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1 Executive Summary

This progress report summarizes the work done under the Grant No. N00014-89-K-2030
entitled “Experimental and Theoretical Studies of High Power Plasma Filled Backward Wave
Oscillators™ during the period August 1. 1989 to January 31. 1991.

Relativistic Backward Wave Oscillators (BWOs) have proven to be relativelv etficient.
high power microwave sources at the centimeter and millimeter wavelength range. It consists
of a relativistic electron beam. a strong guiding magnetic field and a slow wave structure. Qur
approach for increasing the power generating capabilities of relativistic BWQ’s is to introduce
plasma into the device. It is expected that in this way very large electron beam currents
(well above the vacuum space charge limit) may be propagated. resulting in extremelyv high
power microwave generation. Also, the plasma is expected to reduce the ac space charge in
the beam. resulting in enhanced axial bunching and possibly enhancement in efficiency.

Previously, it was found experimentally that peak efficiency in the presence of the plasma
can be greatly enhanced, by a factor of 8 (to about 40%). Also. we found that the plasma can
be externally generated and then injected into the device. The experimental configuration
is shown in Fig. 1. For a detailed drawing of the slow wave structure see Fig. 2.

The purpose of the research covered during this period was to study the behavior of
a plasma loaded BWO when driven by large beam current approaching the vacuum space
charge limiting value inside the device. The main results are:

1. The plasma indeed allows injection of large current into the BWQ. Currents as high
as 75% of the vacuurn space charge limit were successfully propagated.

()

In plasma loaded BWO, in contrast to the vacuum case, the enhanced efficiency can
be maintained even for large beam currents (approaching the vacuum limit). It is
anticipated that this might hold even well beyond the vacuum limit.

3. The output frequency is only slightly shifted (1%-5%) by the presence of the plasma.

1. A foilless field emission diode can be operate successfully in a background of low density
plasma.

5. An important parameter. the start oscillation current was measured for the first time
in vacaum BWO for various beam voltages and geometries. For example. at 600 kV
the start current is under 110 A.

6. Initial indications are that the plasma increases the microwave pulse duration.

. A novel field emission cathode design (new geometries and materials) allows for contin-
ious control of the beam current in the range of 50-6000 Amps. Turn on fields below
50 kV/cm were achieved.

3. Linear theory for a plasma loaded BWO was developed (using a simplified model).

9. A nonlinear theory for a finite length device was developed.

We achieved considerable progress on the experimental and theoretical aspects of microwave
plasma electronics. as summarized below and reported in greater detail in Section 2 of this
report.
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Figure 1: Schematic diagram of the plasma loaded BWO experiment.
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Figure 2: The rippled-wall slow-wave structure used in our | asma loaded BWO.




Novel Method for Determining the Electromagnetic Dispersion Relation of Pe-
riodic Slow Wave Structures A novel method for calculating the dispersion relation of
electromagnetic modes in arbitrary periodic slow wave structures was found. In this method
it is sufficien. to know the frequencies corresponding to three special wave number values.
with other peints calculated using an approximate analytical expression. This technique was
successfully applied to determine the dispersion relation of T My, mode in a variety of slow
wave structures. The results are in excellent agreement (within 0.15%) with other numerical
and analytical techniques. (See Section 2.1.)

Studies of Novel Field Emission Guns for BWOs Experimental studies of novel non-
planar, magnetically insulated, foilless, explosive emission guns were successfully completed.
New geometries and materials were evaluated, resulting in the development ot guns which
turn on at very low average electric fields (about 50 kV/cm). These geometries inctuac
annular, single cathode design and annular, cylindrically symmetric double cathode design.
Additional studies investigated the effects of several cathode emitting surfaces. We can now
vary the beam current in the range of 50 A to 6 kA reproducibly. (See Section 2.2.)

The Physics of Relativistic Electron Beams Close to the Vacuum Space Charge
Limiting Current This topic is important in the understanding of intense beam interac-
tion in BWOs. It was found that the potential depression due to dc space charge drasti ally
change the behavior of the space charge waves supported by the beams. (These waves are
responsible for the interaction in a BWQ.) For example, the phase velocity of the slow space
charge wave vanishes at the limiting current. It was also found that the beam can support
four space charge waves. A complete, fully relativistic dispersion relation for a thin. annular
beam in an infinitely large magnetic field was analyzed numerically. (See Section 2.3.)

Plasma Characterization Measurements were made of plasma density, drift velocity
and temperature as a function of time. space and magnetic field. Langmuir »nrobes and
interferometric techniques were used to characterize two kinds of plasma gun< -ee Section
2.4.)

Experimental Studies of the Starting Current in a Relativistic Vacuum BWO
The vacuum BWO was studied experimentally over wide range of beam currents. from the
threshold (starting current) to 75% of the limiting current and over wide range of voltages
and magnetic fields. Frequency, power and pulse shape were analvzed. For a 600 kV beam.
rthe experimentally measured start current is under 140 A. (See Section 2.5.)

Frequency Pulling in Relativistic Vacuum BWOs The frequency of a vacuum BWQ
can be tuned by varying the beam voltage. Since the beam'’s space charge waves are dras-
tically modified by space charge effects close to the limiting current. the exact relativistic
dispersion relation was used to calculate the new interaction frequency. This frequency is
defined here as the intersection of the slow space charge beam wave with the cold structure
dispersion relation. The difference between the two is called “frequency pnlling™. It was
calculated numerically for the cases of interest. (See Section 2.6.)




Experimental Studies of Plasma Loaded BWOs A plasma filled relativistic BWO was
driven by an intense relativistic electron beam with current approaching the vacuum space
charge limiting value. The beam propagation in plasma as well as the BWO characteristics
such as power. frequency. and nulse duration were measured. Initial results indicate that
the presence of plasma causes small frequency shifts (compared with the vacuum case) in
addition to efficiency enhancement. [t also helps to extend the pulse duration. Above a
critical plasma density the interaction is quenched. (See Section 2.7.)

Finite Length Effects in BWOs When finite length effects (such as reflection coefficients
at the ends) are taken into accounts. the slow wave structure behave much like a cavity with
discrete axial resonances for a fixed transverse mode. The number of these resonances is
equal to the number of periods in the slow wave structure plus one. We have designed and
fabricated a cold test system to measure these resonances as well as the reflection coefficient
and the dispersion relation of the TMg, mode in the actual structure. These resonances are
due to various axial modes. (See Section 2.8.)

Linear Theory of Plasma Loaded BWO Linear theory of plasma loaded BWO was
developed ifor infinitely strong guiding magnetic field. solid beam and neglecting electron
plasma waves). It shows that below some critical background plasma density the instability
is absolute (BWQ), while above it is convective (TWT) in nature. Growth rates were also
calculated. The linear theory will have to be expanded to better explain the experimental
results. (See Section 2.9.)

Theory of Relativistic BWOs As a first step in the development of a comprehensive
theory of plasma loaded relativistic BWO. we have developed a linear and nonlinear theory
for a vacuum relativistic BWO of a finite length. The main result of our investigations is
the discovery of regions in parameter space of single and multimode BWO operation. We
found that the start oscillation current and the efficiency of a single frequency operation are
<ensitive to the choice of a opcration point of a BWO. The operation point in stationary
regime 1s modified by the presence of a low density plasma. However, preliminarv estimates
indicate that Maryland BWO is operating in overbunch unstable region (muitimode regime).
The e.fect of plasma in this regime will be a subject of the future investigations. {See Section
2.100)

Open Research Topics e achieved considerable progress on both the experimental and
theoretical aspects of plasma loaded BWO. Additional research is needed. however in order
1o take full benefit of the innovative approach of plasma microwave electronics. [n particular
we need to address such questions as operation well and above the vacuum space charge
limiting current. over moded systems and understanding the operating regimes and pulse
duration. 1See Section 2.11.)

Our resuits were extensively documented. published in a timely manner. and caused
ronsiderable scientific interest. IFifteen papers of various kinds were published. including two
in Physical Review Letters and three invited talks. (See Section 2.13.)
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.i  Neovel Method for Determining the Electromagnetic Dispersion Relation of
Periodic Slow Wave Structures

[t is important to accurately know the dispersion relation of the slow wave structure in order
to synchronize the phase velocity of the electromagnetic wave with the electron beam to
produce efficient interaction. There are few techniques to calculate the dispersion relation of
a slow wave structure. One technique relies on an equivalent lumped-element circuit model.
Others are analytical and are suitable for sinusoidally or square wall small perturbations.
Numerical techniques (like the code SUPERFISH) require considerable effort and time in
order to accurately calculate the dispersion relation everywhere in the w-k plane. Here, we
deveioped a novel, accurate and simple method for calculating the dispersion relation of a
slow wave structure of arbitrary geometry.

¢ Basic Principle. For any periodic slow wave structure with n periods, when shorted
at both ends. there are (n + 1) discrete resonant frequencies with a phase shift per
period equally spaced between 0 and 7. Instead of using a large number of points to
accurately calculate the periodic dispersion relation in the range 0 to 7. we calculate
the resonant frequencies corresponding to three special normalized wavenumber values
and then use an analytically expression to produce the complete dispersion curve.

¢ Results. For our sinusoidally corrugated slow wave structure (see Fig. 2); the radius is
described by R = Ry[l + h cos(2rz/L)] where Ry is the average radius, A is the normal-
ized corrugation amplitude, and L is the structure period. Superfish modeling yielded
(with proper boundary conditions) the three special resonance frequencies fo, fr/2, fx
in the lower passband. The results are tabulate in Table 1. The corresponding mode
patterns (electric field lines) are shown in Fig. 3.

The approximate form of the dispersion relation is given by f = A— B cos 3L —C cos® 3L.
where A = fr/2; B = (fr = f0)/2:C = frj2 — (fr + fo)/2. The calculated dispersion relation
15 plotted in Fig. 4.

[n order to estimate the accuracy of this technique. we first calculate additional points
on the dispersion curve using SUPERFISH. As an independent check. the dispersion relation
derived here was compared to that derived by other techniques for the same structure. Both
are in excellent agreement (within 0.15%) over the entire frequency band.




’\C’

PIj
)

)
)

> o 3

Figure 3: Mode patterns (electric field lines) corresponding to (a) zero phase-shift, (b) 7/2
phase shift. and (c) 7 phase shift in the TMy, lower pass band of sinusoidally corrugated
waveguide.




luble 1: The resonance frequencies (GHz) of a sinusoidally corrugated waveguide cavity
(Ro = 1.5 cm, L = 1.67 cm. h = 0.273).

| Resonance Frequency || 2 period cavity | 4 period cavit_vj
fo=f(AL =0) | 1.404 T.412 i
f(3L = =/4) | N/A 7.589 i
frj2=f(BL ==/2) 3.046 3.046 |
f(BL =3r/4) N/A 3.557 i
fr=f(BL =) 8.773 8.754 J
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I"'zure 4: Comparison of the TMg, dispersion curve of other technique (solid line) and this
woik (dotted line) fur a simusoidally corrugated waveguide.
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2.2 Studies of Novel Field Emission Guns for BWOs

[-vpiosive emission diodes are often used to generate the intense relativistic electron beams
1sed in high power microwave devices. In contrast to tvpical explosive emission guns which
vroduce beams with current densities on the order 10 kA/cm-. we have studied cathode
riesigns m which the beam current density is tunable over a wide range (200 .\, cm- -12.000
A/em* 1. This is necessary in order to access different operating regime of BWO. from the
threshold (starting current) and up.

Purpose of This Work

o Use magnetically insulated. foilless emission explosive diodes to generate a hollow
relativistic electron beam in a BWOQO slow wave structure. The beam radii are 7.75
mm and 2.6 mm with thicknesses 0.1 to 0.2 cm.

e Carefully analyze the operation of explosive emission diodes to determine how the
microwave output power and resonant frequency depend on the parameters of the
heam.

¢ Study the characteristics of the gun injection and beam propagation in magnetized
BWO structures.

e Scan a wide range of currents from the BWO start oscillation current to the space
charge limiting current. Both single and double cathcde geometries are emploved (see
Fig. 3).

o Analyze the beam uniformity.
e Study cathode coating techniques to reduce the average electric field required for emis-

s10M.

The Relativistic Diode Analysis Suppose that the anode potential is zero. while the
cathode 1s at potential of oy, C'onservation of energy implies that

€O
-~ o= -+ T | l)
mapc*
3v <oiving Poisson’s equation with the boundary condition:
1/2/:3 I
- = - 2
ofz? €0lo

We set the following reiationship between current density and the applied voltage for the
relativistic planar diode:

macteg | o~ = 2y - V]S
Jm S IFO VR = 2B V) -
-ca*

13

b~ e - 1/2
l*‘(y [) J

e




Lnere
I — 1~ — )12

— e}
N = cos ‘:l+(":—l)l/2

l\/i(() ‘€ >1/2 03/2

J = — —_—
l) \mo ([2
[n the ultra-relativistic limit, ~ > 1. Eq.(3) reduces to
L¢P =1)2

where {7 = ¢o/moc* and (% = ed*J/mgc’ss.

b

wna [ and E are elliptic integrals of the first and second kind. In the lirit of nonrelativistic
beam. ro/moct < 1. Eq.(3) reduces to the familiar Child-Langmuir expression:

1)

A comparison of the normalized diode impedance for the relativistic and non-relativistic
<olution is presented in Fig. 6. The diode impedance decreases as the applied potential is
icreased. And also. the calculated current as a function of diode voltage is shown in Fig,

or a certain AK gap (12,5 mm).

Conclusions

I. The gun followed a Child-Langmuir-like law ([ ~ V'®). The experimentally teasured
power coefficient varies from 1 to 1.5 for different gun geometries. compared with 1.5
for the non-relativistic Child Langmuir law. Figures 7 and 8 show the experimental

\'-1 characteristic of different gun geometries.

