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Demonstration of Marginal Stability Theory by a 200—kW Second-Harmonic
Gyro- TWT Amplifier
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A recent theory for achieving stability in high-power gyrotron traveling wave (gyro-TWT) amplifiers
has been verified. By keeping the interaction length shorter than the critical oscillation length for the
competing modes, stability was achieved. The experiment also verified the theoretical prediction that
harmonic gyro-TWT's can produce higher power because their weaker interaction yields a higher
threshold electron current for oscillation. The second-harmonic gyro- TWT single-stage amplifier
stably generated 207 kW, nearly twice the level achieved by fundamental-harmonic gyro-TWT's at
a comparable voltage.

PACS numbers: 85.10.Jz, 42.52.+x

The gyrotron traveling wave (gyro-TWT) amplifier [1]
has attracted considerable attention because of its poten-
tial to efficiently generate high power in the millimeter
wavelength region due to the power handling capability of
its oversized, unloaded fast-wave interaction waveguide.
In a gyro-TWT amplifier, electrons gyrate along a prop-
erly tuned, axial magnetic field and synchronously interact
with and amplify a copropagating electromagnetic wave
whose frequency satisfies co = sA,„+ k~~v~~, where A,
is the electron cyclotron frequency, s is the harmonic
number, and k~Iv~~ represents the Doppler shift. The wave
is amplified in this negative-mass instability because the
electrons bunch due to the inverse dependence of the cy-
clotron frequency on the relativistic Lorentz factor. Ex-
perimental devices operating at the fundamental frequency
(co = 0,) and in the fundamental mode of the interac-
tion waveguide have produced 120 kW at 5 GHz [2] and
62 kW at 35 GHz [3). Unfortunately, the tremendous po-
tential of this high gain, broadband amplifier has to date
been only partially realized because of its propensity to
oscillate in the operating mode [4,5], as well as in other
modes at other cyclotron harmonics [6].

A marginal stability theory [7] was recently introduced
to maximize the power level and gain of stable gyro-TWT
amplifiers. First, the electron beam current is reduced be-
low the threshold value at which the operating mode is
excited at the cutoff frequency due to the forward-wave
bandwidth extending into the backward-wave region. The
interaction length of the amplifier is then chosen to be
shorter than the critical oscillation length for the strongest
competing interaction. The marginal stability theory also
predicts that harmonic gyro-TWT's are capable of sig-
nificantly higher power than at the fundamental, because
the stronger fundamental-harmonic interaction restricts the
beam current to low levels for stability. Harmonic gy-
rotron devices are also valuable because they significantly
reduce the strength of the required magnetic field. An
eighth-harmonic gyro-TWT amplifier experiment [8] re-
duced the requisite magnetic held by a factor of 8. How-

ever, it was not designed for high power or stability. The
purpose of the experiment reported herein was to verify
the marginal stability theory and to realize a high power,
stable, second-harmonic gyro- TWT amplifier.

The second-harmonic device was designed [9] to am-

plify the TE2& mode of circular waveguide, because then
no oscillation can occur at the first harmonic [8], as can
be seen in the amplifier s dispersion diagram shown in
Fig. 1. If the magnetic field is set to the grazing value

Bg, where the second-harmonic cyclotron resonance line
grazes the TE2& mode, as is desired for broadband op-
eration, then the fundamental harmonic resonance line is
well below the lowest order mode (TE, , ). For the de-

(2)
sired TE2i interaction (the superscript refers to the har-
monic number), there will be a finite width of unstable
spectrum about the intersection. If this unstable band
is confined to the forward-wave region (k~~ ) 0), waves
in the TE2& mode will convectively grow in amplitude
down the interaction region. However, if the interaction
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FIG. 1. Uncoupled dispersion relation of the operating mode
(intersection of unbroken curves) and possible oscillating modes

(&)(intersections of broken curves with negative k~~) for TE2i gyro-
TWT amplifier.

