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Abstract The preliminary design results of a 1-MW, Ku-
band gyrotron traveling wave amplifier (gyro-TWA) are
presented. Operating at the second cyclotron harmonic of
the TE;; mode, the amplifier characterizes good stability
even in the case of no distributed losses loaded, which
could potentially allow it to be operated at high average
power. Large signal simulation shows that the amplifier
can generate a saturated peak power of about 1 MW with
efficiency of 26.6%, gain of 31 dB, and 3-dB bandwidth of
about 1 GHz when driven by a 100 kV, 40 A electron beam
with 5% axial velocity spread.

Keywords gyrotron traveling wave amplifier (gyro-
TWA), Ku-band, millimeter wave amplifier

1 Introduction

Based on the instability of electron cyclotron maser,
gyrotron traveling wave amplifier (gyro-TWA) can gen-
erate high power and broad bandwidth coherent radiation
in the millimeter and sub-millimeter wavelength ranges.
Potential applications of gyro-TWA include high-density
communications, advanced radar, high-gradient linear
colliders, and atmospheric sensing. Steady progress in
theory and experiment has been made over an extended
period of time. Major advances in gyro-TWA perform-
ances have been reported in the review papers [1-3].

The primary obstacle to the development of gyro-TWA
has been its susceptibility to spurious oscillations, such as
absolute instability [4] and gyrotron backward-wave
oscillator (gyro-BWO) [5]. In recent years, great efforts,
primarily in the design of novel interaction circuit, have
been made to improve the stability of gyro-TWA.
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Distributed wall losses configuration is efficient for
suppressing spurious oscillations, but it is not usually
appropriate for high average power operation [6,7]. Mode-
selective circuits, such as slotted waveguide and helically
corrugated waveguide [8—11], can also be used to improve
the stability. However, the circuits are usually complicated
in manufacturing and in coupling with input or output
circuit of gyro-TWA.

In this paper, the preliminary design of a Ku-band,
1 MW gyrotron traveling wave tube (gyro-TWT) amplifier
is presented. The amplifier is able to remain stable in spite
of the high-power electron beam because it operates at the
second harmonic of the lowest-order TE;; mode. The
circuit is also capable of withstanding high average power
because no distributed wall losses are required to achieve
stability. Section 2 presents the stability of the proposed
gyro-TWA. The predicted large-signal characteristics of
the amplifier are described in Sect. 3, and a summary is
given in Sect. 4.

2 Stability analysis

The amplifier design was developed by following the
marginal stability design procedure [12]. Because a large
axial velocity is beneficial for stability and wide
bandwidth, the operating voltage of 100kV and the
velocity ratio of 1.0 are chosen. The interaction circuit is
a circular waveguide with the radius of 5.3 mm, which
means a cutoff frequency of 16.6 GHz for the lowest-order
TE;; mode. The dispersion diagram for the second-
harmonic TE;; mode amplifier is shown in Fig. 1. An
important feature of the proposed amplifier is that there is
no competing interaction at the fundamental harmonic
(s =1) because the fundamental cyclotron resonance line is
well below the lowest order mode of waveguide. It can also
be seen that, for the amplifier, the possible competing
oscillations include TE;; mode absolute instability at the
second cyclotron harmonic, TE;; mode gyro-BWO at the
third cyclotron harmonic, and the TE,; mode gyro-BWO at
the fourth cyclotron harmonic.
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Fig. 1 Dispersion diagram of operating mode and possible
oscillating modes (100 kV, a=1.0)

Figure 2 shows that the beam-wave coupling coefficient
[13] increases with the increase of the electron beam’s
guiding-center radius for TEﬁ) operating mode and two
gyro-BWO modes (superscript refers to the cyclotron
harmonic number). Wherein, r,, and r. are waveguide
radius and electron guiding center radius, respectively.
Therefore, larger guiding-center radius means stronger
beam-wave coupling for the operating mode. However, in
order to reduce the interaction strength of two oscillation
modes and to reduce the interception of electron beam
during passing interaction circuit, a value for r./r,, of 0.4
was chosen for design. Since the Larmor radii of electrons
are 2.4 mm, there is no concern for the electron hitting the
waveguide wall.
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Fig. 2 Dependence of beam-wave coupling coefficient on
guiding-center radius for operating mode and possible
competing modes

Analytical linear theory has been used to determine
the critical beam current for absolute instability. An
absolute instability develops when the amplifier’s

operating bandwidth extends to cutoff frequency. A
backward wave will then be excited from internal
feedback. To ensure that the second-harmonic gyro-TWT
amplifier is stable to the absolute instability of operating
TE;; mode, operating electron beam current should be
lower than the threshold value determined by using the
analytic formula in Refs. [4,13]. Figure 3 shows the
dependence of threshold value on applied magnetic field.
Wherein, By is applied magnetic field and B, is “grazing”
magnetic field [13]. 7}, and a are voltage and velocity ratio
of electron beam, respectively. It can be seen that the
threshold current of absolute instability decreases with the
increase of applied magnetic field. For a 100-kV electron
beam with velocity ratio of 1.0, the threshold current is
approximately 90 A at By=0.99B,, which yields a wide
safety margin for stability for designed operating beam
current of 40 A.
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Fig. 3 Dependence on applied magnetic field of start-oscillation
current for TE;; mode, second-harmonic absolute instability