2. Using both single and double cathode configurations (see Fig. 5). the beam current

ranges from 100 A to 6 kA (current density from 200 A/cm? to 12 kA/cm*).

energies from 200 ke\' to 300 keV were generated.

Beam

3. The etfective emission area is larger than the physical cathode area. For example. for

AR Gap=12.5 mm. Ay = 10.8 4y 13e€ Fig. 9).

I. Graphite/epoxy cathode coating reduced the average electric tieid required for nniform
criussion to about 50 kV/em. With the coating. we obtain a uniform beam at 150 \.
while without the coating. this value was 350 A (400 kV) and the beam was hlamented.
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Planar Diode Gun Calculation
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Figure 6: A comparison of the relativistic and nonrelativistic solution for the impedance of
a one-dimensional planar diode.
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Effective Area Calculation
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Figure 9: Effective area calculation for single cathod diode (AK gap: 12.5 mm).
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2.3 The Physics of Relativistic Electron Beams Close to the Vacuum Space
Charge Limiting Current

[his subject is important for the understanding o: intense beams interaction in BWOs.
especially when the beam current approach the limiting value. This is clearly the case here.
since under these condition we might expect to maximize the microwave output power (the
piasma. of course, is expected to drastically change the beam behavior).

The electron beam drift energy is influenced by the diode potential (v.), beam current
density ([,) and the beam geometry. By solving Poisson’s equation with the appropriate
boundary condition. we get the well known dependence of Iieqm on the effective beam energy
-3, 15 as follows
0
- ‘.ZIn(ro/rb)(

where rp is the drift tube radius and r, is the beam radius. Maximizing this expression
with respect to the injection energy yield the absolute maximum current which can stably
propagate under the ideal condition of infinitely large guiding magnetic field. This maximum
value is plotted in Fig. 11, while the beam geometry is defined in Fig. 10.

\When an electron beam is injected into the slow wave structure (instead of a smooth wall
waveguide/drift tube) it may excite an unstable interaction. This instability occurs when
a normal mode of structure having positive energy, interacts with the negative energy, slow
space-charge wave of electron beam. By varying the slope of the slow space-charge wave of
the electron beam, the interaction point is shifted along the dispersion curve of the structure.
To accurately predict the operating frequency of the BWO, an understanding of dispersive
characteristics of the slow space wave of the beam close to the vacuum space charge limiting
current 1s necessary.

The dispersion relation for the space charge waves derived by the linear wave analysis for
an annular. infinitely thin relativistic electron beam could be expressed as follows:

I, R S RAI C L § (7)

r
Jo(lry) + (“‘“C—'

w—-kv;,

oo
—

P
) Jo('rs) [Jo(Trs) No(Tro) — Jo(Tro) No(Try)] = 0 (

where o« = 71,/ 3y 1y, T2 = w*/c? — k% and Jy, .V, are the zeroth order Bessel functions of
the first and second kind, respectively. a represents the space charge parameter.

Solving this equation numerically, we could get the w vs & curves for the two space charge
wave. the fast (positive energy) and the slow (negative energy). In Fig. 12, we show only the
~low space charge wave (labeled SSCW) for various beam currents. We clearly see from this
figure that as the current is increased (« is larger), the phase velocity w/k decreases for the
-ame injection energy. This phase velocity (w/k|i_¢) is plotted versus the beam current and
it vanishes when the beam current exactly equals the space charge limiting value in vacuum
see [ig. 13). Furthermore. this phase velocity can also be negative. To understand this
-cemingly strange phenomena let’s look at Fig. 14a. which is a plot of I, vs 7. For a given
cathode potential and a certain current, v, has two equilibrium solutions. One corresponds
o a higher density and a lower velocity. Another corresponds to a lower density and high
velocity. These two equilibrium solutions merges when the beam current exactly equals the
vacuum space charge limiting value (i.e.. the peak in /). At this point. the beam drift cnergy




\ V) equals to
7 =7° (9)

We see that tnere are two equilibrium solution for a beam in a smooth drift section (i.e.
waveguide), and therefore the beam can support two pairs of space charge waves. As an
example, lets look at the 4 waves supported by a 2 kA beam with an injection energy of
600 kV. The conventional fast and slow wave are recovered for v, > '751/3 (Fig. 15) and a
second pair exists for 4, < v/3 (Fig. 16). The solution which correspond to higher beam
density and lower velocity is usually labeled as unstable. In this region, the electrostatic
potential energy of each electron is larger than its kinetic energy. As indicated earlier, when
the beam current exactly equal to the space charge limiting current, the two solutions merge
(see Fig. 17). The consequences of this analysis will be further discussed in Section 2.6.
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2.4 Plasma Characterization

In order to understand the physical mechanism of efficiency enhancement in a plasma BWO.
I. is important to accurately measure the plasma characteristics. The gun is located in a
ficld free region and the plasma is injected along the axis of a solenoidal m.agnetic field
as shown in Fig. 18a. Measurements were made of the plasma density, drift velocity and
temperature as a function of time, space and magnetic field. We have examined three
tvpes of plasma guns (Marshall. Coaxial, and Hydrogen Flashover gun). A sketch of the
geometry for two of these two guns is given in Fig. 18b,c. We used both Langmuir probes
and microwave interferometers to measure the plasma density with and without magnetic
field. The sketch of the interferometer block diagram and Langmuir probe measurement
circuit diagram was shown in Fig. 19. The plasma density vs distance is shown in Fig. 20.
The plasma temperature, plasma drift velocity and plasma temperature for both guns are
tabulated in Table 2 for the case of zero magnetic field. With magnetic field, the Langmuir
probe was located about 1 m away from the gun which is about the same position of the
interaction region of the BWQO experiment. Figure 21 is the typical result of plasma density
vs time inside the magnetic field (B = 12 kG) for Hydrogen Flashover gun. The hydrogen
‘lashover gun generated a plasma cloud moving at an average velocity of about 5-10 cm/usec
and with a temperature of 5-15 eV. The detailed results are tabulated in Table 3.
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I'ienre 18a: A schematic diagram of the plasma gun and Langmuir probe position relative
to the solenoidal magnetic field (for plasma characterization).
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Table 2: Plasma Characteristics Measurement Using

Langmuir Probe Technique

Hydrogen Flashover Plasma Gun, B =0

Langmuir Probe located 41 cm from the Gun

Gun Charge  Drift  Temperature  Plasma
Voltage Velocity density
(kV) (cm/ps) (eV) (cm™?)

10 11.6 3.30 x 1012

12 10.0 12.2 3.61 x 10'?

15 14.3 13.3 3.46 x 102

Langmuir Probe located 119 cm from the Gun

Gun Charge  Drift  Temperature  Plasma
Voltage Velocity Density
(kV) (cm/ps) (eV) (cm~%)

10 7.69 3.33 2.34 x 101°

12 8.33 3.50 3.74 x 10%°

15 8.50 3.70 5.40 x 10'°

Marshall Type Plasma Gun, B =0

Langmuir Probe located 119 cm from the Gun

Gas Gun Charge Gas Temperature  Plasma |
Type Voltage Pressure Density
(kV) (psi) (eV) (cm~?)
Argon 5 3 3.85 3.44 x10'°
Argon 5 10 3.40 x10'°
Argon 5 12 2.31 x10%°
Argon 6 8 1.15 x 10!
Argon 6 10 1.03 x10M
Argon 6 12 0.86 x 10!
Helium 5 3 3.57 1.43 x10"
Helium 5 10 0.95 x10"
Helium 5 12 1.07 x 10!
Nitrogen 5 8 2.0 2.55 x10M
Nitrogen 5 10 2.79 x10!
Nitrogen 5 12 2.71 x10"




Table 3: Plasma Characteristics Measurement Using
Langmuir Probe Technique

Hydrogen Flashcver Plasma Gun

Langmuir Probe located 119 cm from the Gun

Magnetic Gun Charge  Drift  Temperature Plasma

Field Voltage Velocity density
(kG) (kV) (cm/ ps) (eV) (cm~?)
9.0 12.0 10.6 9.0 2.70x 10"
10.4 12.0 11.2 9.3 2.40x10!!
11.3 12.0 12.3 10.2 2.75x 101
12.3 12.0 12.5 10.5 2.69x10!

Marshall Type Plasma Gun

Langmuir Probe located 119 cm from the Gun
Gun Charge Voltage 5 kV

Gas Type Magnetic Gas Temperature Plasma
Field Pressure Density

(kG) (psi) (eV) (cm™?)
Argon 9.0 8 5.0 4.0x10"
Argon 10.4 8 4.0x10M
Argon 11.3 8 2.2x 101!
Argon 12.25 8 5.4x 101
Argon 13.5 8 4.0x10M
Argon 15.5 8 4.0x10"
Helium 9.0 8 7.0 2.3x 10"
Helium 10.4 8 3.4x 10"
Helium 11.3 8 3.5x 10!
Helium 12.25 8 2.5x 10"
Nitrogen 9.0 8 8.33 4.3x 10"
Nitrogen 10.4 8 3.4x 10"
Nitrogen 11.3 8 4.3x10"
Nitrogen 12.25 8 4.3x 10"




2.5 Experimental Studies of the Starting Current in a Relativistic Vacuum
BWO

The vacuum BWO was studied experimentally over wide range of beam currents, from the
threshold (starting current) to 75% of the limiting current and over wide range of voltages and
various magnetic fields. Frequency, power and pulse shape were analyzed. Most important,
however, are the measurements of the BWO starting current. Usually, it is very difficult
to achieve low beam currents with field emission guns which favors high current density
(~10kA/cm?). Using the novel techniques described in section 2.2, we were able to reduce
the total beam current to a value below 100A while still maintaining a good beam uniformity.
This enable us for the first time to make four independent measurements of the starting
current (two beam diameter, two beam energies). The experimental results are:

I. r=0.775 cm

Litare < 114 A at 430 kV  double cathode gun AKI/O = 53/50 mm
Tygere < 140 A at 600 kV  double cathode gun AKI/O = 58/55 mm
2. r,=0.26cm

114 A < Ii40re < 335 A at 430 kV  double cathode gun AKI/O = 55/55 mm
132 A < Iy, < 432 A at 600 kV  double cathode gun AKI/O = 35/55 mm

From the experiment, it was found that as the beam current increases above Iy, the
envelope of the microwave pulse is effected and the envelop is characterized by more struc-
tured. At /> I, region, we found even more structure and the microwave output pulse
is narrower. This may be due to the self-modulation (see section 2.10).




2.8 Frequency Pulling in Relativistic Vacuum BWOs

The frequency of interaction in a vacuum BWO is expected to depend on the beam energy.
Since the beam’s slow space charge wave is drastically modified by space charge close to
the limiting current (see section 2.3) the exact relativistic dispersion relation was used t>
calculate the new interaction frequency. This frequency is defined here as the intersection
of the SSCW with the cold TMy, dispersion relation in the corrugated waveguide. The
difference between the two is called “ frequency pulling”. Figure 22 shows the cold slow
wave structure dispersion relation superimposed on the beam’s slow space charge wave as
calculated for various beam currents. From this plot, we see that not only the slope of the
slow space charge wave is changed by varying the beam current but the line is also displaced.
The interaction frequency could be determined by the intersection point of the dispersion
curve of the slow space-charge wave and the TMy, structure wave. Figure 23 shows the
interaction frequency of TMg; mode vs the diode voltage for various beam currents. For the
calculations presented in this figure the beam radius is 0.75 cm. Figure 24 shows similar
calculation for a beam with a smaller radius (0.26 cm). Figure 23 shows that the interaction
frequency is a function of the beam current even for a fixed gun voltage, i.e. it is a function
of the gun geometry (like anode-cathode gap). By using the measured relation between the
gun voltage and current (see section 2.2), we can now transform Fig. 23 to Fig. 25 which
show the calculated interaction frequency for seven different experimental gun geometries
which were studied separately (see section 2.2). The horizontal dashed lines correspond to
the upper and lower cut-off frequencies (band pass) of the TMy; mode in the slow wave
structure. Figure 26 shows the experimentally measured frequencies for two of the seven gun
geometries.
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2.7 Experimental Studies of Plasma Loaded BWOs

A plasma filled relativistic BWO was driven by an intense relativistic electron beam with
current approaching the vacuum space charge limiting value. The beam prcpagation in
plasma as well as the BWO characteristics like power. frequency and puise duration were
measured. Initial results indicate that the presence of plasma causes only small frequency
shifts (compared with the vacuum case) in addition to efficiency enhancement. It also helps
to extend the pulse duration. Above a critical plasma density the interaction is quenched.

First we look at the effect of plasma on beam propagation. For anode-cathode gap of
5.4 mm, the measured gun current at 600 kV is about 4.5 kA (beam radius is 0.75 cm, see
Fig. 5). Under the same conditions the calculated space charge limiting current in the slow
wave structure is about 7.5 kA, and only about 60% of the injected current propagated. As
the background plasma density is raised, higher and higher percentage of the injected current
propagates. At a background plasma density of about 2 x 10! cm™3, 90% of the beam is
transmitted (see Fig. 27). An enhancement of the microwave power generation efficiency
was observed over a wide range of injected plasma densities. Variation of the firing delay
between the plasma gun and the electron beam ailowed a measure of control over the plasma
density inside the slow wave structure. The microwave peak power output as a function of
this firing delay is shown in Fig. 28. (These results were achieved with the Marshall plasma
gun.) Microwave output rises to a peak of almost 600 MW, corresponding to an electron
efficiency of about of 40%, compared with about 5% for the vacuum BWO. Under similar
conditions this enhanced efliciency is maintained in a plasma loaded BWO even for large
beam currents approaching the vacuum space charge limit (a Hydrogen Flashover Gun was
used.)