4322 0031-9007/95/7S(23)/4322(4) $06.00 '- 1995 The American Physical Society



VOLUME 75, NUMBER 23 PH YS ICAL REVIEW LETTERS 4 DECEMBER 1995

strength is sufficiently strong that the unstable band ex-
tends into the backward-wave region (k~~ ( 0), waves in
the backward direction will grow from noise due to in-
ternal feedback to yield oscillation near the cutoff fre-
quency [10]. In this absolute instability [5], the wave
grows in time at all spatial positions. The threshold value
of electron beam current for the onset of oscillation is

(») .
shown in Fig. 2 for the three lowest harmonic TE, j in-
teractions for a beam guiding center-to-wall-radius ratio
of r, /r = 0.4. The threshold current monotonically in-
creases with decreasing transverse to axial velocity ratio
v~/v~~ and shows a very strong functional dependence
on it. Mathematically a lower vz/v~~ value results in a
steeper slope for the cyclotron resonance line, so that the
grazing intersection point is shifted away from the cutoff
where the absolute instability is strongest, while physi-
cally, a smaller v~/v~~ ratio corresponds to a beam with
less free transverse energy to give up and, therefore, the
system will be weaker in gain, less efficient, and more
stable to the absolute instability. A high voltage (1 MV)
first-harmonic gyro-TWT with v~/v~~ = 0.4 that operated
in this regime was able to generate an output power of
20 MW [11].

As the electron beam current must be maintained
below the threshold value to ensure stability, the output
power capability of a moderate voltage (~ 100 kV),
fundamental-harmonic gyro- TWT is greatly limited.
However, a harmonic gyro-TWT has a weaker interaction
strength and can therefore be operated with a much
higher value of current as shown in Fig. 2. Specifi-
cally, a harmonic gyro-TWT amplifier is more stable
to self-oscillation due to the absolute instability than a
fundamental-harmonic gyro-TWT. As a result, a har-
monic gyro-TWT can stably generate significantly higher
output power than a fundamental-frequency gyro-TWT
for a given beam voltage and velocity ratio.

In addition to absolute oscillation, a gyro-TWT ampli-
fier is also susceptible to self-oscillation as a gyrotron
backward-wave oscillator (gyro-BWO) [12],which can be
excited at intersections of the waveguide dispersion and
harmonic cyclotron resonance lines [6] in the negative-

k~I region. For a sufficiently long interaction circuit, a
resonant wave propagating counter to the streaming di-
rection of the electrons will grow from noise. In a
second-harmonic gyro-TWT amplifier with the dispersion
relations shown in Fig. 1, harmonic gyro-BWO oscilla-

(2)
tions can occur in various modes, including the TE~~,

(3) (4)TE3i, TE4i, etc. The critical lengths [13] for oscillation
of the strongest modes are shown in Fig. 3. By limiting
the interaction circuit to a length less than the shortest
critical length, a gyro-TWT amplifier can be kept stable.
If the limiting critical length is too short to allow am-
plification with the desired gain, several of these stable
sections separated by attenuators [14] for isolation can
be employed. Alternatively, if the odd-order azimuthal
modes can be stabilized, high gain amplification will be
possible in a single-stage interaction circuit whose length
is now limited by the critical length for the much weaker,

(4)
TE4& oscillation mode.

To suppress the odd-order azimuthal modes, the circu-
lar interaction waveguide was sliced axially with two cuts
separated in azimuth by 90 . A dielectric cylinder coated
with graphite was inserted in the annulus- between the in-
teraction circuit and vacuum envelope to absorb the waves
leaking through the slices. The insertion loss through the
65-cm length interaction circuit for the TE~] mode at the
most likely oscillation frequency was measured to exceed
24 dB, while the insertion loss of the operating TE2~ mode
through the entire system, excluding the input and output
couplers, is below 1.5 dB over the frequency band of in-
terest. Although the loss of the TE3, mode was not mea-
sured, a high attenuation similar to that of the TE

~ ~
mode

is expected because of their similar symmetry.

