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Theoretical and Experimental Investigation of a High-Harmonic Gyro-Traveling-Wave-Tube Amplifier
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The operation of a high-harmonic gyro-traveling-wave-tube amplifier which is based on the synchro-
nous interaction of a rotating beam of large-orbit, axis-encircling electrons with a TE„] cylindrical
waveguide mode is described. Principal results include amplification of the TE[]] mode at the eighth har-
monic of the cyclotron frequency mode with a small-signal gain of 10 dB, an instantaneous interaction
bandwidth of 4.3%, and a saturated power transfer of 0.5 k'Al'.

PACS numbers: 85. 10.Jz, 52.75.—d

In recent years, there has been significant interest in

the potential uses of millimeter-wave devices and sys-
tems. Many applications require moderate power (1—
100 kW), broadband (~ 5%) amplifiers. Conventional
microwave sources do not scale well to the millimeter-
wave band because of power-density limitations. The
need for moderate-power millimeter-wave amplifiers has
led to the examination of alternate device configurations.

The fundamental cyclotron harmonic gyro traveling
wave tube (TWT) ' has been under development for a
number of years. In this device, a cloud of small-orbit,
non-axis-encircling electrons interacts synchronously
with a TE waveguide mode. Experimental tubes have
produced 120 kW at 5 GHz with a small-signal gain of
24 dB, 3.2 kW at 35 GHz with a small-signal gain of 52
dB, and 20 kW at 94 GHz with a small-signal gain of
30 dB." Unfortunately, the conventional gyro TWT re-
quires extremely high magnetic field strengths (10-200
kG) for millimeter-wave operation. Many of the pro-
posed applications for these amplifiers cannot tolerate
the size, weight, fragility, or expense of a large magnet
structure.

A configuration which allows for millimeter-wave
operation using moderate magnetic field strengths is the
large-orbit, high-harmonic gyro TWT. This device ex-
hibits the same features of high power and good
e%ciency as the conventional gyro TWT; however, the
required magnetic field is reduced in proportion to the
harmonic number. Thus, the magnetic field may be ob-
tained using a compact permanent magnet, allowing for
an extremely small, lightweight, and portable system.
Experimental results on high-harmonic gyrotron oscilla-
tors have included the operation of an eleventh-harmon-
ic, 26-GHz tube with an output power of 1.5 kW. This
work has recently been extended to high-harmonic gyro-
klystron amplifiers, with experimental results including a
small-signal gain of 4S dB and an output power of 0.6
kW in a fifth-harmonic, four-cavity device operating at
11.3 GHz.

In the high-harmonic gyro TWT, a cylindrical shell of
large-orbit, axis-encircling electrons interacts synchro-

nously with a "whispering gallery" TE„1 cylindrical
waveguide mode. The electrons are in resonance with
the wave when
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where ta„~, =q„~ / cias the TE„~ mode's cutoff frequency,
a is the waveguide's radius, and q„1 is the first zero of
J„'(y). Optimum amplification occurs when the cyclo-
tron resonance line is tangent to the waveguide's disper-
sion curve or, equivalently, when the electrons' axial ve-
locity equals the wave s group velocity. This condition is
met if

—
1n& Jconic =pi (3)

where yt =[1—(v~~/c) ] ' . The strongest growing fre-
quency is then expected to satisfy
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The small-signal dispersion relation for the harmonic
gyro TWT may be written as
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where l~ represents the Alfven current, I~ =p~~ymoc /e
=17P~~y kA. Equation (5) indicates that the coupling
between the electrons and the wave is proportional to
[p~J„'(q„~r~/a) ],which can be shown to approximately
equal [p~J„'(np~)] by using the equation of motion.
Since J„'(y) peaks for y = n, strong interaction requires
very energetic electrons. Several methods for the pro-
duction of high-p~, axis-encircling electron beams are
now under study at various laboratories. For the experi-

CO k)]v][ PZ Ac 0,
where 0, =eB/ymoc, y= [1 —v v/c ] ', k~~ is the axi-
al wave vector, and v~~ is the electron's axial velocity. In
the absence of the electron beam, the dispersion relation-
ship of the waveguide mode is
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ments reported herein, gyroresonant rf acceleration was
chosen.

