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High-repetition-rate ferroelectric-cathode gyrotron
M. Einat, E. Jerby,a) and G. Rosenman
Faculty of Engineering, Tel Aviv University, Ramat Aviv 69978, Israel

~Received 14 May 2001; accepted for publication 8 October 2001!

The intensive research on ferroelectric electron-emission mechanisms in the last decade has resulted
in a wide understanding of the physics and characteristics of this plasma-assisted electron source.
Nevertheless, practical devices employing this cathode were hardly introduced. In this experimental
study, a high-repetition-rate microwave oscillator based on a ferroelectric electron gun has been
developed. The device operates as a cyclotron-resonance maser in the gyrotron mode. Microwave
pulses exceeding 1.5 kW at;7 GHz are measured in repetition rates above 3 MHz and duty cycles
of ;50%. These experimental results encourage the implementation of ferroelectric cathodes in
practical high-power microwave tubes. ©2001 American Institute of Physics.
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Ferroelectric cathodes have been investigated intensi
during the last decade as high-current electron emitter1,2

Many characteristics of the cathode were investigated s
as the emission physics, turn-on time, brightness, cath
lifetime, material compositions, velocity spread, pulse du
tion, maximal density and current, and perveance.2–7 Since
the demonstration of ferroelectric strong electron emissio1

the desire to implement ferroelectric cathodes in pract
devices, and specifically in microwave tubes, has b
brought up.1,2,6,8

The demonstration of microwave emission by a fer
electric based tube was reported in Ref. 9. In a succes
report,10 we have shown the experimental feasibility of
cyclotron-resonance maser~CRM! based on a ferroelectri
cathode. This preliminary device has produced 25 W of;7
GHz microwave radiation, but it was limited to a single-sh
operation only, with an electronic efficiency of;1%. Nev-
ertheless, a repetitive operation in a large duty cycle of
ferroelectric-based tube has not been demonstrated. Sinc
ferroelectric emission is a plasma-assisted effect,2 the elec-
tron emission is inherently pulsed with limited repetition fr
quency, pulse duration, and duty cycle.

In this experimental work, a repetitive operation of
CRM oscillator with a ferroelectric electron gun is accom
plished in repetition rates of up to 3 MHz, with a duty cyc
of up to 50%. The microwave power exceeds 1.5 kW. Va
able pulse durations, repetition frequencies, and spectral
tent are also measured. This demonstration of a high-pu
repetition-rate CRM operation promotes the implementat
of ferroelectric-cathode-based electron guns in high-po
microwave tubes.

The CRM oscillator experimental device is shown
Fig. 1. It consists of three sections, the ferroelectric elect
gun, the interaction region, and a collector section. The e
tron gun is based on a ferroelectric cathode, made of a
31031 mm3 lead–lanthanum–zirconium–titanate~PLZT!
12/65/35 ceramic plate. The rear~nonemitting! electrode is
made of uniform 737 mm2 silver paint. The front~emitting!
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electrode consists of a 737 mm2 stainless-steel grid, at
tached to the ceramic plate. The electron gun is activated
application of the positive pulse~;1 kV! to the rear elec-
trode, while the front electrode is grounded. The device
erates in the modest vacuum condition of 1024– 1025 Torr.

The ferroelectric electron gun is designed to minimi
the relatively wide electron energy spread related to
ferroelectric plasma emission, and to overcome breakdo
caused by the plasma expansion and subsequent shorte
It has two acceleration stages. At the first stage the elect
are extracted out of the ferroelectric surface plasma b
relatively low-voltage pulse~;1 kV! applied on a stainless
steel grid electrode, placed 5 mm in front of the catho
This electrode is connected to the rear electrode. At the
ond stage, a dc accelerating voltage of;12 kV is applied to
the anode, which is distanced 60 mm from the cathode.

While operating the electron gun, any breakdown b
tween the cathode and the anode is avoided by the immed
grounding of the first grid electrode after the pulse, and
the large anode–cathode spacing that prevents a gap clo
The energy spread of the electrons is bound by the extrac
voltage from the cathode itself. Hence, the two-stage ac
erator enables us to extract the electrons at a low voltage,
therefore, with a low-energy spread~determined by the first
stage!. The accelerated electrons are focused by a solen
operated continuously. It applies an axial magnetic field
;400 G guiding the electron beam throughout the relativ
long electron-gun section.

il:
FIG. 1. Experimental setup of the ferroelectric cathode gyrotron.
7 © 2001 American Institute of Physics
P license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



ct

ge
u
v
co

st

y
la
tio
t

ec

ul
le

el

ta

e
an
se

al

de
al
n is
.9
the
at

than
l is
o-

kW,
Hz.
he
etup

re
hort-

cle

t

ro

4098 Appl. Phys. Lett., Vol. 79, No. 25, 17 December 2001 Einat, Jerby, and Rosenman
The CRM interaction section is made of a copper re
angular waveguide~WR90! with a cutoff frequency of;6.6
GHz. The waveguide is connected to the high dc volta
which accelerates the electrons at the entrance to the t
The collector section is separately connected to the wa
guide potential, whereas a Rogowski coil measures the
lected electron current~Fig. 1!. The microwave output is fed
through a dc block to microwave attenuators and diagno
elements.

