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High-repetition-rate ferroelectric-cathode gyrotron
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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 at7 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. 201 American Institute of Physics.
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Ferroelectric cathodes have been investigated intensivelylectrode consists of a7 mn? stainless-steel grid, at-
during the last decade as high-current electron emittérs. tached to the ceramic plate. The electron gun is activated by
Many characteristics of the cathode were investigated suchpplication of the positive pulsé~1 kV) to the rear elec-
as the emission physics, turn-on time, brightness, cathodgode, while the front electrode is grounded. The device op-
lifetime, material compositions, velocity spread, pulse duraerates in the modest vacuum condition of 8107 ° Torr.
tion, maximal density and current, and perveafideSince The ferroelectric electron gun is designed to minimize
the demonstration of ferroelectric strong electron emission,the relatively wide electron energy spread related to the
the desire to implement ferroelectric cathodes in practicaferroelectric plasma emission, and to overcome breakdowns
devices, and specifically in microwave tubes, has beewaused by the plasma expansion and subsequent shortening.
brought upt>®8 It has two acceleration stages. At the first stage the electrons

The demonstration of microwave emission by a ferro-are extracted out of the ferroelectric surface plasma by a
electric based tube was reported in Ref. 9. In a successivelatively low-voltage pulsé~1 kV) applied on a stainless-
reportl® we have shown the experimental feasibility of asteel grid electrode, placed 5 mm in front of the cathode.
cyclotron-resonance maséCRM) based on a ferroelectric This electrode is connected to the rear electrode. At the sec-
cathode. This preliminary device has produced 25 W-@f  ond stage, a dc accelerating voltage~af2 kV is applied to
GHz microwave radiation, but it was limited to a single-shotthe anode, which is distanced 60 mm from the cathode.
operation only, with an electronic efficiency ef1%. Nev- While operating the electron gun, any breakdown be-
ertheless, a repetitive operation in a large duty cycle of théween the cathode and the anode is avoided by the immediate
ferroelectric-based tube has not been demonstrated. Since t@eounding of the first grid electrode after the pulse, and by
ferroelectric emission is a plasma-assisted effabe elec- the large anode—cathode spacing that prevents a gap closure.

tron emission is inherently pulsed with limited repetition fre- The energy spread of the electrons is bound by the extracting

quency, pulse duration, and duty cycle. voltage from the cathode itself. Hence, the two-stage accel-
In this experimental work, a repetitive operation of a €rator enables us to extract the electrons at a low voltage, and

CRM oscillator with a ferroelectric electron gun is accom- therefore, with a low-energy spreddetermined by the first

plished in repetition rates of up to 3 MHz, with a duty cycle Stage. The accelerated electrons are focused by a solenoid,

of up to 50%. The microwave power exceeds 1.5 kW. Vari-operated continuously. It applies an axial magnetic field of

able pulse durations, repetition frequencies, and spectral con=400 G guiding the electron beam throughout the relatively

tent are also measured. This demonstration of a high-pulséong electron-gun section.

repetition-rate CRM operation promotes the implementation

of ferroelectric-cathode-based electron guns in high-power First 12‘;};:‘

microwave tubes. acceleration step  Focusing \
The CRM oscillator experimental device is shown in Cathode, ool

Fig. 1. It consists of three sections, the ferroelectric electron I

gun, the interaction region, and a collector section. The elec:

Main solenoid Collecltor

} adapter

e-beam

X 10x 1 mn? lead—lanthanum-zirconium—titanai@®LZT) lk‘i
12/65/35 ceramic plate. The rearonemitting electrode is T

made of uniform & 7 mn? silver paint. The frontemitting };Zfll;?m
II/T 65mm \i/ 520mm * 200%
dAuthor to whom correspondence should be addressed; electronic mail:
jerby@eng.tau.ac.il. FIG. 1. Experimental setup of the ferroelectric cathode gyrotron.
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‘ : : : FIG. 3. Typical 1 MHz PRF pulse train of ferroelectric cathode gyro
0 02 0.4T' 0.6 0.8 1 tron: (a) Current pulses measured at the collectqb) Generated micro-
ime [s] wave output pulses.

FIG. 2. Typical experimental run of ferroelectric cathode gyrotfenCur-
rent pulse measured at the collectotb) Generated microwave output . -,
pulse. mode. A train of tens of pulses atl MHz pulse repetition

frequency(PRP is obtained in each period of1 s.

. ) o The experimental results of the ferroelectric-cathode
The CRM |n.teract|on sgctlon is made of a copper rect-crM oscillator are presented in Figs. 2-5. A typical
angular waveguidéWR90) with a cutoff frequency 0F-6.6  gjactron-current pulse measured at the collector section is

GHz. The waveguide is connected to the high dc voltagegy,q\ in Fig. 2a). The electron-beam transmission is 0.9
which accelerates the electrons at the entrance to the tub&.e only 10% of the electrons are lost before reaching the
The collector section is separately connected to the wave- .