A gyro-TWT amplifier is also susceptible to self-
oscillation as a gyrotron backward-wave oscillator (gyro-
BWO) at a harmonic of cyclotron frequency. This wave
propagates counter to the direction of electron beam and
therefore benefits from internal feedback. The amplifier’s
stability can be maintained, however, if interaction length
is kept shorter than critical length for gyro-BWO
oscillation to start. The linear theory could be used to
determine the oscillation length [14] for the start of gyro-
BWO in the second-harmonic TE gyro-TWT amplifier.
Due to the weaker strength of the fourth cyclotron

harmonic interaction, the TES) gyro-BWO is difficult to

be excited. Meanwhile, the TE(lsl) gyro-BWO is also
difficult to be excited because its operating point is far from
its cutoff frequency as shown in Fig. 1. The underlying
reason is that wave impedance of TE mode is proportional
to 1/k,. With the increase of wave frequencies, &, increases
and hence wave impedance decreases, which can result in
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the weakening of beam-wave interaction strength. Figure 4
presents starting oscillation length and frequency for TE<131)
gyro-BWO. It can be seen that critical length increases
with the increase of applied magnetic field B,. Meanwhile,
starting oscillation frequency also increases in accordance
with By, because it is approximately equal to the frequency
corresponding to intersection point of straight line of “s =
3” and hyperbolic curve of “TE;;” as shown in Fig. 1.
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Fig. 4 Dependence on applied magnetic field of start-oscillation
current and frequency for TE; mode, third-harmonic gyro-BWO

Considering higher operating current, gyromonotron-
type parasitic oscillation of TE;; mode may also be a threat
to stable operation of the amplifier. In order to evaluate this
possibility, the analytic formula in Ref. [15] is used to
calculate starting current of oscillation, and the corre-
sponding results are shown in Fig. 5, wherein, waveguide
length and diffraction Q-factor of the open waveguide (Qq)
are assumed to be 60 cm and 30000, respectively. It can be
seen from Fig. 5 that starting current is extremely sensitive
to the value of applied magnetic field. At about By=
0.353 T, where two dispersion lines intersect near cutoff as
shown in Fig. 6, the current reaches its minimum and the

10k

1015

IJA

-3

0.346

0.350 0.352 0.354 0.356

ByT

0.348

Fig. 5 Starting current of TE,; gyromonotron-type oscillation
versus applied magnetic field with L =60 cm and Q4= 30000

oscillation can be excited more easily. When By < 0.35T,
the current increases sharply with the decrease of applied
magnetic field, and starting current is above 100 A at By=
0.348 T. The underlying reason is that, with the decrease of
By, the intersection moves away from cutoff to forward
wave region as shown in Fig. 6. Especially, for design
value of 0.323 T, two lines have no intersection and beam
dispersion line is well below cutoff. Therefore, TE,
gyromonotron-type oscillation is difficult to be excited in
the amplifier.
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Fig. 6 Dispersion diagram of TE; second-harmonic gyro-TWA
for different values of applied magnetic field

3 Large signal simulations

Although linear theory is useful to find starting conditions
for oscillation, large-signal theory is necessary to simulate
nonlinear behavior and determine saturated efficiency. In
this section, a large signal simulation code developed
according to self-consistent nonlinear theory presented in
Refs. [16,17] is used to study the large signal character-
istics of gyro-TWA with the following operating param-
eters: 100kV, 40A, a=1.0, By=0.99B,=0.323 T and
interaction circuit length of 60 cm. Magnetic field has
been chosen so that the second-harmonic cyclotron
resonance line nearly grazes TE;; waveguide mode.
Although a grazing value of a magnetic field produces
broadest bandwidth, a slightly detuned value yields higher
efficiency. Chosen single-stage length of 60 cm is less than
start-oscillation length for TE;; gyro-BWO with a 70%
margin of safety. As a result, no distributed wall losses are
needed for the gyro-TWA, which could potentially allow it
to be operated at high average power.

The calculated saturated power, efficiency and gain are
shown for different values of velocity spread in Fig. 7 and
Fig. 8, respectively, where a Gaussian velocity distribution
function is assumed. It can be seen that velocity spread can
greatly deteriorate the performance of the amplifier in
high-frequency region of the amplifier and hence narrow
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amplifier’s bandwidth. The underlying reason is that the
effect is in combination with Doppler broadening k,Av,
qualitatively. At higher frequencies, k, becomes sizable
and the effect of velocity spread will then be important
[18]. For axial velocity spread of 5%, predicted peak power
is 1.06 MW at 16.95 GHz with an efficiency of 26.6% and
a gain of 31 dB, predicted peak gain is 42.6 dB at 17.3 GHz
with an output power of 0.72 MW, and 3-dB bandwidth of
the amplifier is about 1 GHz (from 16.9 GHz to 17.9 GHz).
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Fig. 7 Calculated saturated power and efficiency of amplifier for
different values of velocity spread
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Fig. 8 Calculated saturated gain of amplifier for different values
of velocity spread

4 Conclusions

The preliminary design of a 1-MW, TE;; mode, second-
harmonic, Ku-band gyro-TWA has been carried out.
Resulting from low-order operating mode and high
cyclotron harmonic, the amplifier could operate stably
and characterize low losses, high average power capability,
and low magnetic field requirement. Driven by a 100 kV,
40 A electron beam with 5% axial velocity spread, the
amplifier is predicted to generate saturated peak power of

about 1 MW with an efficiency of 26.6%, gain of 31 dB,
and 3-dB bandwidth of about 1 GHz.
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