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Development of a ferroelectric cathode diode

LI Ruo-Yun(oe�) ZHENG Shu-Xin(xÜl)1) TANG Chuan-Xiang(/D�)

Department of Engineering Physics, Tsinghua University, Beijing 100084, China

Abstract As a promising kind of high current cold cathode, the Ferroelectric Cathode (FEC) has several

significant advantages, such as a controllable trigger time, lower vacuum requirement and large emitting area

fabricability. The emitting current density of the FEC fabricated at Tsinghua University was more than

200 A/cm2. In order to make the ferroelectric cathode into practical applications, a high current density diode

using a ferroelectric cathode was designed, based on the PIC simulation. The performance of the FEC diode

was investigated experimentally. When the applied diode voltage was 60 kV, a current density of more than

250 A/cm2 was obtained, and the current density distribution was also measured.
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1 Introduction

The use of ferroelectric materials as electron emit-

ters was proposed by Miller and Savage in 1960 [1].

Electron emission from ferroelectrics during the py-

roelectric effect was observed by Rosenblum et al. in

1974 [2]. Rosenman and Pechorskii observed emission

from ferroelectrics during the piezoelectricity effect in

LiNbO3 in 1980 [3].The current density measured in

these two cases did not exceed 10−9–10−14 A/cm2.

Studies of the ferroelectric emission during sponta-

neous polarization reversal in ferroelectric Pb5Ge3O11

allowed the observation of the current several or-

ders of magnitude higher, reaching 10−7 A/cm2 [4].

These studies are related to the “weak ferroelectric

emission”.

In 1989, “strong ferroelectric emission” with a cur-

rent density reaching 100 A/cm2 was obtained by

Gundel and Reige through the use of ferroelectric

PLZT ceramics [5]. Then, studies of this new gen-

eration of electron cathodes were carried out all over

the world. Because of their advantages, ferroelectric

cathode were used in many kinds of electron guns.

The high-current gun with a ferroelectric cathode fab-

ricated at Cornell reached a current of 200 A at a

diode voltage of 500 kV [6]. The high-current large-

area gun using seven ferroelectric cathodes developed

by J. Z. Gleizer et al. generated a uniform electron

beam with a cross-sectional area of about 170 cm2

[7]. The applications of ferroelectric cathodes for mi-

crowave generation were carried out at Cornell in the

US and Tel Aviv in Israel [8, 9].

In China, the studies of ferroelectric cathodes are

mainly carried out at Tsinghua University, Northwest

Institute of Nuclear Technology, the China Academy

of Engineering Physics, University of Electronic Sci-

ence and Technology of China, Xi’an Jiaotong Uni-

versity, Shanghai Institute of Ceramics of Chinese

Academy of Sciences and so on. In 2007, a ferroelec-

tric gun was fabricated at Tsinghua University. How-

ever, the current density was relatively low [10]. In

this paper, a recently designed and fabricated ferro-

electric cathode diode is reported. In the experiments

of this diode, a current density over 250 A/cm2 is ob-

tained, and the density distribution of the electron

beam is measured.

2 Design of the ferroelectric cathode

diode

Considering our existing facilities, the most suit-

able parameters for the diode are selected by simu-

lations using the Particle In Cell (PIC) code. The

diode structure used in the simulations and the re-

sults are shown in Fig. 1. The emitting surface has a

diameter of 11 mm. In order to avoid field emission,
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the distance between the anode and the cathode is

chosen to be 6 mm. The diameter of the anode hole

is 15 mm, and a collector is set 1.5 mm away from the

anode hole. In the simulations, the diode voltage is

set to be 80 kV, which is the maximum of our power

supply.

Fig. 1. The diode structure used in the simulations and the results (left: the simulation result without a

focusing magnetic field, right: the simulation result with a focusing magnetic field of 0.35 T).