. . T Sollector section The corresponding microwave signal at
guide potential, whereas a Rogowski coil measures the col[—

. . : he detector output is presented in Fi¢h)2 These pulses are
lected electron curreriFig. 1). The microwave output is fed P b @) P

through a dc block to microwave attenuators and diagnostisl.hF:aaréuor];e&:],[t rall:]lsc;f tpr g:zeiss psrﬁz\(/a\/l;teii Igi F(Iagﬁ(ﬁ); Zﬂ frtz)a)i-n
elements. contains sevepral tens of pulses repeate% evelys. Every
A solenoid generates the apal magnetic f'.ekTQA kG, ulse has a-0.2 us duration and the PRF is0.8 MHz. The
The electron transverse velocity component is induced by : o
kicker made of a pair of magnets, either fixed or rectanguIaPXpe”mem.has been operated in th'.s manner for more th_an
current loops, placed above the entrance of the interactiol""l00 h, c_;ontl_nuously. The corresponding microwave S|gr_1al 1S
regiort12 (Fig. 1). The kicker position, size, and current shown in Fig. 3b). !Each current pulse generates a micro-
determine the electron-beam pitch ratio. According to elecVave Pulse. The microwave output power exceeds 1.5 kW,
tron optics simulation®/, /V,=2, whereV, andV, are the and the measured frequency is in the range 6..8—.7.5 GHz.
transverse and axial velocity components, respectively. The latter depends mainly on the axial magnetic field. The
The system is operated in a semirepetitive mode. PulsBlicrowave spectral con'Fent measured_by a heterodyne setup
generators determine the synchronization between the ele80Ws & spectral bandwidth 6f5 MHz within each~0.4 us
tron gun, solenoid, and kicker pulses. The magnetic-fieldPUlse, and a frequency variation 6f40 MHz along a 20
pulse duration is~40 ms, repeated everyl s. The 1 kv  pulse train.
pulses supplied to the electron gun are driven by a solid-state Variable pulse duration and repetition frequency were
switch (Behlke, HTS 80-PGSMgated by 5 V pulses. The used for the assessment of the device capabilities. The short-
electron-gun pulse duration 5200 ns, hence, during the est pulse duration applicable by this setup w60 ns, due
electron-gun pulses, the magnetic field is relatively constanto the electronic switch limitationgshorter electron-beam
For each magnetic-field pulse, a train of a few tens of pulsepulses were measured in other sched=or this pulse du-
is applied on the electron gun, at a repetition rate~df  ration, the PRF obtained exceeds 3 MHz, and the duty cycle

MHz. Therefore, the device operates in a two-time-scalés as high as~50%[Figs. 4a) and 4b)]. The longest pulse
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601 ) ’ FIG. 5. Maximal 2us pulse-width gyrotron operatiofi®RF=20 kH2).
E larger than that obtained in a lifetime measurement of a PZT
§4°' | ferroelectric cathode in a conventional sefdgzurthermore,
§ no measurable degradation of the cathode performance has
5 occurred (this cathode still operates properlyNo visible
%20’ ’ change of color, erosion, or any wear in the cathode surface
o is observed.
The presented experimental device demonstrates the fea-
0 , ‘ ! i sibility of high PRF microwave generation based on a ferro-

1 15 Time [us] 2 25 electric electron source. The maximal PRF exceeds 3 MHz in
# a ~50% duty cycle. The maximal microwave power ob-
FIG. 4. 3.1 MHz PRF gyrotron operation{a) 150 ns 50% duty-cycle tained exceeds 1.5 kW, and the electronic efficiency obtained
current pulses measured at the collectby. Generated microwave output s gver 12%. The spectral bandwidtk-5 MHz) is reason-
pulses. able. These results encourage the implementation of the
ferroelectric cathode in practical high-power microwave
duration obtained was-2 us[Fig. 5]. The maximal PRF in tubes, utilizing the benefits of the ferroelectric cathode, such
this mode is reduced te-20 kHz. as high current, room-temperature operation, modest vacuum
In this work, a high-PRF CRM based on a ferroelectricconditions, simple handling, and low cost. This study leads
electron gun is demonstrated. The unique design of thiso further research and development of ferroelectric cathodes
ferroelectric electron gun separates the electron acceleratidor various microwave sources, and to the development of
stage from the plasma region. The electron beam delivered tmicrowave-tube schemes according to the unique character-
the microwave cavity is acceptably uniform, retaining a suf-istics of this cathode.
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