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Abstract: The design of a W-band four-cavity gyroklystron amplifier is presented. The device operates in the fundamental

harmonic TE,, circular electric mode. The 70 kV, 6 A beam is produced by a double anode magnetron injection gun

(MIG) with an average perpendicular-to-parallel velocity ratio of 1.5 and a parallel velocity spread of less than 4% . Parti-

cle-in-cell (PIC) simulations have been performed to predict general RF performance for various parameters. The simulated
results show that the designed gyroklystron amplifier can produce about 35 dB gain, 800 MHz bandwidth and 100 kW peak

output power with power conversion efficiency of 23. 8% for a beam with 4% axial velocity spread.
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Introduction

Gyroklystron amplifier based on electron cyclotron
maser ( ECM) mechanism can produce high power,

high efficiency and satisfied bandwidth!"*!

. To date,
gyroklystron amplifier is one of most practical power
sources for millimeter wave radars in the atmospheric
propagation windows around 35GHz and 94 GHz'**'.
In Russia, a two-cavity Ka-band gyroklystron pro-

duced pulsed output power of 750 kW at 35 GHz in the
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TE021 mode at 24% efficiency and 0. 1% band-
width!®’.
with permanent magnet has demonstrated a peak output
power of 300 kW at 32. 33 GHz with a 3-dB bandwidth
of 40MHz, efficiency of 22% , and a saturated gain of
22 dB'".
and 1% duty factor have been used to drive a 34GHz

A Ka-band second harmonic gyroklystron

Two gyroklystrons with 500kW peak power

radar system named RUZA'®
Likewise, in American, many advances have

been made recently in the field of gyroklystron re-
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search. At the US Naval Research Laboratory (NRL) ,
a two-cavity Ka-band gyroklystron amplifier has pro-
duced 210 kW peak power at 37% efficiency with 0.
3% bandwidth'®). A three-cavity design achieved pow-
er levels of 225 kW with 31% efficiency, 0. 8% band-
width, and 30-dB gain'"’.
amplifier producing 10kW average power with a full-
width at half-maximum ( FWHM ) bandwidth 600MHz
has been developed for new high power radar named
WARLOC!,

At the University of Maryland, researchers have
developed X-band, Ku-band, and W-band gyroklys-

tron amplifier for electron-positron collider applica-
[13-14]

A W-band gyroklystron

tions

At the University of Electronic Science and Tech-
nology of China, a ka-band gyroklystron amplifier pro-
duced 300kW peak output power with 30% efficiency
and 36dB gain"’.

In the past, we investigated and conducted a pro-
totype of a ka-Band second harmonic gyroklystron with
155MHz instantaneous bandwidth and 212kW output
power' ). The current paper presents the W-band high
power gyroklystron amplifier planned to use in future
millimeter wave radar applications. For this purpose
the output power at least 100 kW are needed. The re-
mainder of the paper is organized as follows. Section 2
presents the magnetron injection gun. The predicted
characteristics simulated by PIC method are described
in Section 3. The results are summarized and conclu-

sions are drawn in Section 4.

Table 1 Electron gun specifications and simulated per-
formance
#1 BEFRIFESHREMER
Beam voltage(kV) 70 Control anode voltage(kV) 23
Beam current( A) 6 Average velocity ratio 1.5
Emitter angle(deg) 50 Axial velocity spread (% ) 3.5
Magnetic compression ratio 25

1 Magnetron injection gun

A high quality electron optics system is critical to
the successful operation of four-cavity gyroklystron am-
plifier. So the gun design is a key element in the de-
sign of gyroklystron amplifier. For gyrodevices, magne-

tron injection gun (MIG) have been the standard beam

forming system and proven to be effective. In our de-
signed gyroklystron, a double anode MIG was em-
ployed. The EGUN code was used to simulate the per-
formance of the electron gun. Fig. 1 gives the profile
of the electron gun and beam trajectories. Table 1 lists
the key parameters,while the gun performance is sum-
marized in Fig.2. It can be seen that for a beam cur-
rent of 6 A, the velocity ratio (@) of 1.5 is achieved
with a spread of 3.5% in the parallel velocities.

—
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Fig. 1 Electron trajectory simulated by the E-
gun code
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Fig.2 The dependences of alpha and the velocity
spreads on the beam current
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2 Circuit design

One problem with W-band gyroklystron is a need
for the available high power input power source. For
this reason, it is important for gyroklystron amplifier
with high gain. This requires a gyroklystron with 3 or
more cavities. Our gyroklystron interaction circuit em-
ployed four cavities consisting of an input cavity, two
bunching cavities and a final output cavity using stag-

ger-tuning technology to achieve the desired gain, pow-
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er and bandwidth. In order to achieve stable operation,
the cavities are separated by drift tubes. The drift
tubes are loaded with lossy ceramics to restrain adja-
cent cavities from coupling. The radii of drift tube were
chosen to prevent TE;, mode propagation at the operat-
ing frequency.

CHIPIC is a highly efficient particle-in-cell code
which is used to solve the high power microwave elec-
tromagnetic field problems'™®.
ployed CHIPIC code to study a ka-band second har-

monic gyroklystron amplifier; the simulation result was
[17]
t

Previously, we em-

very good in agreement with the experiment test' '*. In
this section, we used CHIPIC code to model the gy-

roklystron interaction circuit.