The presence of the plasma caused only a small frequency shift compared to the vacuum
case. This frequency shift was measured by heterodyning the BWOs frequency against a
preset local oscillator. The beat frequency between the two signals was measured on a high
speed recorder (see Fig. 29).

Based on our results. we can draw the following conclusions:

l. A plasma can be generated externally and injected into the BWO interaction area in
a reproducible and controlled manner.

2. A plasma filled BWO is characterized by high peak efficiency (about 40%) and small
(1 to 3%) frequency upshifts.

3. The plasma allows for the injection of large beam currents. In our experiments. beam
currents of up to 73% of the vacuum limit were propagated. Further increases well
above the vacuum limit seem feasible.

t. The presence of the plasma increases the microwave pulse duration.

[t appears that this enhanced efficiency can be maintained for beam currents approaching
and exceeding the vacuum limit. A slightly overmoded (diameter/wavelength = 2 - 3) will be
nceded for peak power handling capabilities of 5 - 10 GW. Further research may concentrate
on investigating such systems.

[t is anticipated that plasma injection may also prove benehciai tc » variety of high power
microwave devices such as gyrotrons and free electron lasers.
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Figure 29: Beat frequency signal vs time.
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2.8 Finite Length Effects in Slow Wave Structures

When finite length effects are taken into account, the slow wave structure behave like a cavity
with discrete resonances. This is especially pronounced when the reflection coefficients at
both ends are large. These resonances are due to various axiel modes. The number of
these resonances is equal to the number of periods in the slow wave structure plus one.
We have designed and fabricated a cold test system to measure these resonances as well
as the reflection coefficient and the dispersion relation of the TMo; mode in the slow wave
structure. The cold test system is shown in Fig. 30, and will be excited by a probe (labeled
6 in the figure). The structure is modular and can vary in length from four to six periods.
The expected resonances for a four period and six period system are given in Table 4. The
results will be compared with the calculation (see Section 2.1).
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Table 4: Frequencies Expected from Cold Test
of the Slow Wave Structure (GHz)

Sinusoidally Corrugated Waveguide
(Ro=1.5cm, L =1.67 cm, h =0.273)

| Resonance Frequency + Period Cavity 6 Period Cavity

|

fo = f(8L = 0) 7.404 7.104 J
frre = (3L = =/6) N/A 7.448 {
fepa = fI31 = = /4) 7.558 N/A |
fess = F(BL = =/3) N/A 7.702 '

" fapa= fO3L = 7/2) 3.046 3.046

' fars = fIIL = 27/3) N/A 3.386

fazsa = fI3L =37/4) 3.526 N/A

+ fsee = fI3L = 57/6) N/A 3.632

| f.=fidl == 3.773 3.773
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2.9 Linear Theory of Plasma Loaded BWO

A linear theory of plasma loaded BWO was developed (for infinitely strong guiding magnetic
field, solid beam ). It shows that below some critical background plasma density the insta-
bility is absolute (BWO), whil: above it, it is convective (TWT) in nature. Growth rates
were also calculated.

The linear model was derived for the excitation of electromagnetic waves in a plasma-
filled corrugated-wall waveguide with an arbitrarily large sinusoidal corrugation. The model
neglects the electron plasma waves in the plasma (Trivelpiece-Gould modes) for the time
being, and treats only the modified symmetric TM electromagnetic waves. The theory
predicts that, when driven by an electron beam, the presence of a plasma in the slow wave
structure will cause an increase in the oscillation frequency, because the dispersion relation
for the electromagnetic (TMq;) wave is raised in frequency (see Fig. 31). As can be seen
from Fig. 32, the presence of the plasma effect higher order modes, too. The temporal
growth rates of a high frequency mode approach those of the fundamental mode for very
high plasma densities (Fig. 33). A simplified analytical model predict enhancement in the
spatial growth rate and a switch from absolute to convective instability at a critical plasma
density of N, = 2 x 10'? cm™3. The predicted enhancemeat in the linear growth rate is
attributed to a decrease in the grope velocity of the backward wave in the presence of the
background plasma.

Even though this simplified model predicts some interesting features like enhancement
of the linear growth rate, it occurs at a plasma density which is 100 times large than those
used in the experiment. It is clear that the present linear theory will have to be considerably
expanded to better explain the experimental results and to be used as a tool with predictive
capabilities. The linear theory, of course, can not be used to analyze efficiency enhancement
which is a non-linear phenomenon. The presence of the plasma can cause a substantial
increase in the spatial growth rate of the aboslute instability (Fig. 34). For high plasma
density the absolute instability is suppressed and only the convective instability remains.
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2.10 Theory of Relativistic Backward Wave Oscillators

Relativistic backward wave oscillators (BWOs) have proven to be efficient. high power mi-
crowave sources in the centimeter and millimeter wave range, capable of radiating hundreds
ol megawatts of power. One approach to increasing the power generating capabilities of
these devices is to introduce plasma into the device.!

As a first step in the development of a comprehensive theory of plasma loaded relativistic
BWO operation. we have developed a linear and nonlinear theory for a vacuum relativistic
BWO of a finite length. To this end we have derived a set of reduced equations self consis-
rently describing the slow evolution of the envelope of the radiation field and the relativistic
motion of the particles under the following assumptions: (a) the electron’s motion is one
(dimensional along the z-axis (axis of symmetry) due to a strong applied magnetic field; (b)
the beam interacts with only one spatial harmonic of the electromagnetic field. The model
rakes into account the finite reflectivity of the electromagnetic wave at both boundaries of
the interaction region and allows large variation in the longitudinal velocity of the electron
"'eam. The model equations depend on six normalized parameters: the length. koL: the
‘nitial beam velocity, 3.(0) (corrected by taking into account DC beam space charge effects):
“1ie value of the radiation group velocity. {J,]; the value of the combined reflection coefficient
it the boundaries of the RF structure. [R|. the current / and the beam AC space charge
parameter. Z,,. This is in contrast to previous models,? in which radiation is assumed to
leave the interaction region without reflection and variations in the longitudinal velocity are
assumed to be small. Note. that in this case. the number of normalized parameters can be
reduced to two: current and A.C. space charge parameter.

The normalized length is given by koL = Lwg/(8:(0)c), where c is the speed of light, L
is the length of the structure. wy is the frequency determined from the intersection of the
[ispersion curve of a corrugated wave guide and the beam dispersion curve (see Fig. 33).
The normalized current is given by the following expression,

. [ /LN\?® 1
[ =dn— <—> J 10
[y \d 3:|.'3:,|C (10)

where [y = (mc®/q) is the Alfven current in Amperes, [ is the beam current in Amperes. d
.« the period of the structure. and C is the coupling coefficient.

The value for C' can be obtained from the solution of Maxwell’s equations in the corru-
sated structure® without the electron beam using the following expression

. [td: 1z [relz) 2rrdr .
=i [ ey [ [T T (1B + Bl a).

“here r,1z). (rs) is the wall radius (beam radius) and E. B and E, are the electric. magnetic
*elds and longitudinal component of the electric field, respectively. The AC space charge
parameters. <., is the frequency of beam plasma oscillations (including the effect of the beam
seometry) normalized to the time of flight. L/v.(0). The exact expression for &,, will be
siven elsewhere.

We calculated the start oscillation current for different values of the parameters &y L and
" and fixed the values of the other parameters. The normalized start oscillator current is
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rejated to the normalized current (Eq. (10)) as follows

Ltare = [(ko L}/ (1383(0)) (11)

Figure 36 displays the normalized start cscillation current as a function of the normalized
length koL for combined amplitude reflection coefficients of 0. 0.3 and 0.7. From the plot.
we observe that for the [R| = 0 case the start current roughly has a constant value. [ ~ 7.7.
For |R| # 0. on average, the same scaling exists in addition to a periodic dependence on
koL. which is due to the interference between the amplified and reflected waves. The actual
value of the start oscillation current can be obtained from Egs. (10) and (11) and Fig. 36.

i d\’ ~362(0)|B,) -
Lyare = 1.35 (E) W’ (kA) (12)

\We observe that by varying the normalized length parameter by 7/2, one can expect a
variation in the start oscillation current of a factor of three for the R = .7 case. The
presence of a low density plasma modifies the dispersion characteristics of the RF structure.
~imple estimates show that a change in the parameter koL (the operation point) of order
/2 corresponds to wp/wo ~ 0.3, where w, = (47ng*/m)!/? is the plasma frequency and n
is the plasma number density. Note, to achieve a similar variation in the kgL parameter
will require about 60% variation in the voltage on the gun. The preceding results are not
sensitive to variations in 3,(0) and |3,|. Figure 37 shows the normalized frequency shift, éw,
at start oscillation versus koL assuming L fixed. Here éw = w(koL)—w(koL = 30). Variation
of éw with koL assuming the structure fixed occurs when beam energy is varied, and the
point of intersection of the beam and structure dispersion curves illustrated in Fig. 35 moves.
In the case of |R| = 0 the operating frequency decreases with increasing kq reflecting the
continuous changes in the intersection point. When |R| # 0 the frequency tends to change in
discrete steps. This is a manifestation of the tendency of the cavity to have eigenfrequencies
as the reflectivity is raised. On the average the operating frequency tracks the intersection
‘requency: however, with high reflectivity the frequency changes in steps. Figure 38 shows
the time history for the electronic efficiency for two examples: the beam current is two
and five times larger than the start oscillation current. The normalized length koL = 30,
1.(0) = .768, 3, = .24, |R| = 0 and @,, = 0. As it can be seen, for the larger current, the
radiated power has large fluctuations (i.e., over-bunch instability) and for currents less than
~ome critical value. I.., the radiation power is constant. For very large values of koL (~ 100)
and [R] =0 the criticyl value [, ~ 31,10, which is consistent with previous results.? In the
rase of [R] # 0. the I.. is a complicated function of kL and is shown on Fig. 36 together
with the value of I (Eq. (10)) at start oscillation for |3g] = 0.24 and 3.(0) = 0.746. A similar
hehaviour of [, versus kol is anticipated for other values of |3,| and 3.(0). Preliminary
estimates indicate that Maryland BWO is operating in the overbunch regime. This part of
the work was presented at a number of conferences (see Section 2.12) and a manuscript is in
preparation.
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2.11 Open Research Topics

\We achieved considerable progress on both the experimental and theoretical aspects of high
power microwave generation using plasma loaded BWD. The work is not complete, though,
wud additional reczzrch is needed in order to take fuil benefit of the lunovative approach of
plasma microwave electronics. Experimentally, the following subjects need to be addressed
i partial list):

(a) operation at currents well above the vacuum space charge limiting value
(b) measurement of the starting currents in the presence of plasma

(c) optimization with respect to interaction, efficiency and pulse length
(d)

d) improved diagnostics to probe the plasma processes, and improved plasma gener-
ation techniques

(e) investigation of overmoded systems
Theoretically, our work needs to be expanded in order to gain a better understanding of
the three-component system (beam/plasma/wave), finite magnetic field and space charge
cifects, and interaction in overmoded-multiwave systems. It is expected that the combined

experimental and theoretical efforts will lead to major achievement in this area and in plasma
microwave electronics.
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Absolute Instability for Enhanced Radiation from a High-Power Plasma-Filled
Backward-Warve Oscillator

M. M. ALY K. Minami,"""® K. Ogura,"® T. Hosokawa, "’ H. Kazama,"’ T. Ozawa,’ T.
Watanabe, @ Y. Carmel,® V. L. Granatstein,® W. W. Destler,’® R. A. Kehs,*® W_P. Lou,”’ and
D. Abe®
" Graduate Schoolof Science and Technology. Niigata University, Niigata, 950-21 Japan
D National Institute for Fusion Science, Nagoya, 464 Japan
Laboratory for Plasma Research, University of Maryland, College Park, Maryland 20742

“WHarry Diamond Laboratory, Adelphi, Maryiand 20783
(Received 16 January 1990)

The linear theory of electromagnetic radiation from a backward-wave oscillator with a plasma-filled,
sinusoidally corrugated waveguide driven by a relativistic electron beam has been derived and analyzed
numerically. The presence of plasma can cause a substantial increase in the spatial growth rate of the
absolute instability. For high plasma densities, however, the absolute instability is suppressed and only
the convective instability remains. The predicted radiation enhancement can be attributed to a decreasc
in the group velocity of the backward wave in the presence of a plasma.

PACS numbers: 52.40.—w, 41.80.Ee, 52.25.Sw, 85.10.Jz

In recent years, a dramatic resurgence in research ac-
tivities on relativistic electronics for high-power mi-
crowave sources has been taking place all over the world,
driven by the development of new technologics and the
requirements of present and future applications.' Gyro-
trons and free-clectron lasers are examples of such new
devices. The backward-wave oscillator (BWO) driven
by an intense relativistic electron beam is another mij-
crowave source on which research has been conducted
primarily in the US. and U.S.S.R. for the last fifteen
years.*~'® Previously, gas-fillcd BWOs were observed to
yield significant microwave output power at .X-band fre-
quencies.*? Recently, however, considerable increases in
both the output power and the efficiency of a BWO due
to plasma injection from an external plasma gun have
been observed.'® Lin and Chen'' have recently reported
numerical simulations of the experiments, alithough they
assumed an artificial periodic boundary condition in the
axial direction which did not correspond to the experi-
ments. They reported that a parametric beam-plasma
wave interaction could not be the dominant mechanism
for the efficiency enhancement and that the enhancement
could be attributed to a decrease in the phase velocity of
the most unstable beam mode in the presence of a back-
ground plasma. In order to understand analytically the
physical reason for the observed enhancement, we have
developed a linear theory of the beam-piasma interaction
and have analyzed numerically the absolute instability'2
in plasma-filled BWOs.

