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Harmonic absolute instability in the TE; mode is found to cause mode competition in a new
millimeter-wave gyrotron traveling-wave tube experiment designed for high stability in the TE1; mode.
Complete suppression of this instability by the application of the TE;: drive has been observed with
beam currents up to at least 6 times the instability threshold, which results in high amplified power
(~25 kW) at high efficiency (~23%). The study is significant in that it demonstrates that cyclotron-
maser amplifiers may operate at a current well above oscillation threshold without degradation in sa-

turated performance.

PACS numbers: 42.52.+x, 85.10.Jz

The gyrotron traveling-wave tube (gyro-TWT) has far
greater power-handling capability than the TWT, yet its
susceptibility to oscillations has been a well-known factor
limiting the power achieved in experiments.'™ The Na-
val Research Laboratory2 reported a 35-GHz, TEq;-
mode gyro-TWT with 16.6-kW output power at 7.8%
efficiency. A 95-GHz TE,;-mode gyro-TWT was tested
at Varian Associates, producing output power of over 20
kW with 30-dB gain, 8% efficiency, and 2% electronic
bandwidth.® In the C band, 120 kW at 26% efficiency
was reported by Varian.*®> Theoretical and experimental
investigations*’ revealed that the absolute instability (in
the operating mode or a different mode) and end
reflections (near the cutoff frequency of the operating
mode) were the two dominant causes of oscillations in a
gyro-TWT. While the reflection oscillation can be
remedied by improved input-output match, avoidance of
the intrinsic absolute instability requires more basic con-
siderations. Investigations”® showed that the amplifier
stability greatly improved with increasing beam voltage
V5 and decreasing @ (=v,/vy). It is for this reason that
the current experiment was designed for a relatively high
voltage (=95 kV) and low a (=1). A single-anode
magnetron injection gun (MIG)®!° with simulated beam
axial velocity spread < 4% was used (for the first time in
a gyro-TWT). The design magnetic field (Bo=12.5 kG)
was 2% below grazing (Fig. 1) for higher efficiency,!!"!?
and the design current (I, =2 A) was 40% of the calcu-
lated threshold of the TE;;-mode absolute instability.

The experimental configuration is shown in Fig. 2.
The input coupler is a matched TE{o-to-TEf} (linear po-
larization) converter followed by a 2.5-cm slightly ellip-
tical section tilted at 45° to generate circular polariza-
tion. It has two TE[p input ports 90° apart to generate
either right- or left-circular polarization depending on
which port is excited. The coupler works exceptionally
well in that the loss from TE{, to TEf} (circular polar-
ization) is ~0.2 dB (virtually all due to Ohmic loss) and
the isolation between left- and right-circular polarization

is of the order of 30 dB or better. An identical coupler is
used on the output to separate the rf from the beam.
The total transmission loss, window to window, is ~0.8
dB. The couplers provide an additional benefit of critical
importance in studies of oscillations. By separating the
TE; circularly polarized wave from non-TE,; circularly
polarized waves, the couplers allow even very-low-level
oscillations to be observed, at both the input and output,
without interference from a large-amplitude TE,; circu-
larly polarized wave. The interaction waveguide with a
radius (r,) of 0.2654 cm and a length of 17.5 cm is con-
nected to the couplers (radius=0.318 cm) by 1.2-cm
tapers. Beam transmission from gun to collector is
100%.

The frequency of operation is 34.712 GHz set by our
fixed-frequency magnetron driver. All input and output
powers presented below are measured, respectively, at
the input and output windows by carefully calibrated
(mismatch and transfer errors are minimized)
directional-coupler, crystal-detector systems with es-
timated accuracies of approximately + 5%.
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FIG. 1. Dispersion curves for the TE;; and TE2; modes, and
the beam resonance lines at the fundamental (s=1) and
second (s =2) cyclotron harmonics.
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FIG. 2. Schematic of the gyro-TWT. There are two input ports and two output ports (only one is shown).

