes in the plasma 
density. The growth rate predicted by the theory is only 
slightly larger in the presence of the plasma as compared 
to the vacuum BWO case. 

Thus while the linear theory is successful at predicting 

some experimentally observed trends such as reduction of 
the growth rate (plasma saturation) and mode switching 
due to the presence of the plasma, it does not produce 
numerical results that are reasonably close to the experi- 
mental data. This leads us to the conclusion that the pres- 
ent linear theory must be extended to account for the ob- 
served experimental results. 

One physical mechanism which may explain the en- 
hanced efficiency is a three-wave interaction involving the 
beam, electromagnetic, and T-G plasma waves in the pe- 
riodic slow-wave structure. In a nonperiodic structure, the 
normal T-G modes will not interact with a relativistic 
electron beam, as their phase velocities are small com- 
pared to the phase velocity of the beam space-charge 
wave. In a periodic structure, however, the T-G modes 
are also expected to exhibit periodicity in  k-space, as re- 
quired by the Floquet theorem. The dispersion curve for 
a periodic plasma is quite different from that shown in 
Fig. l(b) for a plasma in a smooth-walled waveguide. 
Most significantly, there exist some periodic T-G modes 
that have phase velocities that are equal to that of the re- 
lativistic electron beam and are capable of supporting 
backward waves. 

As an example, Fig. 14 plots the uncoupled, shifted 
dispersion curves for the T-G,o,2, modes (labeled as 
“plasma waves”), and also the approximate coupled dis- 
persion relation for this mode. The dispersion curve for 
the lowest-order electromagnetic mode (labeled ‘ ‘TMol ”) 
can also be seen, Azimuthal symmetry has been assumed, 
and, for clarity, only the first five periods in k have been 
plotted. 

For the range of values of the plasma density and beam 
energy relevant to the experiments reported in this paper, 
the beam is simultaneously in synchronism with the back- 
ward branch of the electromagnetic structure wave and 
several backward branches of the periodic plasma waves. 
The slow space-charge wave and the lowest order TMol 
electromagnetic wave have the same phase velocity w/k 
as do one or more of the periodic T-G waves. In addition, 
the three waves all share a strong common component of 
the axial electric field E:. It is possible that the enhanced 
efficiency observed in the experiment results from this 
three-wave synchronism; namely, induced scattering of 
the electromagnetic radiation of electrons in an electro- 
static field produced by the background plasma in the 
presence of a periodic, perfectly conducting wall. 

An efficient three-wave interaction also implies a very 
broad gain curve with respect to the electron-beam en- 
ergy. This implication is consistent with the foregoing 
proposed mechanism, since the beam electrons tend to 
stay in synchronism with both of the backward branches, 
even as the beam is losing energy. A change of 40% in 
the beam kinetic energy corresponds to a change of less 
than 5 %  in the streaming velocity for our experimental 
conditions. 

A second mechanism which may explain the enhanced 
emission in the presence of the plasma is a stimulated Ra- 
man scattering process which may be described using a 
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Fig. 14. Schematic sketch of the dispersion diagram for the electromag- 
netic TMol mode, the plasma-guide T-G,,,z, mode, and a space-charge 
wave on a low-density beam traveling at U,, = 0 . 9 ~  (see discussion). 
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Fig. 15. Schematic sketch of Stokes diagram for three-wave interaction, 
which involves a backward branch of the plasma-guide (T-G) mode, and 
two TM,, waves of somewhat different frequencies. 

Stokes diagram, as shown in Fig. 15. In this figure, the 
electromagnetic wave (point A ) decays into a backward 
plasma-guide (T-G) wave and an electromagnetic wave 
which is slightly shifted in frequency. Thus this mecha- 
nism proposes a multiwave interaction as the explanation 
for enhanced efficiency. 

It should be noted that for the experiments described in 
this work, the electron-beam current was always below 
that of the vacuum limit for the device geometry. As a 
result, we have not yet studied the radiation generation 
mechanism at beam currents above this limit. As dis- 
cussed in Section 111, the introduction of plasma into the 
slow-wave structure may have the effect of neutralizing 
the RF space charge in the beam (allowing a greater de- 
gree of axial bunching) and also may allow the propaga- 
tion of beam currents above the vacuum space-charge 
limit. This phenomenon is of great interest to the field of 
relativistic microwave electronics and may be the subject 
of future experimental work. 

It is anticipated that plasma injection may also prove 
beneficial to a variety of high-power microwave devices 
[12]-[16], [21]. Gyrotrons, for example, may achieve a 
greater degree of tunability and yield higher output power 
by overcoming the space-charge limit [ 141. 

It was predicted theoretically [12] that larger gain can 

be realized in plasma-loaded free-electron lasers that are 
expected to exhibit greater tunability and performance en- 
hancement by changing the refractive index n in the cavity 
~ 3 1 .  
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