First, we consider an infinitely long axisymmetric
waveguide, i.c., slow-wave structure, whose wall radius
varies with the axial coordinate z according to R(z)

= Ro+ hcos(koz), where ko™=2n/2zo. Here Ry, h, and zp
are, respectively, the average waveguide radius, the am-
plitude of corrugation, and its period. A uniform, cold,

© 1990 The American Physical Society
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and collisionless plasma with density N, is assumed to be
present, and a beam with uniform electron density N,, a
longitudinal velocity v, and radius Ry, < Ro—h is present
in the slow-wave structure. An infinitely strong external
magnetic field which confines electron motion to be
strictly along the field lines is applied in the axial direc-
tion z. We have obtained the linear dispersion relation
D(k,w) =0 for the symmetric TM modes with field com-
ponents E,, E,, and Bs.'* Here, D is the value of the
determinant of a matrix for which the element of the
mth column and ath row, D,, is given by

Dpp =1 +(n=m)Q, ) (K,Cha+L,CR,) ,
o (Yaa)Wtin=mipa+in-m(y )
) == "
Con ,,E-:o 28+ =mloi (g4 |n—m|)
Ky =Y Jo(Xn8)N ((Va8) = XaJ , (Xa8)No(Ya8) .
L, = XyJo(Ya8)1(X,8) = Y, Jo(X,8)J,(Y,8) ,

(1

2)
2 2
X}-R&[%-k}] [l_ipz'—-T(;,_L] ,

-3

k

& e o7 Ro ! Ro

A similar expresslon for CNy holds, with Jo replaced
by Mo in Cha given by (2). Here, we have assumed a
phase factor expl—i(wt —k,z)] for time and spatial
variations of the rf electric fields, and the other notations
are standard. We confine our analysis here to the case of
the high-frequency electromagnetic TMo, mode with
@ > wp. Our dispersion relation (1) tends to previously

N kn -k+"ko.
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obtained results*3 in the limit of small a.

The following parameters®'® are adopted unless
specificd otherwise; the relativistic factor y=2.23, Ro
=1.445 cm, Ry =0.9 cm, h =0.445 cm, zg=1.67 cm,
and ¥V, =2.09x10'" cm ™’ The plasma density N, is
considered to be a variable. For these parameters, we
must caiculate a 9%9 determinant equation, with the
*~rms up to the order of a'® in (2), to obtain 1% numeri-
cal accuracy in periodicity for two periods of wave num-
ber ko."?

The spatial growth rate is a more practical measure of
the strength of instabilities than is the temporal growth
rate,'? as will be discussed later in detail. There can be
many roots of D{(k,w) =0 that have complex k =k, +ik;
for a real w. In order to sort out the spatially growing
waves of convective and absolute instabilities from other
roots of evanescent or stable waves, we deform the path
of integration in the inverse Laplace transformation in
the compiex w=w,+iw; plane downward to the real
axis. If k, has different signs when w; takes a large posi-
tive value and zero, then the wave is convectively unsta-
ble: otherwise, it is an evanescent wave. If the deforma-
tion of the path of integration towards the real axis is
prevented by merging of two roots (saddle point) for
some positive w; from both sides of the k half planes,
then the instability is absolute which corresponds to a
BWO. In general, w and k at the saddle point are bath
complex'*'* (k, =k,, +ik,,, w, ™ w,,+iw,), and the ab-
solute instability causes electromagnetic radiation from
an intinitely long slow-wave structure cven if a fcedback
mechamism does not cxist. The spatial growth rate &,
and the real part A,, of the wave number at the saddle
pont versus .Y, are plotied in Fig. 1(a), while the tem-
poral growth rate w,/2x and the oscillation frequency
w,s/21 are shown in Fig. 1(b). As NV, increases the sad-
dle point goes down, and the spatial growth rate is
enhanced. As the point moves into the w; <0 region as
shown in Fig. 1(b), the absolute instability disappears
suddenly and only the convective instabilities continue to
exist for exceedingly large V,. These convective insta-
bilities [corresponding to a plasma traveling-wave tube
(TWT)] cannot give rise to any radiation unless a feed-
back mechanism exists in the slow-wave structure. The
maximum spatial growth rates k;» for w;, =0 are a mea-
sure of the ampiification in the plasma BWO and are
shown in Fig. 1(a). The group velocity,'* approximately
given by w;,/k,,, and the phase velocity w,,/k,; vs N, are
shown in Fig. 2 for an infinitely long (L =o0) plasma-
loaded, slow-wave structure. The absolute value of the
group velocity decreases with NV, while the phase velocity
slightly increases with N,. The group velocity, however,
changes direction and becomes positive for plasma densi-
ty N,>1.6x10'? cm ~? as shown in Fig. 2 (solid cir-
cles). in which case the system works as a plasma TWT
(w; <0), because the wave is still growing spatially.

In our linear theory, the output radiation is propor-
tional to exp(2w;, 1), where 1 is the interaction time be-
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FI1G. I. (a) The spatial growth rate k,,, the real part k,q, at
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Im(w) =0, k.m, vs plasma density N,. (b) Temporal crowth
rate w,,/2x, oscillation frequency w,;/2rx. at the saddle point,
and plasma frequency w,/2x vs N,.

tween the beam and the backward wave. In real experi-
ments, the interaction time ¢ | nsec is given by the
ratio of a finite L and the group velocity. Then,
exp(2w;,1) =exp(2k,,L) > 1. The increase in k; with
N, as shown in Fig. 1(a) may thus enhance the radia-
tion. This is the reason why the spatial growth rate &, is
a more practical and critical measure of the instabilities
than the temporal growth rate w;/2x for a slow-wave
structure with finite axial length. The predicted en-
hancement can be attributed to an increase in the in-
teraction time, i.c., a decrease in the group velocity of
the backward wave. As shown in Fig. 1(a), our result
predicts linear enhancement for values of N, | order
greater than that observed in Ref. 11.

In order to elucidate the physical meaning of the radi-
ation enhancement, the maximum spatial growth rate
k.m of the plasma BWO in the limit of small a has been
analyzed in a qualitative way. The procedure used here
is not very different from that in Ref. 11. A 2x2 deter-
minant equation D(k.w)=0, with —l<mn=<0, is
used. and only the terms up to order a are taken into ac-
count in (2). We assume that the beam term in X, [see
Eq. (2)] is small, and the spatial growth rate (w; =0) at
the intersection of the beam space-charge wave w=krv
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FIG. 2. Phase and group velocities of the plasma-ioaded
slow-wave structure in the case of L =oo vs V,, shown, respec-
tively, by solid and open circles. Those for a siow-wave struc-
ture with finite axial length L =16.7 cm are shown by thin
lines.

and the backward wave Y|, =2.405 is calculated. The
final dispersion relation results in a quartic equation. it
must be emphasized here that the previous analyticai re-
sult’ for y>> | gives no enhanced growth rates {or the
parameters in the experiments™'® with y=2.23. The
spatial growth rate versus N, calculated from the quartic
equation is shown in Fig. 3. A resonant increase in the
spatial growth rates is found and the result is qualitative-
ly ssmilar to k,» in Fig. 1(a). If one ignores the fourth-
order term in the quartic equation assuming that it is
small, the peak in Fig. 3 goes to infinity at k, = ko and at
the cutoff frequency, where the group velocity of the
backward wave is zero. The decrease in the group veloc-
ity enhances the interaction between the backward wave
and the beam. This is the physical reason for the
enhanced radiation from the plasma BWO predicted in
the present analysis. The temporal growth rate (k; =0)
which corresponds to w;,/2x in Fig. 1(b) has also been
calculated in the same 2X2 determinant equation, and
the result is shown by a dashed line in Fig. 3. It should
be noted that the temporal growth rate is zero for
Np>1.7%10'2em ™2,

So far we have treated an infinitely long slow-wave
structure. For a finite-length device, different modes
may be linked. In our analysis we considered four
modes—two structure modes (forward and backward
TMo:) and two beam space-charge modes (four roots in
the dispersion relation). The oscillation is affected by
the reflection coefficients R, and R at both ends.'* The
oscillation does not occur at the k, of the saddle point,
but at a growing root k. near k,, where k. is found

! .
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F1G. 3. Simplified theoretical resuit of the maximum spatial
growth rate (solid curve) for Im(a) =0 normalized to the vac-
uum case vs plasma density N,; Ny =5.15x10' cm =, a=0.1
and other parameters are the same as those in Figs. | and 2.

The maximum temporal growth rates for Im(k) =0 normalized
to the vacuum case are also shown by the dashed curve.

1+ 14 1 1
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T

from the following simultancous equations:
Dk+,w)=0, D(ki+e,w)=0,
e=k_-~ks+==2xN/L—=iln(R)/L,
R=[R\Ry|l, and N=%1,%2, .. ..

Here, k - is the evanescent root propagating in the oppo-
site direction to k + in order to feed back the oscillation
energy to the original position. [n this work, we neglect
mode conversion at both ends and consider only the
growing wave with highest growth rate k+ and the
evanescent wave with smallest damping rate k - because
the main contribution comes from these two waves.
Note that, to have oscillation, in addition to w; > 0, the
spatial growth rate Im(k+) must surpass the spatial
damping rate Im(k -), because R < 1.0. This imposes
an additional restriction to backward-wave oscillation.
We do not find k + in the case of convective instabilities.
The phase and group velocities for L=16.7 cm and
R =1.0 are shown in Fig. 2. The thin line for phase ve-
locity denotes the physical solutions which change from
N=—1to N=1 as N, increases. The plasma BWOs
will not operate (w; <0) for L and R less than the criti-
cal values'? for given N, and N;.

In conclusion, we present a smail-signai-gain calcula-
tion for a plasma-loaded slow-wave structure immersed
in an infinitely large axial magnetic field for frequencies
> w,. It was found that the presence of the piasma
modifies both the dispersion relation and the nature of
the vacuum linear instability. For low plasma densities,
the instability is absolute. For large plasma densities,
the group velocity changes sign, in which case the insta-
bility became convective. The present analysis predicts a
considerable increase both in the spatial growth rate and
in the oscillation frequency with increased N, [Fig.
1(b)). The saturated levels and efficiencies'' of plasma
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BWOs are beyond the scope of the present linear
analysis. Nonlinear calculations are underway.
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High-Power Microwave Generation by Excitation of a
Plasma-Filled Rippled Boundary Resonator

YUVAL CARMEL, MEMBER,
R. ALAN KEHS, SENIOR MEMBER,

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 2
factor of up to 8 to a value of about 40%. A linear theory of electro-
magnetic wave generation in plasma-ioaded 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-beam 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
when several authors [1) discussed the excitation of
electromagnetic waves in 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’’
[2].
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 (Uphese << ¢)
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 vp,. ~ ¢, 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 smce
1940. For example, advanced, large dlameter, 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 Ioadmg
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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 backgyound 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, resuiting in an
efficiency of about 40%.

Section II of this paper reviews wave propagation in a
plasma-filled smooth-walled waveguide; Section III 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.

II. 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 frcqucncy of the electron beam Typically, w,/w,
< 1072, where w, = (eN, /m,€g)'/? is the background
plasma frequcncy, and w, = (eN,/m,€;)'/? 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], [10]-[16}.

One of the characteristics of a fully ionized plasma is
its ability to support electric fields of almost arbitrarily
iarge 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 10" cm™. A 1% fluctuation
in the local electron density over a distance of 1 mm pro-
duces a local electric field of ~10° 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
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other words, we will consider an ideal electron plasma.
The term *‘plasmaguide mode’’ will be used to denot  ny
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 mode:.

As was demonstrated by Trivelpiece and Gould (T-G)
{17], the dispersion relation for a plasma-loaded, smooth-
walled, cylindrical waveguide immersed in an infinitely
large axial magnetic field is given by'

c? : l - w,,/w

(1)

where w is the angular frequency; k. is the axial wave
number; c is the speed of light in vacuum; R, is the wave-
guide radius; and p,, is the vth root of the /th order Bessel
function of the first kind.

If the operating frequency of the device is greater than
the plasma frequency (w > w,), the clectromagnetic
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
wl, = (%:) + wl. (2)

This shift in the cutoff frequency can be seen in Fig. 1(b),
where the dispersion curve for the lowest-order symmet-
ric electromagnetic mode (labeled '*TMy, ") is displayed.
In addmon the presence of the plasma in the waveguide
allows k? to take on positive real values for w < w,, thus
giving rise to a propagating wave. Fig. 1(b) also displays
plots of several plasma-guide (T-G) modes. The geome-
try of the -oblem is shown in Fig. 1(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 ¢ he 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,), all of the plasma-
guide modes (! =2 0, » = 1) will propagate simulta-
neously if excited. In contrast, at frequencies above the
plasma frequency the number of electromagnetic wave-
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Fig. 1. (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-wail waveguide having a
radius of Ry = 1.44 cm. A single TM,, mode win 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 suppornt 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 inagnetic 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:

29172
w>!:w:+(%>] . (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 ¢ ;,). 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 1
FIELD COMPONENTS AND AX1AL POWER FLOW FOR AZIMUTHALLY
SYMMETRIC ELECTROMAGNETIC ( TM,, ) AND PLASMA-GUIDE (T-G) MODES

| Symmetnc TA,, Mode | Symmetnic Plasmagude (T-G.
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Fig. 2. Electric field configuration for the two lowest-order, symmetric-
plasmaguide modes. (a) T-G,g ,,. (b) T-G,y.»,. Both were calculated for
w, = 27 - 4 GHz, R; = 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 dw/dk decreases to zero. Fig. 4 shows the
radial distribution of the three field components E,, E,,
and H, for the lowest order (! = 0, » = 1) symmetric
plasma-guide mode for various frequencies. As before, as
w approaches w, = 4 GHz (in this example), both Hy and
E, decrease to zero. Only the electrostatic component E,
remains unchanged.