Figure 3(a) shows the amplified power (all at output port 1) versus input power at I, =0.26 A. The curve follows
close to a classical linear small-signal region with a saturation peak of ~4.6 kW at ~170-W drive except for a small
nonlinear bump in gain at (20-30)-W drive. An oscillation at ~56.8 GHz (measured by an interferometer with an es-
timated accuracy of *0.2%) is observed at output port 2. From Fig. 1, we may identify the oscillation as a TE;; abso-
lute instability at the second cyclotron harmonic. The oscillation power is much weaker, the relative amplitude of
which is also plotted. Note that the bump increase in gain coincides with a rapid drop in oscillation power. At 30-W

,025 1.8
sE (Q) Ib=0.26A (Vb=9L85kV, By12.86kG
L 1.6
2
10 e
5:
—~ r x
E 2+ X
S
O E
© JE o
[ .
2_
,O‘l 21 ! .;“n
I 10
2
107E 6
= 4
L 16
2 — 14
10 £ 1.2
~ °F J1o
< I~ n
x 2+ —0.8
§ I e —{os
& s — —Ho4
2 i — 0.2
-1 I S uT Logoalegy sahocscs boc N Ll ll—
10 2 2 s N 500
] 10 10 10 104
P. (W)

Posc (RELATIVE SCALE)

Posc(RELATIVE SCALE)

Pout ( kW)

Pout (kW)

2
10” E
F 18
s| (C) I51.25A(Vp=87.75kV, B,=12.38kG)” |
C ° 116
- °s T -
2 'bb v ",g —1.4 S
10 . o 2
s x o. Lﬁ’
- N R 1.0 5
2= . * x —o.8 E
| x 0.6 —
3 . .
L 0.4 n°
P 0.2
lO" 1 l;llll é 1 x;uu L x;nul’v‘%;— 0.0
2 10 102 2 103 ° ot
Pin(W)
10%E 1.8
s F(d) 1,71.45A(V,=9173kV, B,=12.38kG) ™
r 1.6
5 I
2~ e
10 k- 12w
3 >
S x x o
i —
2+ 0.8 W
@
| — 0.6 >
oy (8]
. (%]
S 0.4 Q_o
2 ; X x 0.2
-1 Loyl Loulain [T YY1 B SR AT, 00
10727 5 2 5 ,2 5 .2 5
| 10 10 10 10
Pin (W)

FIG. 3. The amplified TE; output power (filled circles, on absolute scale) and the TE2; oscillation power (crosses, on relative
scale) vs the TE;; drive for (a) I, =0.26 A, (b) I, =0.40 A, (c) Iy =1.25 A, and (d) I, =1.45 A. Other parameters (in parentheses in
each figure) are adjusted slightly for maximum efficiency. In some cases other than (a)-(c), the suppressed oscillation reappears at

still higher drive.
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drive, the TE;; oscillation is completely gone. This be-
havior provides unambiguous evidence of mode competi-
tion and suppression in a gyro-TWT.

Figure 3(b) shows a similar behavior for I, =0.4 A,
but now 130 W of drive is required for complete suppres-
sion of the TE;; oscillation. The peak amplified power
occurs after the oscillation is suppressed and, as in Fig.
3(a), the efficiency is not degraded.

Our best power and efficiency, 24.9 kW at n=23% for
I, =1.25 A, are shown in Fig. 3(c). The TE;; oscillation
now occurs at two frequencies (55.2 and 56.0 GHz) and
is more powerful. Complete suppression of the oscilla-
tion requires ~1 kW of drive which is also the input
power for maximum efficiency. Thus, 1.25 A appears to
be the maximum beam current for which the peak
efficiency is not degraded by oscillation. As the beam
current is raised further [e.g., Fig. 3(d)], the powerful
oscillations can only be partially suppressed with the
drive power available. Also, the peak power is degraded
by the competing oscillations.