500

400

300

100

0

0.0

I

I

I
I
l

; TEA)
ll

0.5

l
1

l

l
I

TE(&)i

\

1.0 2.0

500

g 300,

0
2OO-

100

i I 4

10 15 20

I(A)
25 30

FIG. 2. Dependence of start-oscillation current on velocity
ratio n = vz/v~~ for absolute instability in fundamental,

(»)second- and third-harmonic TE„~ gyro-TWT amplifiers (80 kV,
B/Bg = 0.97).

HG. 3. Dependence of critical length on beam current for
backward-wave oscillations at second harmonic in TEll mode,
third harmonic in TE» mode, and fourth harmonic in TE4l
mode (100 kV, v~/v~~ = I, B/B,, = 0.98, r, /r = 0.4). .
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A schematic of the second-harmonic gyro-TWT experi-
mental apparatus [15] is shown in Fig. 4. An 80-kV,
annular electron beam is emitted from a single anode,
magnetron injection gun (MIG) during a 2-p, s pulse and

propagates through a magnetic compression region where
the electrons' axial velocity is partially converted into
transverse velocity with a final vi/v~~ = 1. To avoid
fundamental gyrotron oscillation in the system, the lowest
order cutoff frequency of each individual section is larger
than the corresponding fundamental electron cyclotron
frequency. The electrons enter the circuit with r, /r
0.4 and interact continuously with a linearly polarized TE2~
wave launched by a nominal 1-dB directional coupler,
which was measured to have a selectivity of 99% to
the TE2& mode. Resonance is well maintained in the
interaction region since the magnetic field s uniformity
here is ~0.5%. Half of the amplified RF power is extracted
for diagnosis through a similar 3-dB directional coupler at
the output end and the other half is absorbed by an RF load.

Directional couplers are attached to both the input and
output windows to enable measurement of either the for-
ward or backward waves. The power measurements are
made with well-calibrated crystal detectors, directional
couplers, and precision variable attenuators. A hetero-
dyne receiver determines the frequency content of the out-
put. The RF drive is provided by a 1-kW, 12—18-GHz
helix TWT amplifier. The spent electron beam is gath-
ered by a beam collector connected to ground through a
noninductive resistor. The collected current can be com-
pared with the emitted current measured by a Rogowski
loop. The voltage applied to the electron gun is measured
by a capacitive probe.

The amplifier was operated with an electron beam
current up to 20 A, which is below the theoretically
predicted threshold current for the absolute instability of
28 A. By varying the axial magnetic field, the amplifier
can be tuned for optimum gain or optimum efficiency. In
the first case, the magnetic field is set to the grazing value,
where the electrons travel at the same velocity as the group
velocity of the wave, which yields the strongest interaction.
A peak small-signal gain of 38 dB was measured. When
the magnetic field is reduced from the grazing value, a
higher efficiency and output power is obtained.
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The transfer curve of the TE2i gyro-TWT amplifier

at 15.7 GHz is shown in Fig. 5 with the magnetic field
set for optimum efficiency. The amplifiers output power
grows linearly with increasing input power in the small-
signal regime, resulting in a linear gain of 22 dB for a
20-A beam. For higher RF drive power, the amplifier
eventually saturates as the trapped electrons move into the
accelerating phase of the RF field and begin to recover
their energy from the wave. As expected, an electron
beam of lower current yields a lower linear growth rate
and saturates for a higher level of RF input power. For
the case of a 20-A beam, a saturated gain of 16 dB was
obtained.

The saturated bandwidth of the amplifier was obtained
by adjusting the RF input power at each frequency to maxi-
mize the output power and is shown in Fig. 6. The mag-
netic field was adjusted for the highest efficiency at
15.7 GHz and then held fixed for measurements at other
frequencies. The measured 3-dB bandwidth is 2.1%.
Figure 6 shows that an output power level of 207 kW is
generated by the second-harmonic TE2~ gyro-TWT ampli-
fier, which is significantly higher than the highest power
reported for a stable, moderate voltage, fundamental-
harmonic gyro-TWT amplifier [2]. The 207-kW output
power corresponds to a device efficiency of 12.9%.