III. SPACE-CHARGE-LIMITING CURRENT IN PLASMA-
LoapEp WAVEGUIDES
In essence. a backward-wave oscillator consists of an
electron beam confined radially by a strong longitudinal
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Fig. 4. Calculated radial dependence of E_, E,, and H, for the lowest-or-
der, symmetric plasma-guide mode at few frequencies (w, = 27 *+ 4
GHz, Ry = 1.44 cm).

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

R(z) = Ry + h cos kyz (4)

as shown in Fig. 5, where 4 is the ripple amplitude, z, is
the ripple period, and k; = 27 /2.

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 siow 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
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Fig. 5. The slow wave structure and beam modei of Section IiI.

the electromagnetic field of the struct .. 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 electromagne’ .c energy backward along the
beam—i.e., the Poynting vector points antiparaliel 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], [10}-[16]. 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)~', where f = n;/n, rep-
resents the amount of charge neutralization provided by
the ions in tne background plasma. The increased space-
charge-limiting current may allow microwave-generating
devices to transport more intense electron beams, ieading
to the possibility of generating enhanced power levels.

The space-charge- niting current in the presence of the
plasma for a thin holiow beam with a mean radius R, and
a thickness A << R, is given by (18]:

_ 17[4*? - 1]3/2
T 210 (Re/R]( ~ f]

where y = (1 — v2/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 et of
beam-plasma instability. This instability will occu: at cur-
rent levels that are larger than the vacuum-limiting current

by the factor [2]:
7(1 - 7-2) i 6)
(1= (

For mildly relativistic electron beams having y = 3, the
actual current carried by the beam in the presence of

(kA] (5)
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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-LoOADED CORRUGATED
WAVEGUIDES

In addition to affecting the space-charge-limiting cur-
rent, the presence of plasma in the slow-wave structure
may completely aiter 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;, << 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 v,,; (iii)
the beam is of uniform density N, 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 By. 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 TM,, electric

field can be expressed as {23]:

E = 2 A <ﬁ r> exp [i(k,z — wr)] (7)
n=—oo RO
E= T 4,|-—tak J, <% r>
n=-o R0<(J)2 _ ’:'> 0
c
©exp [i(k,,: - wt)] (8)

where w, is the beam-plasma frequency, and

k, = k. + nky

< =Rg<“’—f —kf,)[l /. LJ
¢ © (@ = ko)
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:

D-A= 2 AD,,=0 (9)

mn= ~oo
where A is a column vector with elements A4,, and D is a
matrix with elements D, ,. A dispersion relation resuits
when a nontrivial solution to (9) is found by solving the
determinant equation det |D| = 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 /R, = 0.3, a truncated ma-
trix with a rank of nine was found to be sufficient.

Fig. 6 displays the calculated TMy, 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 (w, = 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 TMg,
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 (w, = 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 w, 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/27) calculated for the experimental parame-
ters. The resuits 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 lgnear growth rate for plasma densities of N, = 10"
cm




502

v T L4

N+ 210" em

N,r 810" em )]

— \\ﬂ

a110"
Sriigy
— - 210"

-

FREQUENCY (GHz)
S

8¢ N ~
L Newe
4 -
2v/1,
6 BN EEENE BT
[s} 2 4 6 8

WAVENUMBER &, (cm™)

Fig. 6. The calculated effect of varying the plasma density on the corru-
gated waveguide dispersion (R, = 1.445cm, h = 0.445cm, z, = 1.67
cm).

[oX 1 T T T
»
~N
3
2 oab
£ 7
E 5
«
X
Eoef ]
X 4
1 1 ]
[+]
[] | 2 3 4

WAVENUMBER &, (cm”")
Fig. 7. Calculated linear growth rate for the TM,, mode versus wavenum-
ber k. for the case where N, = 2 - 10" cm™> N, = 6.3 - 10 cm™*®
(solid beam).

Ty —rrrrrr
> 0.6 T T
3 | g - MooE
£
w 04p -
w
: J
x L
3
3
3
= ol L
0 s 2 aaaaasl PO .||“||
| " 10 10

PLASMA DENSITY N, (210"cm ™™

Fig. 8. Calculated peak growth rate /, (@) /2% versus the plasma density
for the TM,, mode (solid beam of density N, = 6.3 - 10'°cm™?).

V. MEASUREMENT OF EFFICIENCY IN A PLASMA-
Loapep 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
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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 expenments
[9] an independently cortrollable 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 wi... 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 R, = 1.445 cm, a corru-
gation amplitude A = 0.44 cm, a corrugation period of z,
= 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'' cm™.

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/us on its way towards the interaction re-
gion. The system was pre-evacuated to a pressure of <4
X 107 T.

In separate experime- - the plasma column density was
measured with both a 5>- 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 t+ plasma gun voltage and gas pressure. Real-
izable plas. . densities in the slow-wave str ~ture ranged
from O up to a maximum value estimated at ~10'2 cm™3.

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-cycie time of
the pulsed axial-guiding magnetic field. The second long-
est time scale was on the order of 100 us, rresponding
to the plasma generation and propagation time from the
plasma gun to the slow-wave structure. Finally, as noted
above, the beam ¢ duration was 100 ns. The three
time scales were ali 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 uensity 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  F'g. 1. Peak microwave power (at 8.4 GHz) versus the beam-injection

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, 0 < N, < N, where N,,,, is a crit-
ical plasma density. This critical plasma density, to be
discussed in Section VII, occurred at a delay time At ~
90 us 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 dilicient time delays—once
for a short time delay At ~ 60 us, which occurred during
the plasma buildup in the slow-wave structure, and then
again for a longer delay Ar ~ 100 us, 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 At 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 TMg 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 us < Atr < 100 pus. In this range the BWO ra-
diation at 8.4 GHz from the fundamental TM,; 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 TM,, mode to TM,, 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-
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time delay. By adjusting this delay we can set the desired plasma density
in the BWO before the injection of the electron beam.
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Fig. 12. Microwave radiation detected from the plasma-loaded BWO in
the frequency bands: (a) 12-18 GHz (corresponding (o emission at high-
order mode); and (b) 18-26 GHz (which may cormrespond to emission
due to an electromagnetically pumped FEL: sce discussion).
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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 TM, 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 [25], [26].

In our experiments the introduc’ion 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.

V1. 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,,.,, 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 iower cutoff frequency while simuita-
neously causing a flartening 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 III, predicts that
BWO TMy, quenching by plasma saturation might be ob-
served for critical densities,

Nyiery = 102 [cm™3]. (10)

If the plasma density is above this critical value, the linear
g ‘wth 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 Ar ~ 90 us, corre-
sponding to an estimated plasma density of N, < 2 x 10"’
cm™3, which is far below the value predicted by the linear
theory.

The linear theory for a plasma-loaded fundamental
TMp, mode in a BW  predicts that the interaction fre-
quency of the BWO .1l increase with increased . .asma
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 i nnly
slightly larger in the presence of the plasma as cor red
to the vacuum BWO case.

Thus while the linear theory is successful at predicting
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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 resuits 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 involvir~ the
beam, electromagnetic, and T-G plasma waves in thc 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-ch:rge
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. 1(b) for a plasma in a smooth-wailed 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 exampie, Fig. 14 plots the uncoupled. shifted
dispersion curves for the T-G ,, modes (labeled as
*‘piasma waves'’), and also the approximate coupled dis-
persion relation for this mode. The dispersion curve for
the lowest-order electromagnetic mode (labeled *‘TMy,"")
can also be seen. Azimuthal symmetry has been assumed,
and, for clarity, only the first five periods in k have been
plotted.

For th: range of values of the plasma density and beam
energy relevant to tiie 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 TM,,
electromagnetic wave have the same phase velo. .ty w/k
as do one or more of the periodic ~-G waves. In addition,
the three waves all share a stron, common componer H>f
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 iosing 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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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 III. 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 [14].

It was predicted theoretically [12] that larger gain can
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Abstract—A linear theory of the excitation of electromagnetic waves
in a plasma-filled corrugated-wall waveguide with an arbitrarily large
sinusoidal corrugation has been derived and analyzed numerically. The
theory predicts that, when driven by an electron beam. the presence
of a plasma in the siow wave structure will cause an increase in the
oscillation frequency, and that the temporal growth rates of a high-
frequency mode approach those of fundamental mode for high plasma
densities. The latter result may account for the high-frequency modes
observed in our plasma-filled backward-wave oscillator.

I. INTRODUCTION

HE ELECTRON beam excitation of slow wave struc-

turcs has been an active research area for more than
half a century [1]. With recent progress in intense relativ-
istic electron beam (IREB) technology. a new generation
of high-power microwave sourcss is being developed. The
backward-wave oscillator (BWO) is one of the most
prominent IREB-driven high-power microwave sources
[2]-[5]. Peak powers in excess of 3 GW in a single-stage
device. 15 GW in a two-stage device. long pulse lengths
of several microseconds. high efficiencies ( >50% ). and
1 pulse repetition rate of 400 Hz have been reached in a
variety of experiments [6]. More commonly, power levels
of hundreds of megawatts at frequencies ranging from 8
to 35 GHz have been reported. although frequencies as
high as 150 GHz have been demonstrated.

Recent experiments at the University of Maryland have
demonstrated high-efficiency high-power operation
through the introduction of a background plasma into an
X-band BWO structure {7]. [8].
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As a first step toward understanding this phenomenon.
a linear dispersion relation for a plasma-loaded BWO has
been derived and analyzed numerically. with special em-
phasis placed on using system parameters consistent with
experiments performed at the University of Maryland {7],
(8]. The development of the dispersion relation may lead
to a discussion of a three-wave interaction (beam/plasma/
slow electromagnetic wave) as a possible physical mech-
anism to explain experimental observations.

Section II of this paper contains the - -ivation of a dis-
persion relation for waves in an infinitely long plasma-
loaded corrugated-wall waveguide excited by an electron
beam. Section III presents the numerical analyses of the
interaction, and a discussion of this work, along with con-
clusions, is presented in Section IV.

II. DisPERSION RELATION FOR A PLASMA-LOADED
CORRUGATED-WALL WAVEGUIDE

The analyses presented here are based on the slow-wave
structure shown in Fig. 1. The slow-wave structure con-
sists of an axially symmetric, cylindrical waveguide
whose wall radius, R(z). varies sinusoidally according to
the relation

R(z) = Ry + h cos (ko2) (1)

where A is the corrugation amplitude. ky = 27/ is the
corrugation wavenumber, and z, is the length of the cor-
rugation period.

A solid uniform electron beam of density N, and radius
R, < Ry — h goes through the waveguide. which is loaded
completely with a cold. uniform. collisionless plasma of
density N,. The entire system is ilnmersed in a strong,
longitudinal magnetic field. which magnetizes both the
beam and the plasma. There is no restriction on the rela-
tionship between the beam density and the plasma den-
sity. but the plasma frequency and the beam plasma frtz-
quency. w, = (ezN,,/m,.eo)"' and w, = (e*N,/m.€0)' ",
respectively, are assumed to be much smaller than the
electron cyclotron frequency.

We further assume that i) the beam current is taken to
be much less than the space-charge-limiting current for a
smooth-walled waveguide with the same average radius;
ii) the beam is monoenergetic with all electrons having
identical longitudinal velocity ¢ and iii) the beam has an
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Fig 1. Slow wave structure and beam model of secuons U1-1V for sohd
electron beam of radius R, within perfectly conducting plasma-loaded
corrugated-wall waveguide.

equilibrium position, and is free from instabilities which
cause macroscopic deformations.

The dispersion relation for a plasma-filled BWO was
previously derived for the case of a slow-wave structure
with a small corrugation amplitude {9], [10] and only in-
cluded terms up to the order of (h/R,)". In our experi-
ments, however, the corrugation amplitude was not small
(h/Ry = 0.308). necessitating the derivation of a disper-
sion relation for arbitrarily large values of h/R, < 1.

The assumption of an infinitely large guiding magnetic
field implies that the only nonvanishing terms in the rel-
ative dielectric tensor are along the major diagonal. For
the beam-plasma case in a linearized scheme of treat-
ment, the relative dielectric tensor, in cylindrical coordi-
nates, may be given by

1 00
feJ=]0 10 (2)
0 0 e.
and by [10]
w,\’ 2
=l (=) -5 (3)
w ‘73(“’ = knv)-

where v is the relativistic factor, and &, is the wavenum-
ber (to be defined later).

The periodicity of the corrugated structure permits the
field components and the beam perturbation to include an
infinite number of components in the wavenumber space
according to the Floquet theorem [11]. Only TM waves
perturb the axial velocity and the density of the beam.
Accordingly, we will focus our attention on the dispers.on
relations for the axisymmetric case of these modes alone.
From Maxwell's equations and (2) and (3), one van obtain
the following expressions for the axial and radial RF elec-
tric fields E. and E, for the axisymmetric TM electromag-
netic modes:

Elr.2) = L E,expikz: = wr)] (4)
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- ik, dE.,
E(r.z)= X ——,—I———exp [i(k,z - w)} —= (5)
n=-oo " 5 dr
= Tk
c
where k. is the axial wavenumber. and
k,, = k: + nk() ®
X” v‘
E:u = AMJ() <E r> 0 § r é Rh 1
0 > (6)
B J .‘.Il + C N .\.H 1
= " . r " _ . :
0 R, 0 R, r |
Ry < r = R() )

The constants B, and C. in (6) can be expressed in terms
of the constant 4, frc. the conditions for the continuity

of E,and E.arr = K s

x0 xd
Bn = - _2_ KnAno Cn = - _2— LnAn

—»hMMMmm—aLMMMWM}(”
Ln = x,,.lo(y,,é)J.(x,,é) - YnJO(xna) jl(yna)
6 = R',/R().