Table 2 Cavity parameters of the designed four-cavity gy-
roklystron amplifier

®2 MEDEEEHENEREESH

Cavity Length Q factor Frequency (GHz)
Input 1.2a 165 94.39
Bunch 1.6A 142 9.3
Penultimate 1.6A 200 94.3
Output 31 100 94.0

The optimization of the interaction circuit for the
gyroklystron amplifier is a complex and tradeoff
process. Through the repeated adjustments using PIC
simulation, the optimized circuit parameters of the W-
band four-cavity gyroklystron amplifier are listed in Ta-
ble 2. The radii of drift tubes were chosen to be 6A. In
the following simulation, unless otherwise stated, the
operating parameters in PIC simulation are given in ta-
ble3.

Fig.3 (a) gives the simulation model and the dis-
tribution of electric field in the circuit. From the
graph, we can see that the operating mode is primary
TE,, mode and the RF amplitude gradually strengthens
along the z-axis. A Fourier transformed frequency
spectrum of the electric field is given in Fig. 3(b). As
shown in Fig. 3(b), a single frequency is observed at
94.5 GHz without any mode competition.

Fig. 4 gives the change of the relativistic factors a-
long the z axis. From Fig.4, we can see that the rela-
tivistic factors of all electrons slowly change from 1. 137

until reaching the output cavity; in the output cavity,

some electrons obtain the energy, their relativistic fac-
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Fig.3 (a) Simulation model and distribution of azimuthal e-

lectric field in the circuit. (b) A frequency spectrum obtained
from Fourier transformation of the electric fields
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tors have increased, but most electrons lose the ener-

gy, their relativistic factors reduce, as is expected.
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Fig. 4 The relativistic factors of the electrons along the z
axis
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Fig. 5 gives the peak output power and gain versus
input power for the circuit parameters at a drive fre-
quency of 94.50 GHz under the assumption of an ideal
electron beam. It is apparent that the output power
rapidly increases with increasing input power when the

input power is less than about 20W. However, the out-
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put power slowly decreases with increasing input power
when the input power surpasses 40W or so. On the
contrary, the gain decreases monotonically with in-
creasing input power. As shown in Fig. 5, the output
power and gain reach maximums of 143 kW and 34% ,
respectively, at a drive power of 34 W, corresponding

to a saturated gain of 36 dB.
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Fig. 5 Predicted dependence of the output power and effi-
ciency on the input power for a 70 kV, 6 A electron beam
witha =1.5
BS i R MBOR b A S R W AL (U =70
kV, I=6 A,a=1.5)
Table 3  Operating parameters for the four-cavity gy-
roklystron circuit

®3 MEDEERFHENIESH

Voltage (kV) 70
Current (A) 6
Velocity ratio o 1.5
Magnetic field(T) 3.6
Input power( W) 30
Operating mode TEO11
Cyclotron harmonic(s) 1

The dependence of efficiency on peak magnetic
field is indicated in Fig. 6. As the magnetic field is
varied, the beam voltage, beam current and drive pow-
er remained fixed. As shown in Fig. 6, the maximum
efficiency is 34% when the applied magnetic field is
36kG.

The calculated output power is shown in Fig. 7 as
a function of the frequency for various axial velocity
spreads (dv,/v,) of the electron beam. The output
power drops rapidly as the beam velocity spread in-
crease. When the axial spread increase to 4% , the
from 143kW to 100kW at
94.6GHz. Accordingly, the 3dB bandwidth drops from
1GHz to 800MHz.

output power drops

0 . . : . .
3.50 355 3,60 365 370 375
ByT

Fig.6 The dependence of efficiency on mag-
netic field
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Fig. 7  The effect of the electron velocity

spread on the bandwidth and the output power
fora70 kV, 6 A
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The input coupler is one of the key components of
the amplifier due to strict requirements such as high
mode purity and coupling efficiency. To meet these re-
quirements, a coaxial input coupler is designed to cou-
ple power from the driver to the circuit. Fig. 8 shows
the electric field distribution. We can see that the
TE,,, mode of the outer cavity is excited and the power
is then magnetically coupled to the TE(;; mode of the
inner cavity through five axial slots spaced 72 degrees
from each other in azimuth. The cut off drift tube has
been included at both ends of the inner cylindrical cav-
ity.

The output coupling waveguide is designed to con-
necting the output cavity up to collector. The Dolph-
Chebyshev (D-C) taper turned out to be good perform-

. . 18
ance with low mode conversion''®’.

So we employed
the D-C taper to minimize mode conversion. Fig. 9

gives the simulation results.
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(@) (b)

Fig.8 (a) The distribution of electric field at an axial cut-
plane. (b) The distribution of electric field at the transverse
cut-plane
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Fig.9 (a) The distribution of electric field. (b) Trans-
mission characteristic for operating mode TE,; and unwanted

mode TE,,
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3 Conclusion

We have presented the design of a four-cavity,
94GHz gyroklystron. The gyroklystron amplifier oper-
ates stably in the fundamental harmonic TE, circular
cavity mode. A high quality double anode MIG was
used. The effects of various parameters, such as input
power, frequency, velocity spread and magnetic field
on the electronic efficiency, gain, and output power
were discussed. Simulations predict that the peak out-
put power was 100kW at 94. 5SGHz corresponding to
power conversion efficiency of 23.8% , when a 70kV,
6A annular electron beam with a perpendicular velocity
to parallel velocity ratio of 1.5 was used. The 3dB in-
stantaneous bandwidth is 800MHz for a beam with 4%

axial velocity spread.
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