The TE;; oscillation has a threshold current (Iy;) of
~0.2 A. Its power level at 1.25 A (with zero rf drive),
as measured by a calorimeter, is 1.7 kW ® 3 dB. The
3-dB uncertainty is mainly due to the uncertainty of 55-
GHz losses in the overmoded WR28 waveguides. In the
beam current range of Fig. 3, the TE;, power is found to
be approximately proportional to I, — Iy, as observed by
a crystal detector.

Figure 4 is a compilation of power and efficiency
versus I. The increase of P,y and n with I, (up to 1.25
A) is in reasonable agreement with the crude theoretical
scaling relation n~1I,/? for low beam current. At 1.3 A
and beyond, the TE;; oscillations become too strong to
be completely suppressed by the drive and n drops sud-
denly from ~23% to ~13%. Thus, competition with os-
cillations appears to explain the departure from the
theoretical scaling in many early observations. It is in-
teresting to note that Fig. 4 predicts much greater power
if further suppression of the TE;; oscillation can be
achieved (e.g., by a sever).

As discussed before, output port 1 couples out both the
amplified TE,, wave and the TE,, oscillation, while port
2 couples out only the TE;; oscillation. Figure 5 shows
oscilloscope photos of the output signals for the condi-
tions of Fig. 3(c). Figure 5(a) is the output detector sig-
nal from port 1 with the amplified TE;; wave (~ % -usec
pulse) flanked by the TEy; oscillations on both sides [cf.
Fig. 5(e)]. Figure 5(b) uses notch filters to reject the
TE,; oscillations in Fig. 5(a), showing 24 kW of TE,,
output with 870-W drive. Figure 5(c) is the TE;; oscil-
lation observed at port 2 with no drive applied. Figure
5(d) is from port 2 with 220-W drive applied which re-
sults in ~6-dB suppression during the ¥ -usec driver
pulse. Figure 5(e) is from port 2 with the 870-W drive,
showing complete suppression of the TE;, oscillation
during the driver pulse.
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FIG. 4. Po. and n plotted as a function of beam current.
N=Pou/Poeam for all data points except for I, =0.076 A where
1= (Pout — Pin)/Pveam to compensate for small gain. V3, a, and
By are optimized for best 1 for I, =< 1.25 A, but stay constant
for Iy = 1.25 A.

We interpret the observed mode competition and
suppression qualitatively as follows. The organized
beam perturbation associated with one mode would ap-
pear as a deleterious energy and velocity spread to
another mode of different frequency or mode structure,
and vice versa. Mode suppression occurs when one mode
reaches such a level that its associated beam perturba-
tion partially or completely stabilizes the competing
mode, as in the case of high drive power. Driver-
suppressed oscillation has also been reported in
cyclotron-autoresonance-maser (CARM) simulations '3
(with no details given).

In summary, we have obtained good stability in a
gyro-TWT in the operating (TE;;) mode. The dominant
cause of oscillation was observed to be the absolute insta-
bility in the TE;; mode at the second cyclotron harmon-
ic. Through specially designed couplers, the presence of
mode competition and its effects on gain and efficiency
were clearly demonstrated. Significantly, the TE,; oscil-
lation was found to be suppressed by the application of
the TE;, drive and complete suppression has been ob-
served with beam currents up to at least 6 times the
start-oscillation current. Greatly improved power and
efficiency were obtained upon complete suppression of
the absolute instability. The results provide an experi-
mental verification of a new mechanism for the suppres-
sion of the absolute instability which has limited the
power of gyro-TWT’s and the expected power of several
ongoing CARM amplifier projects aimed at ultrahigh
power.
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FIG. 5. Oscilloscope photos of the output signals. (a) and
(b) are from port 1. (c)-(e) are from port 2. Each picture is
the superposition of ~1000 pulses over 2.5 min.
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FIG. 5. Oscilloscope photos of the output signals. (a) and
(b) are from port 1. (c)-(e) are from port 2. Each picture is
the superposition of ~1000 pulses over 2.5 min.