In our gyroresonant rf accelerator, a low-energy,
pencil-like electron beam is passed through a cylindrical
cavity resonator which supports a large amplitude TEi~~
circularly polarized mode. The electrons gain energy
from the electric field of the mode by being driven at
their natural frequency and spiral outward under the
influence of a longitudinal magnetic field to form a hol-
low, cylindrical, rotating helix whose thickness is roughly
equal to the original diameter of the input beam.

This method of beam acceleration was first described
by Jory and Trivelpiece. Recent investigations have
shown gyroresonant rf acceleration to be a simple and
e%cient means of producing electron beams which are
appropriate for high-harmonic gyro tubes. Experimen-
tal results have included the acceleration of 200-mA
electron beams to 500 keV and peak efFiciencies exceed-
ing 50%. The fact that gyroresonant rf acceleration does
not require high dc voltages is an added benefit which
complements the overall aims of the high-harmonic
gyro-tube concept.

A schematic diagram of the overall device configura-
tion is shown in Fig. 1. A circularly polarized TE, &

mode is launched into a cylindrical waveguide with an
inner radius of 2.936 cm using an azimuthal phase veloc-
ity coupler. Optimum coupling occurs when the rf wave-
length in the rectangular waveguide, which is wrapped
azimuthally around the interaction tube, is equal to the
circumference of the cylindrical waveguide divided by n.
These experiments were chosen to operate at the eighth
cyclotron harmonic at a frequency of 16.2 6Hz. It was
evident in cold test measurements that the wave launch-
ers were coupling to the TE8~ mode. The transmitted
power fell by more than 17 dB when a tapered section
with an inner radius of 2.670 cm (which should cut off
the TEs~ mode but not the TE7~ mode) was inserted be-
tween the two couplers. The couplers exhibited a
reflection coefFicient of 0.15. This would theoretically al-
low stable operation of the amplifier for an interaction
gain of up to 16.5 dB.

In order to evaluate the device's performance, the tube
was placed in a vacuum chamber within the bore of a
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I IG. 1. Schematic diagram of the proof of principal high-
harmonic gyro- TWT transmission amplifier.
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FKJ. 2. Dependence of observed small-signal gain (circles)

on frequency is compared to analytical theory (solid line) and
simulation (dashed lines) for velocity spreads of 0%, 3%, and

5%.

laboratory solenoid. The field was tapered by 15% be-
tween the accelerator and the gyro TWT in order to in-
crease the axial velocity of the electrons, lowering the
sensitivity of the device to spatial ripple in the magnetic
field profile. A peak-to-peak spatial ripple of 1.8% was
measured within the interaction region, which was due to
the solenoid consisting of discrete pancake magnets.
Electron beam diagnostics included a current collector
and current transformers for the measurement of elec-
tron beam current, a fluorescent uranium glass witness
plate for the measurement of r&, and a geometric pitch
analyzer for the determination of electron pitch angle
and electron pitch angle spread. Since the magnetic field
strength was known, y, p&, p~~, and Ap~~ could be calcu-
lated.

The dependence of the observed small-signal gain on

frequency is shown in Fig. 2. The bandwidth for the
beam current of 150 mA is 4.3%. The beam satisfies the
grazing condition [Eq. (3)] well within the 3% experi-
mental uncertainty. However, the center frequency of
16.25 GHz corresponds to ro/co„~, = (1.036+ 0.3)%,
whereas from Eq. (4) the tangent intersection and thus
peak gain, should occur for co/ru„~, = (1.059 ~ 1)%. Also
shown in Fig. 2 is the analytically predicted gain of the
TEs~ mode found by solving Eq. (5) and then subtract-
ing a launching loss of 9 dB resulting from the input sig-
nal coupling to nongrowing modes. This suggests that
the higher frequency waves (larger k~~~) are damped,
probably from the beam's spread in axial velocity, which
was measured to be (3.5+'2)%. This is corroborated by
the final three curves in Fig. 2, which show simulation
results for velocity spreads of 0%, 3%, and 5%. The nu-
merical code was adapted from a fundamental-mode
gyro-TWT code. ' The cold-beam simulation results
agree quite well with the cold-beam analytical theory
and the hot-beam simulation results show the expected
falloA of gain at the higher frequencies.