The RF electric fields E. and E, must satisfy the bound-
ary condition that, at the perfectly conducting corrugated
waveguide surface, the tangential electric field E, must be
zero; i.e.,

Er(r = R(Z))

=
|

x E(r=R(2))+ E(r= R(:))%(.Z‘) =0.

(10)

Substituting (4)-(9) into (10), the dispersion relation
which descnbes the dependence of the angular oscillation
frequency w on the axial wavenumber k. is derived from
the requirement for the existence of a nontrivial set of
solutions of amplitudes A,,.

Equation (10) is a dispersion relation which gives a re-
lationship between w and k.. however, (10) is only of lim-
ited use in itself, because it is derendent on the coordinate
z and involves as yet unknown oefficients A,. To elimi-
nate these quantities. we proceed as in [9] and [10], mul-
tiplying (10) by exp ( ~imkyz) and integrating from z =
—n/kgto 2 = 7 /ky. The important difference from pre-
vious works [9]. [10] is that this work uses an arbitrary
corrugation amplitude A, and all the higher order terms

\
- '
o

—————————ennn




by a factor enclosed by a circle.

are included in the analysis. The resulting dispersion re-
lation is found to be
T hy
_Z_: A, S ) 2xp [i(n — m)kyz]
ik, d
l + —— — 7
- ’MZ, <

C
x [K"J(,(% R(z)> +L N0< (z)>}
(1)

To solve (11), Jo( y,R(2)/Ry) and Ny( y,R(2)/Ry) are
Taylor expanded about R(z) = R,. The following rela-
tions are useful formulas which facilitate the calculation:

N I !‘i’ 2s 2 1 /2 }
€Os™ U = 33— cos - ju + =
2- l|\/=0 ] s j)u 2 s 7
1eed 1 < 2s + 1
cos” =5 & . cos [2(s —j) + 1]u
=

i 0 (m=n)
CcOs mu cos nu du =
-

&

0.

(m=n+0)

x
S sin mu cos nu du
-%

Equation (11) may be expressed in matrix notation:

ZDA

mn
m-n= -~

DA =0 (12)

where A is a column vector with elements 4,,, and D is a
matrix with elements D,,, obtained from the integral in
(1.

=[1 +(n - mQ)(K,Crh, + L,Chy) (13)
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TABLE |
NUMERICAL FACTORS H(ln — m|. s) AS DEFINFD BY Egt ation (1Sy N TN
$ [¢] [ 2 3 4 s [ 7 8 9 10
jo-ml 2 0 0 0
o 4 . 64 2304 ara56 | 14745600
| Az\ 2 18 304 18432 1474880
2 P 8 96 3072 184320 17694720
' 3 I A PPy 768 30720 2211840
4 A 384 7680 368640 30965 760!
0
s N (o—_3840 92180 5160960
6 o Y 48080 1290240 82573360
7 4 L 643120
. i4)
hdllPN 10321920 71569120
T
"Blank boxes indicate that 1 /H(in — |, 5) = 0. Factors * 13 x 3.5 x S, and 9 x 9 determinant calculations are shown
by thick hines. Here s is given by s = 2¢ + |n — m| as 1n equation (15). Adjacent diagonal numbers are related to each other

where
C-I = (".”a):'l.’lI"_'"I‘,:):ll""”_”"'(-\.")
nn q=0 2Zq+|n—m|q!(q + 'n _ m|)|
kok, h
Qu = 20 » a = - (l4)
“_ _ k2 Ro
C: n

and C¥, is obtained by replacing J, in C3,, by Nq.

Equation (12) represents an infinite set of linear equa-
tions in unknown A,’s. Each term C,,,,,‘ in (14) is of the
form:

J
mn =

( ‘na) J(()”( n)

H(|n — m|.s)

(15)

b}

where s = 2¢g + |n — m| = - is an integer,
Jo'' ( ¥,) 1s the sth derivative of the Bessel function Jy( v,,).
The numerical factor H(|n — m]|. s) has been calculated
and tabulated in Table I. For the diagonal terms. H(|n -
m|, s) in the matrix D are found by using (n — m) = 0
in the table. Similarly. for the first off-diagonal terms. (n
— m = 1) is used, and so on.

The dispersion relation for the plasma-filled BWO is
expressed by the determinant equation D = det [D] = 0.
In the limit of infinitesimally small A, the dispersion re-
lation given by (13) agrees with previous calculations [9],
[10). Beam and plasma effects are included in (13) through
the terms x, and y, given by (7) and (8)., which are the
functions of w, and w,. For the case without plasma (w,
= 0), the calculated dispersion curves coincide with those
previously calculated for the vacuum BWO's [12]-[15].

When no beam is present (w, = 0). Im(w) becomes
zero for real values of k., as there can be no instability.
and the numerical computation of (13) is simplified. In
this case. Re(w), at the intersection of the dispersion re-
lation of the slow-wave structure and the beam space-
charge wave (BSCW), is considered to be the eigenfre-
quency of the plasma-filled BWO.
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As is well known. waves with frequencies less than the
plasma frequency w, can be propagated in a smooth-
walled cylindrical plasma waveguide [16]. This wave is
called the Trivelpiece~Gould mode. In the following nu-
merical analyses cf our dispersion relation, we confine
ourselves to electromagnetic modes with angular frec: n-
cies greater than the plasma frequency w),.

III. NuMEericaL RESuLTS
A. Dispersion Relation for Infinitesimal Beam Densities

First, we present numerical computations for the case
of infinitesimally small beam densities (w, = 0) where
the oscillation frequency w/27 is real for a real-valued
wavenumber k.. In this case, v, = x, from (7) and (8).
and hence, K, = —2/wdand L, = O in (9). The terms
including L, are necessary to take into account when the
beam density is high. The following parameters. corre-
sponding to experimental conditions. were used in the
computations: relativistic factor y = 2.23 (i.e.. /¢ =
0.9): average waveguide radius Ry = 1.445 cm: and axial
corru- dtion period Zp = 1.67 cm. The corrugation ampli-
tude was varied over a wide range, and included the ex-
perimental value, # = 0.445 cm. The plasma density N,
was treated as a variable.

In Fig. 2, the dispersion curves calculated using a 3 X
(-l =[mn]=<1),5%X5(-2=<([m.n]=<2)and
9 X 9(—4 = [m. n] =< 4) determinant, as defined by
(13), are plotted over a range of wave numbers, k. = 0
to k. = 7.5248 cm™', which corresponds to two full
wavenumber periods of the slow-wave structure. The
plasma density was N, = 2 x 10'' cm™* and the corru-
gation amplitude was & = 0.445 cm.

For each of the three cases (3 X 3.5 x 5. and 9 x 9
matrices) shown. respectively, by dashed. dot-dashed.
and solid lines, the terms with constant factors used in
C e in (15) of the determinant equation are highlighted
by the thick lines in Table I. The three lowest curves in
Fig. 2 are labeled the ‘*'TMy, mode’" because they are
related to their well-known lowest-order counterpart in the
si. th-walled plasma-filled waveguide. On the other
har.u, the next higher frequency mode to the TMg, mode
is labeled the '*A"’ mocd~ which seems to be composed
by displaced TM,, modes in a smooth-walled waveguide.
The third high-frequency mode is named the *‘B’" mode
in the present paper. Other high-frequency modes were
not caiculated for presentation in this paper.

The beam space-charge wave (BSCW) v/c = 0.9 is
superimposed on the electromagnetic modes in Fig. 2 and
1s indicated by a straight line. The intersections of the
BSCW with the TM,,, A and B electromagnetic modes
are considered to be the eigenfrequencies of the plasma-
loaded corrugated waveguide.

In the case of the 3 x 3 determinant equation. only the
terms —1 < [m, n] < 1 were used in (13). In other
words, three displaced periodic modes were superposed
and the terms up to the order of a* = (h/R,)* were in-
cluded. It should be noted that in the case of the 3 x 3
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N, = 2210" (cm™®), he0.445(cm)
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Fig. 2. Dispersion curves calculated using 3 x 3.5 x 5 and 9 x 9 de-
terminant equations shown. respectively. by dashed. dot-dashed. and
solid lines for three electromagnetic modes. N, = 2 x 10" ' cm ‘. h =
(0.445 cm. Straight hine is the beam space charge wave for ¢/¢ = 0.9,

determinant, the required periodicity (from the applica-
tion of the Floquet theorem) cannot be satisfied even for
a single wavenumber period, 0 < k. < 3.7624 cm™', as
shown in Fig. 2. This indicates that the previously de-
rived dispersion relation (9], [10] may not be used to ac-
curately describe BWO's with large corrugation ampli-
tudes (o ~ ). Even using a § X 5 determinant equation,
the required periodicity in the dispersion curve is not ob-
taineld for the range of wavenumbers 0 < k. < 7.5248
cm™ .

To get satisfactory periodicity in this wavenumber
range, it has been found that a 9 X 9 determinant equa-
tion, including terms up to ( y,)'°J5'' ( y,) in (14), must
be used. The rest of the numerical results described in this
paper were calculated using such a 9 X 9 determinant.

The dispersion relation for extremely sme  rrugation
(h) values is shown in Fig. 3 for the case . N, = 2 X
10" cm™*. The dashed and the solid lines correspond to
h = 0.0l and & = 0.1 cm, respectively. It can be seen
that the TMy, and A-modes are closely approximated by
the superposition of the displaced TMy, mode in a smooth-
walled waveguide, whereas the B-mode consists of dis-
placed TM, and TM;» modes in a smooth- :ed wave-
guide. The three modes are increasingly separated in fre-
quency as & increases.

In Fig. 4, the dispersion relation of the three modes for
a various plasma densities N,,, as well as the vacuum case,
are shown for A = 0.445 cm, which corresponds to our
experimental parameters (7). [8]. The emr' waveguide
results (dotted line in Fig. 4) coincide with those in pre-
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Ny =2 110" em™)

FREQUENCY (GHz)

WAVENUMBER &, (cm™)

Fig. 3. Dispersion curvestor N, = 2 x 10" em ', N, = 0 tor cases of /i
= 0.01 cm (dashed fine). and £ = 0.1 cm (solid line).

h =0 445(cm)

FREQUENCY (GHz)

WAVENUMBER k, (cm'')

Fig. 4. Dispersion curves for three modes for various plasma densities N,,.
In all cases. N, = 0 and h = 0.445 cm.

vious calculations [12], [15]. It is clear from the figure
that the plasma presence in the waveguide shifts the dis-
persion curve of the TM,, mode up in frequency also tends
to *‘flatten’” it: i.e.. reduces the overall group velocity of
the curve.

For the A-mode. the dispersion curve is very flat orig-
inally (N, = 0) and tends to change with frequency as N,
increases. In the same figure, the beam space-charge line
corresponding to v/c = 0.9 is shown. The intersections
of this beam line with the electromagnetic modes are the
expected eigenfrequencies of the plasma BWO interaction
for infinitesimal electron beam densities.

The eigenfrequencies of three modes versus plasma
density are piotted in Fig. 5. The eigentrequencies in-
crease almost linearly with the plasma density. The dashed
line is the background plasma frequency. and it is esti-
mated to be approaching gradually to the eigenfrequency
of the TM;, mode for high densities. when the resonant
enhancement of the Raman scattering process was pre-
dicted [10].

Once the dispersion relation D = 0 is solved numeri-
cally (as in (13)), one can determine the relative magni-
tudes between the eigenvectors A,. where n = 0. *1,
+2. -+ - . In other words. the relative amplitudes.
| A,/ Ao |. of the shifted periodic modes can be calculated
for practical parameters. Since we have solve¢c a 9 x 9
determinant equation to get the dispersion relation. in-
homogeneous simultaneous equations of eight unknown
variables 4,/Aq withn = +1. - - | +4 can be solved
numerically.

An example of a solved set of |A4,/A,| s is shown in
Fig. 6 for the case of N, = 2 x 10'' cm™". From Flo-
quet’s theorem, A4, must be a periodic function of the
wavenumber ko = 27 /2. For |n| >> 1. |A, /Aol be-
comes quite smail. as shown in the figure. A small value
of A, does not necessarily mean that the far shifted peri-
odic modes are not important. This is because the \,', terms
in (8) get large negative values for [n| >> |, w > w,
and w/k. < c. Under this condition of imaginary argu-
ments. the Bessel functions J, are replaced by the modi-
fied Bessel functions, /,. This fact results in large value
of Iy(|ya|) in (15) when we superpose electric fields of
orthogonal modes at the boundary of the slow wave struc-
ture. In other words, D,,, A, decrease very slowly as |n|
increases, because |y,a | is not smaller than unity.

For example, givenk. = 4.0l cm™'and N, = 2 x 10"
cm ™", one obtains:

(D_, . )(A_3) = (1.5 x 10°) x (8.0 x 10™*) = 120
(Dy9)(An) = (27) % (1.00) = 27
(D 4)(Ag) = (5.7 x 10") x (1.3 x 107'") = 75

(D_4 4 )(As) = (=3.2 x 10°) x (1.3 x 107"
= -0.42

(Ds.-g)(A_3) = (=2.7 x 10°) x (8.0 x 107%)
= -0.21.

This means that the relative magnitude of the off-diagonal
terms of D,,, A, are not negligibly small in comparison to
the major diagonal terms. The right-hand side of D = 0
is of the order of 1072 in practical computations. In con-
clusion. we must superpose many displaced modes to sat-
isfy the boundary condition (10) when o ~ 1.

