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Abstract

In the past decade a number of research groups have stud-
ied electron emission from ferroelectric ceramics. These mate-
rials have saturation polarizationPs, of up to 100�C=cm2. The
emission occurs when the polarization state of the ferroelectric is
changed rapidly by an applied electric field, and a fraction of the
surface screening charge is released. We report experimental re-
sults obtained using Lead-Zirconate-Titanate (PZT) ceramic as
the electron source in a planar diode geometry. Experimental
measurements of time-dependent variations in the emission are
presented and results from a theoretical model are compared to
these measurements. We also present new data on the scaling of
the emission current density for anode voltages of up to 50kV .
The new data will be used in the design of an electron gun using
a ferroelectric cathode.

I. INTRODUCTION
In the recent years a substantial effort [1]-[6] has been dedi-

cated to the generation of dense electron beams from ferroelec-
tric ceramic cathodes. Current densities of at least 70A=cm2 can
be achieved for average diode electric fields as low as 60kV=m.
In addition, measurements show good beam quality and stable
operation at high repetition rate. Electron emission from fer-
roelectric ceramics is based on the release of screening charge
from the surface of the ceramic when its internal polarization
field is switched. In previously published work the ferroelec-
tric was switched at the same time as the voltage was applied to
the anode. However, one can anticipate that the potential well in
the diode gap is not dependent only on the switching voltage but
also on the dynamic characteristics of the ceramic. In the follow-
ing sections we examine the effects of delaying the anode volt-
age pulse relative to that applied to the ferroelectric. We also re-
port scaling of the gap current with the anode voltage at voltages
(� 50kV ), up to 100 times that used in our previous experiments
(� 400V ).

II. EXPERIMENTAL DATA
The experimental setup [5] is shown schematically in fig. 1.

A 1mm thick, 2:5cm diameter ferroelectric disk is coated with a
thin uniform silver layer on the back and a gridded silver layer on
its front surface; in both cases the thickness is� 1�m. The silver
strips are 200�m wide and are separated by a similar distance.

The gridded electrode is grounded and its effective emission
area is approximately A � 0:8cm2. For these experiments we
used Lead-Zirconate-Titanate as the ferroelectric sample. This
sample is mounted as a load on a 10
 transmission line which
generates a 150ns, 1� 3kV pulse. A positive or negative pulse
is applied to the back electrode of the ferroelectric and the grid
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Figure 1. Ferroelectric experimental setup.

is grounded. A planar carbon anode is located at a distance of
g � 3 � 5cm from the grid. In the time variation experiments
the anode is pulsed to � 14kV , by a charged transmission line
with a characteristic impedance of ZTL = 20
. The applied
pulse length is about 300ns. The delay between the switching of
the ferroelectric and the application of the anode pulse is varied
between 0 � � � 2:5�s.

Figure 2 illustrates the anode voltage and current for two dif-
ferent delays: 165ns and 1:2�s. The average currents range
from somewhat less than 12A in the first case to 50A for the
larger delay. The latter represents an increase by a factor of more
than 4 over that obtained with165ns delay. For longer delays the
current decreases.

Figure 3 shows the anode current for various delays at an an-
ode voltage of� 14kV . The behavior is similar if either positive
or negative voltage is applied to the back of the ferroelectric. Re-
sults displaying a similar time dependence have been obtained at
an anode voltage of � 35kV .

We have also extended our previous scaling results for the gap
current as a function of the anode voltage. The Blumlein pulser
mentioned above is used to feed the primary of a 4:1 step up
transformer and the secondary output is applied to the diode. The
source impedance is now� 320
. Figure 4 shows the results of
this investigation. The V-I characteristics are still approximately
linear although there is now evidence of current saturation in at
least the 3cm gap data. The resistances of the gap for the 3cm
and 5cm spacings are about 300
 and 1000
 respectively. The
data reported were obtained with� 150nsdelay between the fer-
roelectric pulse and the anode voltage. The current waveforms
are quite flat and repeatable especially, as expected, when the gap
resistance is comparable to the source impedance.



Figure 2. Anode voltage and gap currents for two delays [Upper:
165ns, Lower: 1:2�s].