The dashed lines in Fig. 1 represent the electron

beam emitted by the ferroelectric cathode. By com-

paring the two figures in Fig. 1, the necessity of a

focusing magnetic field is revealed. It is obvious that

part of the electron beam would be captured by the

anode without the focusing magnetic field. However,

if a focusing magnetic field of 0.35 T were applied in

the simulating area, the whole electron beam would

be captured by the collector without hitting the an-

ode. A current density of about 100 A/cm2 was ob-

tained in the simulation.

Based on the data obtained in the simulations, a

ferroelectric cathode diode was fabricated and a fo-

cusing magnetic field was applied to make sure that

the whole electron beam could go through the an-

ode hole. The ferroelectric cathode was based on a

Ba0.65Sr0.35TiO3 ceramic of 2.3 mm in thickness. The

emitting surface was 11 mm in diameter. The front

electrode was in the form of copper strips that were

glued to the front surface. We used strips of 0.7 mm

in width and 0.4 mm in spacing. The rear copper disk

electrode was glued to the back surface. The thick-

ness of both the front electrode and the rear electrode

was 0.08 mm.

3 Experimental setup

The experimental setup mainly consisted of five

systems: the high voltage pulse generating system,

the driving pulse generating system, the ferroelectric

diode system, the diagnostic system and the vacuum

system.

3.1 High voltage pulse generating system

The high voltage pulse generating system is shown

schematically in Fig. 2. A Marx-Blumlein high volt-

age pulse generator was used to produce a 60 kV,

80 ns output voltage pulse to the diode in our ex-

periment. This system was controlled by a timer

to make sure that the high voltage pulse was gen-

erated when the focusing magnetic field was at its

maximum (which will be discussed later). The out-

put impedance of the high voltage pulse generator

was 12.5 Ω, but the impedance of the transmission

line was 62.5 Ω. As a result, a 15.6 Ω water resistor

was connected in parallel with the transmission line

to match the 12.5 Ω impedance of the high voltage

pulse generator. Since the impedance of the ferro-

electric diode was much

Fig. 2. The high voltage pulse generating system.
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higher than the impedance of the transmission line, a

62.5 Ω water resistor was connected in parallel with

the diode to match the impedance of the 62.5 Ω trans-

mission line.

3.2 Driving pulse generating system

As shown in Fig. 3, the driving pulse generating

system consists of four pulse generators and a 1:1

transformer. Each pulse generator produces a 0–1 kV,

200 ns output voltage pulse. The output voltage on

the secondary winding is the sum of all the voltages

appearing on the primary windings. As a result, the

output pulse voltage is adjustable in a range from 0

to 4 kV. The transformer also keeps the pulse genera-

tors insulated from the 60 kV, 80 ns pulse. Under the

control of the four timers, the four pulse generators

work synchronously. The rise time of the output pulse

can be limited to less than 40 ns, and the duration of

the output pulse is set to 200 ns. The output pulse

is applied to the ferroelectric cathode as a driving

pulse. The potential of the front electrode is higher

than that of the rear electrode.

Fig. 3. The driving pulse generating system.

3.3 Ferroelectric diode system

As shown in Fig. 4, the ferroelectric diode system

consists of the ferroelectric diode and the focusing

magnetic field system. The structure of the ferro-

electric diode is based on the simulation results dis-

cussed in the previous section. The emitting surface

is 11 mm in diameter, and the distance between the

cathode and the anode is 6 mm. The anode hole is

15 mm in diameter, and a collector is set 1.5 mm away

from the anode hole.

A focusing solenoid is used to supply the focus-

ing magnetic field. To achieve the required magnetic

field of 0.35 T, the current in the coil should be more

than 100 A. In order to reduce the heat generated

by the solenoid, three capacitors are used to produce

the current pulse in the solenoid. The current in the

coil changes with time because of the C-L oscillation.

A timer is used to make sure that the high voltage

pulse applied to the cathode is triggered 70 ms after

the capacitors begin to charge the focusing solenoid,

when the current in the focusing solenoid is at its peak

value. As a result, the electron beam is focused by

the strongest magnetic field, which is approximately

0.35 T.

Fig. 4. Structure of the ferroelectric diode system.