B. Dispersion Relation for a Solid Beam with Finite
Density

So far, the numerical calculations were made under the
assumption that N, = O and the growth rate Im(w) = 0.
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Fig. 6. Relative magnitudes of orthogonal modes. lA, /Au| versus wave-
number k. for N, = 2 x 10" cm™ .

To obtain the growth rates in the presence of the beam,
nonzero values of w, must be included—we are now iook-
ing for complex roots of w for real values of the wave-
number, k., assuming practical values of the beam density
N,. In the following calculations, a solid beam with the
radms R, = 0.9 cm and a density of N, = 5.15 x 10"
cn. 3 was assumed.

The calculation was performed as follow »: we plot a
mapping of ~hsolute values | D| of the 9 X 9 determinant
D, on the ¢ plex plane for given parameters. Because

D(w, k,) = D(wy, k.) + (w — wo)z—l: =k (16)

and D (wyq, k.) = 0, the solution can be found at the center
of the contour circle lines of | D|. This is because (16) is
an equation of circles with radius | K| in the complex w
plane.
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An example of the contour mapping is shown in Fig.

7. where N, =2 x 10" em ™. N, = 5.15 x 10" em ™,
v/c = 0.9, and k. = 2.0 cm~' have been assumed. In
this figure. the horizontal and vertical axes are Re(w)/2x
and Im(w)/2x, respectively. Three real roots and a pair
of complex conjugate roots are observed at the centers of
circles. The heart-shaped white part near in the middle of
the figure is where the values of the determinant are ex-
tremelv large (for example, on the order of 10*°). The
disper. n relation for complex w versus r.al k. for N,
2 x 10" em™, N, = 5.15 x 10 anc rr/c = 09 is
shown in Fig. 8. The thick solid i , are the real part of
the complex freq ¢y w/2x, and the thin solid lines are
for the real root ihe result is not very different from
those in [13] and (14] for vacuum BWO's, except that the
growth rates are a function of plasma density in this case.
The two thin lines close to v/c = 0.9 are the slow
(SBSCW) and fast (FBSCW) beam space-charge waves,
as was shown in [14].

The dispersion relation for relauvely large plasma den-
sity, N, =2 x 10? em™, and N, = 5.15 x 10" cm ™
is shown in Fig. 9. lmemctions between BSCW and the
A or B modes are depicted in detail. There are again the
SBSCW and the FBSCW near the v/c = 0.9 line. The
peak growth rate Im(w)m,, can be found near the point
where the complex conjugate roots and two real roots
merge.

The imaginary pant Im(w)/2x versus k. is plotted for
various conditions in Fig. 10. The solid, chained, and
dashed lines correspond to the intersections of the BSCW
with the TM,,, A, and B mode: vespectivelg' The cases
I, II, and Ill are for N, = 2 x | ',2 x 10", and 3.2 x
102 cm™? respcctnvcly For rejatively small valucs of N,
of the case I, the dominant mode of oscillation is the TMO,
mode, whereas for large values of N, i.e., cases Il and
I, the growth rates for B-mode approach to those for
TMg, mode, resultii. .n a possibility of higher frequency
mode to oscillate.

In Fig. 11 the peak growth rate, Im(w )y, /27 is plot-
ted versus the plasm density N, in the slow wave struc-
ture. The growth rates do not change appreciably up to
densities of N, = 6 X 10'° cm ™. In such cases, the max-
imum gmwth rate for the TM,, mode is considerably
greater than those of the A and B modes. Around N, =

10’2 cm™?, the pez erowth rate for the B mode ap-
proaches those for i . M,, mode. In other words, other
high-frequency oscillations may arise wher N, is high, in
addition to TM,, mode with an increased uscillation fre-
quency. This is main result obtained in the present
linear analysis.

IV. DiscussioN AND CONCLUSION
We have numerically analyzed the linear dispersion re-

lation of a plasma-loaded corrugated-wall slow wave ..

structure immersed in an infinitely large axial magnetic
field. It is found that the terms including L, in (i3) affect
only Im(w); Re(w) is unchanged even if the L, term j8
neglected.

-
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Fig. 1. Peak growth rates Im (w)m,. /27 versus plasma density.

It was found that for deep corrugation (a = 0.308),
corresponding to our practical BWO devices. nine dis-
placed periodic modes must be superposed, and that terms
up to the order of ( y,,a)'° in (14) must be calculated to
have numerical resuits within an accuracy of 1%.

According to the linear theory, the primary effect of the
presence of plasma in the slow wave structure is an in-
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crease in the oscillation frequency of the TM,, mode. The
second effect is an appearance of higher modes. For
plasma densities greater than 10'> cm™>, an oscillation of
B mode can be predicted, as sliown in Fig. 11. A mode-
switching observed in our experiment [8] may be related
to the result of the present linear theory.

The enhancements of the oscillation observed in our ex-
periments may be bt vond the scope of the linear theory
denved in this pape:. The experimental observations in-
dicate a strong enhancement at the TMy, interaction. It is
possible that a nonlinear process is responsible for - - ob-
served enhancement. Further a-lyses to understa..J the
observed enhancement are unde way.
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Novel method for determining the electrcmagnetic dispersion relation

of periodic siow wave structures
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A novel method for calculating the dispersion relation of electromagnctic modes in an
arbitrary periodic slow wave structure is reported. In this method it is sufficient to know the
frequencies corresponding to three special wave number values, with other points

calculated using an approximate analytical expression. This technique was successfully
applied to determine the dispersion relation of the TM,, mode in a sinusoidally corrugated
slow wave structure. This structure is commonly used in relativistic high-power backward
wave oscillators and traveling-wave tubes, and is expected to have many additional

applications.

When an electron beam is injected into a periodic slow
wave structure, the beam structure resonance often leads to
either an absolute or a convective instability. The beam
space-charge waves couple to the slow wave structure nor-
mal modes to produce microwave and millimeter wave ra-
diation. The group and phase velocity of the slow wave
structure modes, as well as the electron beam characteris-
tics, determine the nature and frequency of the beam-wave
interaction.

There are many families of microwave and millimeter
wave generating devices whose operation-depends on this
type of interaction. As an example, Fig. 1 shows schemat-
ically the regions of operation of some of these devices in
the frequency-wave number domain, as well as some typi-
cal slow wave structures. Relativistic traveling-wave tubes'
{RTWTs) operate below the point where the wave number
(normalized to the structure period) is equal to 7 radians.
In this case, both the phase and the group velocities are
positive. At L = 7, the upper cutoff frequency, the elec-
tromagnetic wave undergoes a phase shift of = radians per
period of the slow wave structure. At this point, the phase
velocity is positive and the group velocity is zero. Back-
ward wave oscillators (BWOs) as well as carcinotrons op-
erate in the region 7 <SL < 2w, where the phase velocity
(w/P) is positive and the group velocity (dw/38) is neg-
ative (w is the angular frequency and B is the wave num-
ber). Extended interaction oscillators (EIO) operate very
close to the BL = 2x point.

Relativistic backward wave osillators? and related de-
vices which typically operate close to the BL = = point,
prove to be efficient and powerful microwave and millime-
ter wave sources with reported record power levels reach-
ing 15 GW at wavelength of 3 cm® and 5 GW at 3 mm,*
with efficiencies of up to 50%. In these devices, a smoothly
corrugated waveguide has been found to be advantageous
over alternative periodic structures due to its high-power
handling capabilities. Many other devices (to be discussed
later) also employ corrugated waveguide slow wave struc-
tures operating in both TM and TE modes. It is important,
therefore, to know the dispersion relation of such slow
wave structures in order to synchronize the phase velocity
of the wave with the electron beam to produce efficient

interaction. In this letter we present a novel, accurate, and
simple method for calculating the dispersion curve of an
infinitely long slow wave structure of arbitrary geometry.
This method was successfully applied to determine the dis-
persion curve of the TM,, mode in a sinusoidally corru-
gated waveguide. The results are then compared with those
achieved by using other techniques.

Any periodic slow wave structure with n periods, when
shorted at both ends, will exhibit (» + 1) resonant fre-
quencies with a phase shift per period equally spaced be-
tween 0 and 7. Outside of the region 0<BLL m, the disper-
sion relation is periodic in B space (Floquet’s theorem).
This dispersion relation can be either be calculated using
computational methods or measured experimentally (cold

test).
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FIG. 1. (a) Regions of operation in the frequency-wavelength domain of
various microwave and millimeter wave generators; (b) schematic dia-
gram of a sinusoidally corrugated waveguide; (c) iris loaded waveguide.
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TABLE 1. Resonance frequencies (GHz) .f a sinusoidally corrugated
waveguide cavity (Ry = 1.5cem, L =1.67 cm, A =0.273 cm).

Resonance frequency

(GHz) 2-period cavity 4-period cavity
fo=ABL=0) 7.404 7.412
N BL =1/4) N/A 7.589
fern=ABL=1/2) 8.046 8.046
A BL = 3n/4) N/A 8.557
fr=ABL=m. 8.773 8.754

Instead of using a large number of periods to accu-
rately calculate the dispersion relation, we will show that it
is sufficient to caiculate the short circuit cavity resonant
frequencies corresponding to three special normalized
wave number values, BL = 0, /2, and 7 radians by rigor-
ously solving the boundary value problem. With these
three frequencies, one can use an analytical expression to
produce the complete dispersion curve. Furthermore, we
can also analytically calculate the phase -and group veloc-
ities at any point along the dispersion relation. We have
used a two-dimensional electromagnetic code’ (*“‘Super-
fish’’) for the calculation of these three special frequencies
for a sinvsoidally corrugated waveguide, oriented in the z
direction whose radius is described by

R=Rp[1 + hcos(2mz/L)], (n

where R, is the average radius, 4 is the normalized corru-
gation amplitude, and L is the structure period.

For hLigh-power relativistic BWOs, the main mode of
interest is the cylindrically symmetric TM,, mode. In our
test case, the waveguide average radius was R, = 1.50 cm,
the ripple period was L = 1.67 cm, and the normalized
corrugation amplitude was 4 = 0.273 cm. Superfish mod-
eling yielded (with proper boundary conditions) the three
special resonance frequencies in the lower passband. The
results are tabulated in the second column of Table I (two
period cavity). The corresponding mode patterns (electric
field lines) are shown in Figs. 2(a), 2(b), and 2(c), which
pertain to phase shifts per period of 0, #/2, and =, resrec-
tively.

Next, the expression used to caiculate the complete
dispersion relation is discussed. By using the impedance or
ABCD matrix of a four-terminal network, together with
Floquet's theorem® to describe a periodic slow wave struc-
ture, the dispersion relation car be expressed in the non-
explicit form

f=/f(cos BL,G) . (2)

where fis the frequency of the -ctromagnetic . .iation
and G is a geometric factor rela:. .. to a specific slow wave
structure dimension. Let A=f,, B=(/f,—/)/2,
C = fr2— ( fo + f3)/2. It can be shown that the dispersior.
relation of any general periodic structure can be expressed
in the following explicit, approximate form:

f=A—Bcos BL—~C cos® BL. (3)
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FIG. 2. (a) Mode patterns (electric field lines) corresponding to zero
phase shift, (b) 7/2 phase shift, and (c)  phase shift in the TM,, lower
pass band of a sinusoidally corrugated waveguide.

The three terms in Eq. (3) are sufficient to ensure excellent
accuracy for most practical cases, as will be shown Iater.
Notice that the geometrical factor G (as yet unspecified)
does not appear in the equation. Rather, it ent~rs indirectly
through A, B, C, which are geometry-dependent parame-
ters with simple physical meaning. The first term, A, rep-
resents the value of the frequency near the midband. The
second is an increment term whose maximum value equals
half the difference between the upper and lower cutoff fre-
quencies of the passband. The third term is a correction
term. The combination of all three terms exactly satisfied
the dispersion relation at the three special wave numbers
(0, /2, and 7) and is an excellent approximation at all
other wave numbers, as will be shown later.

Equation (3) enables one to directly calculate the
phase z-.! group velocities at any point along the disper-
sion re  on. The expressions derived for the velocities are
given in Egs. (4) and (5):

(2L7 fof(1 + Af/frn)]
Vphase = o5~ [ (B2 —4CAf ) 1—B)/2C)’

(4)

Vgroup =0w/3B = 2L (B sin BL + 2C cos BL sin BL), (5)

where Af = f—f,>
The results of our test case are plotted in Fig. 3. It

shows the TM,, dispersion curve in the lower passband for
the sinusoidally corrugated waveguide Fig. 3(a), as well as
that of an iris loaded waveguide having the same minimum
and maximum radial dimensions. The two are similar with
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FIG. 3. (a) TM,, dispersion curve for a sinusoidaliy corrugated, iris
loaded, and smooth waveguide, (b) normalized group velocities, (c)
phase velocities.

the iris loaded guide dispersion curve always lower in fre-
quency compared to the corrugated guide. This is expected
since the volume of the first is larger than that of the
second, driving all the resonant frequencies down. The
open circles at BL = 0, 7/2, and 7 were calculated by using
Superfish and were used in Eq. (3) to calculate the com-
plete dispersion relation. For comparison, the dispersion
relatioh of a smooth waveguide is also given. Figures 3(b)
and 3(c) display the phase and group velocities (normal-
ized to the speed of light) for the same cases [Egs. (4) and
(5)].