III. DISCUSSION OF RESULTS
The current measured in various experiments exceeds [5] the

space-charge (Child-Langmuir) limit for electrons with zero (or
low) energy electrons emitted from the cathode. Measurements
show that the emission energy of the electrons is less than 60eV
in our experiments. Since the space charge limit is based on en-
ergy conservation in the system, the excess of current requires
an external energy source other than that applied to the anode.
This is provided by a fraction of the energy initially stored in the
ferroelectric [6]. On pulsing the ferroelectric some electrons are
forced into the diode gap. For zero voltage applied to the gap and
assuming zero diode current we obtain a deep potential well in
the diode and the electrons oscillate in the well. The well depth
may be estimated and is found to be much larger than the the
maximum energy measured for the electrons emitted from the
cathode. In other words, the electron kinetic energy on emission
(� 60eV ) cannot account for the excess current. Assuming that
the applied anode voltage VAN is small enough such that it has
a negligible effect on the initial charge distribution, the gap be-
comes resistive and has a resistance of
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where 0 = 1+ (eQgapg)=(36�omc2) is the average energy of
the electrons in the potential well and �0 ' 377
 is the vacuum
characteristic impedance. The linear I � V characteristic pre-
dicted for the diode is consistent with the experimental results
reported previously [5]. For example, given a 4mm gap and
2:5cm cathode diameter with 1�C of charge released into the
gap,the diode resistance is 10
. For the present data, where the
applied voltages are about 100 times greater than those used in
the earlier work, the above relationship continues to give agree-
ment with the measured gap resistance to within thirty-five per-

Figure 3. Gap current as a function of delay at 14kV , 5cm.

Figure 4. Current as function of anode voltage for 3 and 5cm

gaps.

cent. It should be noted that the applied voltages are now suf-
ficiently large that one would expect them to modify the charge
distribution significantly. However it appears that the model’s
assumption of a charge distribution with zero applied voltage is
still relevant.

The dynamics of the polarization field are described by a
Weiss model (as in ferromagnetics) and hence the surface charge
Q(t) may be represented by
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where VFE is the voltage on the ferroelectric, V1 = kBTd=p,
C = �o�rA=d and Q0 = P1A. The dipole moment of an indi-
vidual dipole in the material is denoted by p, kB is Boltzmann



Figure 5. Current and voltage pulses applied to switch the fer-
roelectric

constant, �r and P1 are characteristic of the material. The equi-
librium surface charge, is denoted byQ(eq) and it is a solution of

Q(eq) = Q0tanh

�
Q(eq)

CV1

�
: (3)

The free charge due to the applied voltage is denoted by Qapp

and is given by C0VFE where C0 = �oA=d. The total change
in the charge, �Q, of the capacitor is �Q � Q+ Qapp � Q(eq);
a fraction of this charge is released into the gap. This fraction is
assumed to be unity in the data displayed in fig. 3.

These equations were used to simulate the performance of the
ferroelectric with the delayed anode pulse and the result is over-
layed in fig. 3. The model is in good accordance with the exper-
imental data. The timing of the peak and“cut-off” current were
predicted theoretically and confirmed experimentally. The same
simulations indicate that the delay difference between the peak
current and cut-off depends primarily on the properties of the ce-
ramic. No clear dependence on other time-parameters was ob-
served.

The peak emission occurs exactly at the point where the volt-
age on the ferroelectric drops to zero. This can be understood
in terms of total number of charges released into the gap since
this process continues as long as the applied voltage is non-zero.
Once the voltage drops to zero, electrons from the gap return to
the ferroelectric. Consequently, less electrons are present in the
diode gap and its resistance increases causing a decrease in the
anode current. Figure 5 shows the ferroelectric switching volt-
age. Note that it drops to zero after� 900ns which corresponds
with the occurrence of the peaks in the theoretical and experi-
mental data of fig. 3.

In conclusion, it was shown that the anode current increases
when extending the delay time between the ferroelectric and the
anode pulses. This increase continues for the entire duration of
the ferroelectric voltage pulse. Once this voltage drops to zero,
electrons from the gap return to the ferroelectric and the current
decreases. In addition, it was shown that the emission is not de-
pendent on the applied voltage and the same scaling laws which
were developed for the low voltage (VAN < 600V ) hold for the

higher voltage regime (� 50kV ) as indicated throughout this set
of experiments.
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