A solenoid generates the axial magnetic field~;2.4 kG!.
The electron transverse velocity component is induced b
kicker made of a pair of magnets, either fixed or rectangu
current loops, placed above the entrance of the interac
region11,12 ~Fig. 1!. The kicker position, size, and curren
determine the electron-beam pitch ratio. According to el
tron optics simulationsV' /Vi.2, whereV' andVi are the
transverse and axial velocity components, respectively.

The system is operated in a semirepetitive mode. P
generators determine the synchronization between the e
tron gun, solenoid, and kicker pulses. The magnetic-fi
pulse duration is;40 ms, repeated every;1 s. The 1 kV
pulses supplied to the electron gun are driven by a solid-s
switch ~Behlke, HTS 80-PGSM! gated by 5 V pulses. The
electron-gun pulse duration is;200 ns, hence, during th
electron-gun pulses, the magnetic field is relatively const
For each magnetic-field pulse, a train of a few tens of pul
is applied on the electron gun, at a repetition rate of;1
MHz. Therefore, the device operates in a two-time-sc

FIG. 2. Typical experimental run of ferroelectric cathode gyrotron:~a! Cur-
rent pulse measured at the collector.~b! Generated microwave outpu
pulse.
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mode. A train of tens of pulses at;1 MHz pulse repetition
frequency~PRF! is obtained in each period of;1 s.

The experimental results of the ferroelectric-catho
CRM oscillator are presented in Figs. 2–5. A typic
electron-current pulse measured at the collector sectio
shown in Fig. 2~a!. The electron-beam transmission is 0
~i.e., only 10% of the electrons are lost before reaching
collector section!. The corresponding microwave signal
the detector output is presented in Fig. 2~b!. These pulses are
a part of a train of pulses presented in Figs. 3~a! and 3~b!.
The current pulse train is shown in Fig. 3~a!. Each train
contains several tens of pulses, repeated every;1 s. Every
pulse has a;0.2ms duration and the PRF is;0.8 MHz. The
experiment has been operated in this manner for more
100 h, continuously. The corresponding microwave signa
shown in Fig. 3~b!. Each current pulse generates a micr
wave pulse. The microwave output power exceeds 1.5
and the measured frequency is in the range 6.8–7.5 G
The latter depends mainly on the axial magnetic field. T
microwave spectral content measured by a heterodyne s
shows a spectral bandwidth of;5 MHz within each;0.4ms
pulse, and a frequency variation of;40 MHz along a 20
pulse train.

Variable pulse duration and repetition frequency we
used for the assessment of the device capabilities. The s
est pulse duration applicable by this setup was;150 ns, due
to the electronic switch limitations~shorter electron-beam
pulses were measured in other schemes2!. For this pulse du-
ration, the PRF obtained exceeds 3 MHz, and the duty cy
is as high as;50% @Figs. 4~a! and 4~b!#. The longest pulse

FIG. 3. Typical 1 MHz PRF pulse train of ferroelectric cathode gy
tron: ~a! Current pulses measured at the collector.~b! Generated micro-
wave output pulses.
P license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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duration obtained was;2 ms @Fig. 5#. The maximal PRF in
this mode is reduced to;20 kHz.

In this work, a high-PRF CRM based on a ferroelect
electron gun is demonstrated. The unique design of
ferroelectric electron gun separates the electron accelera
stage from the plasma region. The electron beam delivere
the microwave cavity is acceptably uniform, retaining a s
ficiently low electron velocity spread, suitable for the cycl
tron radiation mechanism in the near-cutoff gyrotron mo
The beam uniformity and the alleviation of breakdowns
achieved by several means in the electron-gun design.
electron emission is triggered by low-voltage pulses~;1
kV!, therefore, the electron emission energy spread is
ited. The acceleration by a dc voltage enables us to decr
the variations in the electron energies and to establish ste
parameters for the interaction. A large spacing between
two accelerating stages ensures the prevention of gap clo
and breakdowns.

The separation of the electrons from the ions in the g
erated plasma is achieved by the first accelerating st
Electrons are extracted from the plasma, which becom
positive and more confined. The ions are repelled back to
ferroelectric-plate surface, increasing the ferroelectric-p
surface regeneration. This assumption is reinforced by
long lifetime of the cathode in this experiment. The pu
repetition mode was operated for more than 100 h using
same cathode. Therefore,;107 pulses were obtained withou
destruction of the cathode. This outcome is 20–100 tim

FIG. 4. 3.1 MHz PRF gyrotron operation:~a! 150 ns 50% duty-cycle
current pulses measured at the collector.~b! Generated microwave outpu
pulses.
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larger than that obtained in a lifetime measurement of a P
ferroelectric cathode in a conventional setup.4,5 Furthermore,
no measurable degradation of the cathode performance
occurred ~this cathode still operates properly!. No visible
change of color, erosion, or any wear in the cathode surf
is observed.

The presented experimental device demonstrates the
sibility of high PRF microwave generation based on a fer
electric electron source. The maximal PRF exceeds 3 MH
a ;50% duty cycle. The maximal microwave power o
tained exceeds 1.5 kW, and the electronic efficiency obtai
is over 12%. The spectral bandwidth~;5 MHz! is reason-
able. These results encourage the implementation of
ferroelectric cathode in practical high-power microwa
tubes, utilizing the benefits of the ferroelectric cathode, s
as high current, room-temperature operation, modest vac
conditions, simple handling, and low cost. This study lea
to further research and development of ferroelectric catho
for various microwave sources, and to the developmen
microwave-tube schemes according to the unique chara
istics of this cathode.
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