In order to estimate the accuracy of this technique as
applied to the sinusoidally corrugated guide, we first cal-
culate additional resonance points on the dispersion curve,

using “‘Superfish™. Four periods of the corrugated guide

cavity were modeled, yielding five resonances in the wave
number range of O to 7 and the results are given in the
third column of Table I (four-period cavity) and are plot-
ted as additional open circles in Fig. 3(a) with very good
agreement (eight periods were also successfully modeled).
As an independent check, the dispersion relation derived
here was compared to the dispersion relation de ived
eisewhere’® for the same corrugated guide geometry by
solving a system of coupled linear differential equations.
Figure 4 shows a comparsion between the dispersion curve
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FIG. 4. Comparison of the TM,, dispersion curve of Ref. 7 (solid line)
and this work (dotted line) for a sinusoidally corrugated waveguide.

as calculated by these two techniques [Ref. 7 and Eq. (3)]
for the same corrugated guide. The results are in excellent
agreement (within 0.15%) over the entire wave number
range O < BL < . Outside this range the dispersion relation
is, of course, periodic.

It is expected that this technique will be beneficial for
determining the dispersion curve of periodic structures of
arbitrary shapes. The three special resonance frequencies
which are needed in order to generate the complete, gen-
eral dispersion curve can be calculated by rigorously solv-
ing the boundary problem or measured experimentally.

Corrugated slow wave structures may prove beneficial
in prospective applications such as TE mode slow wave
cyclotron amplifiers,” TM mode relativistic extended inter-
action oscillators and amplifiers,'® TE mode CARMs,'!
electromagnetically pumped free-electron lasers,'>'® and
plasma-loaded backward wave oscillators. '

This work was sponsored in part by the Weapons Lab-
oratory (Kirtland AFB) through a contact administered
by NRL.
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Demonstration of Efficiency Eahancemest in a High-Power Backward-Wave
Oscillator by Plasma Injection

Y. Carmel, K. Minami,®”’ R A. Kehs,® W. W. Destler, V. L. Granatstein, D. Abe, and W. L. Lou

Laboratory for Plasma Research, University of Maryland, College Park, Maryland 20742
(Received 4 November 1988)

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 injection
enhances the interaction efficiency over the vacuum case by a factor of up to 8 to a value of about 40%.
The enhanced interaction is attributed to induced scattering of the electromagnetic radiation of electrons
in an electrostatic field produced by the background plasma and a beam space-charge wave in the corru-

gated interaction region.

PACS numbers: 52.60.+h, 42.55.Tb, 52.40.Mj, 52.70.Gw

Many varicties of high-power microwave (HPM) de-
vices have been studied in recent years, including the
well-known magnetron and klystron as well as newer de-
vices such as the gyrotron, free-electron laser, and virtual
cathode oscillator.! All of these sources have one thing
in common—they are driven by an intense, monoener-
getic, unnecutralized electron beam which unstably in-
teracts in high vacuum with an eclectromagnetic wave,
leading to the conversion of the beam’s kinetic energy
into electromagnetic radiation. The power levels avail-
able from such devices have grown by an order of magni-
tude every decade since 1940, reaching about 10'° W at
a wavelength of 3 cm anu 10° W at 3 mm.?

This work demonstrates for the first time a strong
cfficiency enhancement in a relativistic backward-wave
oscillator (BWO) by external plasma injection. Plasma
effects in conventional microwave devices can usually be
neglected since the plasma frequenacy of the background
gas is much smaller than the plasma frequency of the
clectron beam (w,/wm <1072). Recent theoretical
studies,’> however, have predicted that the preseace of a
plasma in HPM devices may lead to greatly enhanced
performance, attracting renewed scientific interest.* The
preseance of a background plasma can serve to increase
the space-charge limiting current by a factor of
{1=71"", where f-m/n. represents any neutralization
provided by the ions in the background plasma. The
space-charge limiting current in the preseace of the plas-
ma for a thin hollow beam with a mean radius g and a
thickness A € a is given by

170y§? -1)7
21n(b/a))(1 =11

Here yp is the relativistic mass factor for the beam elec-
trons, and b is the radius of the drift tube. By increasing
the beam curreat through introduction of a background
plasma, 2 new limitation is encountered which is imposed
by the onset of beam-plasma instability. This instability
will occur at currest levels which are larger than the vac-

I=-

kA. (1

uum limiting current by the factor’
=y~ =y~¥)2, )

In the case of mildly relativistic electron beams having
y =3, the actual current carried by the beam in the pres-
ence of plasma may be 7 times larger than the vacuum
case. The increased injected curreat level simply allows
operation at higher beam power and associated higher
microwave power output withoutaffecting the interac-
tion efficiency or the physical interaction mechanism.

The plasma preseace in the device can, however, also
completely alter the nature of the interaction mecha-
nism, leading to greatly enbanced device efficiency. The
studies reported here are the first which clearly belong to
this latter category.

Since BWO's® arc simple devices, provide fairly
effective conversion of clectron beam energy into radia-
tion, and can easily be filled with plasma, they are ideal
candidates for the evaluation of plasma effects. Initial
studies®’ utilized background plasmas produced by
clectron-beam-impact ionization of a low-pressure neu-
tral-gas background, and demonstrated enhanced mi-
crowave output powers. Interpretation of the results,
however, and identification of the physical mechanisms
involved have proven difficult. In some of these earlier
studies,® the increased output power was attributed to a
substantial increase in injected beam current allowed by
themmmthcw-ehamhmtalhwedbythe
plasma. In another,” beam current was again increased
over the vacuum BWO studies, and ideatification of the
mechanism was complicated by the strong resonant
dependence of microwave output on the externally ap-
plied magnetic field. In the work preseated here, injoct-
ed beam parameters were carefully held coastant for
both vacuum and plasma-filled BWO experimeats. The
resulting enhancement in BWO microwave output power
when plasma is present is therefore clearly a result of an
improvement in the electronic efficiency of the device.
Thus this work unambiguously demonstrates efficiency

© 1989 The American Physical Society 2389
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FIG. 1. Schematic diagram of a relativistic backward-wave oscillator with external plasma injection.

enhanccment in a high-power microwave tube.

In the experiments, an independently controliable ar-
gon plasma source was used to externally inject plasma
directly into the BWO structure as shown in Fig. 1. A
hollow, relativistic electron beam (530 kV, 2.3 kA, 100
ns) of average radius 0.8 cm and electron density of
about 5x10" cm™} was injected into a BWO
corrugated-wall slow-wave structure immersed in a uni-
form axial magnetic field of about.12 kG. A coaxial
plasma gun,® located about 100 cm ‘downstream in a
ficld-free region, generated an argon plasmoid which
crossed magnetic ficld lines at an average velocity of
about 1.2 cm/us on its way towards the interaction re-
gion. The entire system was evacuated to pressure
<4x107% Torr. The plasma cciumn parameters were
measured with 35- and 70-GHz microwave interferome-
ters (for density) and Langmuir probes (for velocity,
density, and temperature). Initial results indicate that
the average plasma density could be varied continuously
by changing the gun voltage and gas pressure from zero
up to a maximum value estimated at ~10'’ cm 73,
which is well above the corresponding beam density
(5x10" cm ~3).

Efficiency znhancement was observed over a wide
range of injected plasma densitics, 0 < # < ny, where n,

3 a 8, % 12 Koouss
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< 400 / \
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FIG. 2. Peak power output at 8.4 GHz vs the time interval
between the plasma gun operation and the electron beam

firing,
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is a critical plasma density. This critical plasma density,
to be discussed later, occurred at T&x90 us on the plas-
ma pulse time scale. The efficiency enhancement factor
over vacuum BWO operation was found to be density
dependent, and reached a mazimum value of § when the
clectron beam was injected into an optimized plasma
density. This occurs twice on the plasma pulse time
scale, once during density rise (T=%60 us) and then
again during density decay (T s 100 us); see Fig. 2. At
these points the interaction efficiency increased to almost
40% compared with about 5% for the vacuum BWO un-
derthe s - operating conditions.

From ¢ considerations it is possibie to estimate the
critical piasma density which will overdrive the device
and quench the interaction. Figure 3 depicts the approx-
imat: di .rsion relation of the lowest-order symmetric
electromagnetic branches® (labeled T*Mo; and TMo;) as
well as the plasma brancnes (labeied plasma waves)
which we shall refer to later. Note that the intersection
point of the TMo; mode and the electron-beam space-
charge wave lics on a portion of the electromagnetic-
wave dispersion rclation having negative group velocity,

c
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NORMALIZED WAVENUMBER kb

FIG. 3. The dispersion relation of plasma-filled corrugated
waveguide including the electromagnetic and plasma branches,
with superimposed ideal beam wave added. ¥, is the beam ve-
locity, ¢ is the speed of light, and b =1.44$ cm is the average
radius of the corrugatedswaveguide, with radius given by
r=b+0.445sin(2x2/1.67) cm.
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which implies a backward-propagating wave. The "
backward-propagating wave is reflected by a waveguide | ! 1 Ola l tuu ¢

beyond cutoff at the injection point and then detected
downstream from the structure (Fig. 1). This intersec-
tion occurs close to the upper cutoff frequency of the
TMo, passband at 8.4 GHz (point A in Fig. 3). To first
order, the presence of a magnetized plasma in the slow-
wave structure will raise its lower cutoff frequency above
the vacuum value of 7.5 GHz (point B). If the device is
overdriven to the point where the lower cutoff frequency
in the presence of plasma is equal to or greater than the
upper cutoff frequency in the absence of plasma, no
backward-wave interaction is possible.

An approximate expression for the cutoff frequency
(TM 'rgc‘):ies) of a waveguide filled with magnetized plas-
ma is™

2 2
- {Pup 2
LGN

In Eq. (3) o, is the background plasma frequency, ¢ is
the speed of light, Py are the roots of the Bessel func-
tions corresponding to the mode of interest, and b is the
waveguide radius. When solved for the critical back-
ground plasma density which would quench the interac-
tion, using our experimental parameters, Eq. (3) yields

ne™2%10'" cm ™2, “)

When the backward-wave oscillator was overdriven
with plasma above the critical density, the fundamental
TMo; mode at 8.4 GHz was quenched and strong,
higher-frequency emission (12-18 GHz) was observed,
possibly indicating mode switching from TMo; to TMo2
(point C in Fig. 3).

The dramatic mode switching is shown in Fig. 4. It
shows the amplitude (vertical scale) of different frequen-
cy (horizontal scale) componeats of the backward-wave
oscillator using the dispersive line technique (different
frequencies are resolved by their different propagation
velocities in a dispersive waveguide). Figure 4(a) repre-
sents the spectrum emitted by the backward-wave oscil-
lator under the condition of strong plasma enhancement,
where the dominant frequency component is near 8.4
GHz. An undispersed, prompt microwave output signal
is superimposed on the dispersed signal as a timing refer-
ence. Figure 4(b) represents the spectrum for an over-
driven device, in which case mode switching occurred
and frequency components in the range 10-18 GHz are
present (TMo; or other high-order modes as well as plas-
ma oscillation). At even larger plasma densities, mi-
crowsve breakdown within the device will occur.

Strong microwave emission was also detected in the
18-26-GHz band, proportional in amplitude to the fun-
damental TMy; backward-wave oscillations. These high
frequencies are believed to be produced by a free-
clectron laser interaction driven by an electmmagneue

pump, as reported previously. -

3)
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FIG. 4. Spectral results from plasma-enhanced backward-
wave oscillator. (a) Maximum enhancement and (b) over-
driven device.
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(b)

As these experiments demonstrate, the controlled pres-
ence of a plasma in the corrugated structure strongly
enhances the interaction efficiency over a very wide
range of plasma densitics. To understand the physical
mechanism responsible for the enhanced interaction, Fig.
3 also depicts the approximate dispersion relation of a
plasma-filled corrugated waveguide. It consists not only
of the known slow eclectromagnetic branches, but the
plasma branches as well (labeled plasma waves in Fig.
3). These low-frequency modes are purely plasma waves
and vanish in the limit of small background plasma den-
sity (w,— 0). They are the corrugated-waveguide ver-
sion of the Trivelpiece-Gould (TG) modes.!' Normally,
those plasma oscillations are trapped in the plasma and
cannot be coupled out efficiently in the form of elec-
tromagnetic radiation. However, for the range of values
of the plasma density and beam energy relevant to our
work, the beam is simultancously in synchronism (and
therefore can exchange energy) with the backward
branch of clectromagnetic wave (point A) and the back-
ward branch of the plasma wave (point D in Fig. 3).
Under these conditions, all three waves involved have the
same phase velocity, o/k, and a strong component of axi-
al electric field, E;. Therefore, a strong enhancement is
expected. It is believed that the greatly enhanced
efficiency observed results from this mechanism, namely,
induced scattering of the electromagnetic radiation of
clectrons in an electrostatic field produced by the back-
ground plasma in the presence of the corrugated wall.

The introduction of plasma into the device did not
affect the diode voitage or current, and the beam current
actually entering the slow-wave structure was unaffected
by the plasma. No diode shorting due to the injected
plasma was observed, and the performance of the plasma
BWO with respect to variations in the applied axial mag-
netic field was similar to the vacuum BWO.'* No sharp
resonance (similar to the one in Ref. 7) is expected for
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this mechanism, and none was observed.

An cfficient interaction also implies a very broad gain
curve with respect to the eiectron beam energy. This is
expected for the present mechanism since the clectrons
tend to stay in synchronism with both backward
branches (points A and D in Fig. 3) even as the beam is
losing energy. Although the effect of the plasma on
beam transport inside the slow-wave structure could not
be directly measured, no evidence of significant beam
current striking the structure walils was observed.

It is anticipated that plasma injection may also prove
beneficial in other high-power microwave devices such as
free-electron laser and gyrotrons, prc  ding frequency tu-
nability,'* overcoming space-charge limitations,'¢ and
enhancing interaction efficiencies. '’
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