1315



VOLUME 62, NUMBER 1 1 PHYSICAL REVIEW LETTERS 13 MARCH 1989

P = 1.68

P(( ——0.33
16 — B = 1.115 kG

f = 16.15 GHz
12

D
8- ~3%

= 0%

1000 — 7 = 1.67

Pii = 032

100—

~ ~ —10

=0/0 —4

—0.1

The observed gain is plotted as a function of electron
beam current in Fig. 3. Figure 3 also shows the analyti-
cal small-signal gain, found by subtracting a launching
loss of 9 dB from the gain given by Eq. (5), and the re-
sults from numerical simulation of beams with velocity
spreads of 0%, 3%, and 5%. The analytical theory is
verified by the cold-beam simulation to within 1 dB and
the simulation with a 3% spread fits the observed data to
within 3 dB.

A rough estimate of the maximum possible efliciency
is given by the change of y by which the electrons ad-
vance in the wave by 180, which can be written as

rr = [n n, (ay/y)+k))av()] r,
where r is the efI'ective duration of the interaction. It
can be shown that the e%ciency is then given by

h, y
rl = =~~P~~y~~

i
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For our parameters the predicted maximum efticiency is

3.5%, whereas simulation of a cold beam yields a peak
eSciency of 2.2%.

The saturation characteristics of the amplifier are
shown in Fig. 4. The dependence of the observed output
power and implied conversion efficiency on the input
power are shown together with simulation results for ve-

locity spreads of 0%, 3%, and 5%. The maximum power
transferred from the electron beam to the wave was 510
W, corresponding to an efficiency of 1.35%. The ob-
served results agree well with the simulation results for a
beam with a velocity spread of 3%, which predicts a
power transfer of 470 W at an efficiency of 1.25%.

The primary limitation on the observed performance
was the onset of oscillations due to reflections at the
couplers. This is an engineering problem which appears
to be tractable. Also, an absolute instability occurs for
some values of magnetic field. In these experiments, os-
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FIG. 3. Dependence of observed small-signal gain (circles)
on electron beam current is compared to analytical theory
(solid line) and simulation (dashed lines) for velocity spreads
of 0%, 3%, and 5%.
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FIG. 4. Dependence of observed output power (filled cir-
cles) and efficiency (open circles) on input power is compared
to simulation of e%ciency for velocity spreads of 0%, 3%, and
5%.

cillations at other harmonics were not a significant prob-
lern. However, mode control will be necessary in a
high-gain device.

The proof of principle experiments considered in this
study were designed to demonstrate the basic operation
of the high-harmonic gyro TWT. The goal was to evalu-
ate experimental results in the context of analytic mod-
els. As a result, no attempt was made to optimize the
device performance. Verification of the sma11-signal
analytical theory and large-signal numerica1 simulation
by the experimental results now permits the design of
compact, high-gain, moderate-power millimeter-wave
amplifiers based on this interaction.

The potential of a higher frequency, scaled device is of
tremendous interest. A 94-6Hz version, for example,
operating at the eighth cyclotron harmonic using an elec-
tron beam with y=1.6 would require only 7 kG of mag-
netic field. The rf accelerator for this amplifier would
operate at 15 6Hz. By improving the beam-to-wave
coupling by increasing the electron beam current and en-

ergy, an output power of 100 kW with 10% eSciency
and a gain of 5 dB/cm should be feasible. The efficiency
can be enhanced by tapering the magnetic field so that
electrons remain in resonance as they lose energy. Still
higher e%ciencies would be obtained through the use of
beam energy recovery techniques.
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