The high power amplifier is found to be completely
stable for zero RFD drive power. No oscillation can be
detected within the measurement sensitivity of 20 mW
for the operating parameters of Figs. 5 and 6. How-
ever, oscillation in the operating mode due to the ab-
solute instability can be induced by increasing the axial
magnetic field. Oscillation in other modes was never ob-
served. The gyro-TWT amplifier with a mode-selective
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FIG. 4. Schematic of the second-harmonic gyro-TWT ampli-
fier experimental system.

FIG. 5. Measured transfer curve of second-harmonic TE21
gyro- TWT amplifier at a magnetic field of 2.9 kG and a
frequency of 15.7 GHz for several values of electron beam
current (I = 5, 14, and 20 A for 80 kV and v&/v~~ = 1.1).
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and length-limited interaction circuit had effectively been
made stable from potential gyro-BWO oscillations.

A nonlinear self-consistent code [9] was used to simu-
late the amp i er s per1 fi ' formance to determine the beam's
axial velocity sprea .d. The simulation results for an
80-kV, 20-A, v~/v~~ = 1.1 beam with r, /r = 0.4 an
an axial velocity spread of 14% go in a ma netic field of
80 == 0.97B have also been included in Fig.i . 6. The
theory agrees quite well with the experimental results.
The small discrepancy between the two bandwidths may
be due to a shift of the cutoff frequency from fabrication
errors or that the actual beam has a slightly higher value

F these values, the predicted small-signal
entain of 21.1 dB at 15.7 GHz is also in good agreemengain of 21. a

with the experimental value of 22 dB, p yes eciall when
the regenerative gain from the finite circuit mismatches
is considered. Since the amplifier had been predicted to
generate 400 kW with a bandwidth of 5% for an axial ve-

d f 8% it is evident that the relatively highlocity sprea o o, i i
1 as wellvelocity sprea a1 d has limited the output power level as we

as the bandwidth.
Motivated by the recent marginal stability theory that

a harmonic gyro-o-TWT is more stable to spontaneous
ro-TWT andoscillation than a fundamental-harmonic gyro-TWT an

therefore has increased capability for high power gen-
eration, a second-harmonic gyro-TWT amplifier experi-
ment was conducted that generated an output power in

of 200 kW in Ku band with a peak efficiency oexcess o in
nd bandwidth are12.9%. The measured saturated gain and ban wi

ess of the ex-16 dB and 2.1%, respectively. The success o
penment as not h not only confirmed the validity and useful-
ness of the theory as a procedure for achieving sta i i y

demonstrateda hi h erformance gyro-TWT but also de
a second-harmonic gyro-TWT amplifier wi a s
out ut power nearly twice that of the highest power, stableoupu po
fundamental-frequency gyro-TWT at a compa corn arable volt-

Frequency ( GHz )

FIG. 6. Measured saturated bandwidthth of the second-
E ro-TWT amplifier (solid points) compare

fo 80-kV 20-A bwith simulation results (solid curve) for an 8—
with v+/'v~~ = . an v([~/ = 1.1 d 6 /v = 14% in a magnetic fie o
B/Bg = 0.97.

age. As co eren igh t h h i.ower microwave and millimeter-
wave sources, harmonic gyro-TWT amplifiers are via e
and promising. The concept that harmonic gyro- T 's
are capable of higher power can be further extended. o
take advantage of the higher stable beam currents that are

d d in Fi . 2 for third-harmonic interaction, a hig er
power, third-harmonic TE3] gyro-TWT amplifier as re-
cently been designed [16] that is predicted to stably gen-
erate 1 MW at 140 GHz with an efficiency of 19% and a
bandwidth of 6%.
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