3.4 Diagnostic system

Since the electron beam was well focused by the

magnetic field, it would go through the anode hole

and be captured by the collector. Two different kinds

of collectors were used in two different experiments.

To measure the current density, we used a piece of

copper plate as the collector, which was insulated

from the anode and connected to the ground by a

wire. The current in the wire was equal to the current

emitted by the ferroelectric cathode; thus a PEAR-

SON CURRENT MONITOR (MODEL 6595) was

used to measure the current in the wire. To measure

the density distribution of the current, a YAG screen

was used as the collector. When the YAG screen is

hit by the electron beam, light was generated and

the density distribution of the light would represent

the density distribution of the current. As shown in

Fig. 4, a camera was set to take the photograph of

the light density distribution on the YAG screen and

further analysis would show the density distribution

of the current.

3.5 Vacuum system

The experiment was performed in a vacuum of

10−4 Pa, which was maintained by a two-stage pump-

ing system. The first stage is the mechanical pump

and the second stage is the turbo-molecular pump.
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4 Experimental results

4.1 Current density measurement

The plasma generated by the driving pulse, which

was applied to the front and rear electrodes of the

ferroelectric ceramic, played a significant role in the

“strong ferroelectric emission”[11]. The mechanism

of electron emission from Ba
x
Sr(1−x)TiO3 ceramics

has been ascertained for surface plasma emission by

Shu-tao Chen [12]. The microgaps between the front

electrode and the ferroelectric ceramic surface sig-

nificantly enhance the electric field by E ≈ εU0/δ.

This makes the electric field as high as 106–107 V/cm,

which causes field emission [13]. The tangential com-

ponent of the electric field causes electron avalanch-

ing along the surface of the ceramic, and the surface

plasma is formed [14]. The plasma expands not only

along the surface of the cathode but also inside the

gap between the anode and the cathode [11]. This en-

larges the emission area and reduces the distance be-

tween the anode and the cathode. If the diode voltage

is applied at the proper time, when the plasma has

well covered the surface of the cathode and shortened

the distance between the anode and the cathode, a

current much greater than the “space-charge-limited

current” is gained. In our experiment, the 1.2 kV,

200 ns driving pulse was applied to the electrodes

on the surface of the ferroelectric cathode. After a

certain delay time, which gives the plasma sufficient

time to cover the surface of the cathode and shorten

the distance between the anode and the cathode, the

high voltage pulse was applied to the diode. The cur-

rent waveform shown in Fig. 5 was obtained when

the delay was 1 µs. The peak value of the current

was 256 A and the emission area of the cathode was

0.95 cm2. The current density was 269 A/cm2. The

current density obtained in the experiment was much

larger than that obtained in the simulation, because

the distance between the anode and the cathode was

reduced by the plasma.

Fig. 5. Waveform of the diode voltage and the

current when the delay time was 1 µs.

4.2 Observation of the current density distri-

bution

In this experiment, a YAG screen and a camera

were used to observe the distribution of the current

density. The light density distribution on the YAG

screen would well represent the density distribution

Fig. 6. Photographs of the light on the YAG screen and the current density distribution with different delay times.
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of the current. The camera was used to record the

light emitted by the YAG screen. As shown in Fig. 6,

the current density distribution with different delay

times between the driving pulse and the high voltage

pulse applied to the diode was recorded. By further

analysis with the maths program, the density distri-

bution varying with the delay time could be demon-

strated more clearly. Further study is needed to ex-

plain the relation between the current density dis-

tribution and the delay time, which would benefit

the study of the emission process of the ferroelectric

cathode.

5 Conclusion

By controlling the time delay between the driving

pulse and the high voltage pulse applied to the diode,

we have obtained a current density of 269 A/cm2,

which is much larger than the “space-charge-limited

current”. The current density distribution is observed

under different delay times. These two experiments

are just the beginning. Further study of the relation

between the delay time and the current density and

its distribution should be carried out.
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