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It has been shown experimentally that electron current densities of more than 30 A/cm’ can be 
achieved from a cathode made of ferroelectric ceramic, when applying a field of order 0.1 
MV/m. This current exceeds the Child-Langmuir current by two orders of magnitude. The 
current in the diode varies linearly with the applied voltage, provided that the latter is positive. 
In this theoretical study we show that the ferroelectric material plays a crucial role in the 
emission process. When a voltage is applied to the ferroelectric, the internal polarization field 
varies and the amount of screening charge required decreases. As a result, the electrons 
distribution near the cathode changes, forming a cloud which fills part of the diode gap. If now 
a positive voltage is applied to the anode, electrons are readily transferred through the diode gap. 
The qualitative and quantitative results of the theory are in good accordance with the 
experiment. 

I. INTRODUCTION 

In the recent years a renewed interest in ferroelectric 
ceramics for generation of electron beams has been initi- 
ated by Riege and his collaborators at CERN.‘” High 
intensity electron beams, 100 A/cm’, were produced for a 
pulse duration of 10-100 ,us containing between 1 nC to 
several PC of charge. At the Lebedev Institute, Airapetov 
et aL4 measured current densities of 400 A/cm’ in a diode 
of 0.3-1.0 mm gap, with an extraction (gap) voltage of 1.6 
kV at high repetition rate and with a total (train) pulse 
duration of 160 ns. We have examined the operation of a 
similar device’-9 but with a diode gap of 2-10 mm width, 
extraction voltage lower than 250 V (200-600 ns), and a 
100~ns-long switching voltage. The maximum current den- 
sity measured was 70 A/cm’, which is almost two orders of 
magnitude above the Child-Langmuir limit. 

The basic mechanism is what we call externally con- 
trolled field emission, namely, the electrons extraction is 
due to an electric field which is generated behind the cath- 
ode and, at least in the regime our system was operated, it 
is almost unaffected by the anode voltage. General speak- 
ing the device consists of a ferroelectric slab which has a 
very nonlinear response to an applied voltage and if we 
were to determine a characteristic dielectric coefficient this 
would have been larger than several thousands. The slab 
has a uniform electrode on its back side and a gridded and 
grounded electrode on the front which faces the diode. 
This is the cathode. A uniform piece of carbon consists the 
anode. A voltage can be applied to the back electrode of 
the ferroelectric. If no such voltage is applied, the system 
behaves like a regular diode and practically for the anode 
voltage we are interested on, the current is zero. When the 
ferroelectric is pulsed, a substantial amount of current is 
measured. 

A closer look to the system when a positive potential is 
applied to the back surface of the ferroelectric indicates its 
polarization state changes and the amount of charge re- 
quired to screen the internal field varies according to the 
material characteristics. It cannot return the external 

charge to the source but it can expel them into the gap. For 
this purpose the ferroelectric has to extract them from the 
metallic grid. At this point the geometry of the grid comes 
into play. The local electric field near each one of the 
grounded strips is sufficient to extract the electrons from 
the metal. The amount of charge repelled is determined by 
the electrical characteristics of the ferroelectric, the voltage 
applied on the back electrode, and the electrostatic coupling 
of the ferroelectric to the gap via the grid. In our experi- 
ment the anode voltage plays practically no role in this 
process. The electron cloud in the gap forms a “distributed 
cathode” which allows electrons to flow to the anode, if a 
voltage is applied on the latter. 

The fact that the emission process is controlled by an 
external electric field which is not the one which acceler- 
ates the electrons in the diode, has the potential of produo 
ing high quality beams. For two other processes in which 
the emission is controlled externally the beam quality is 
limited by an increase in the temperature associated with 
the emission process. In the case of thermionic emission 
the cathode is heated such that the electrons in the metal 
acquire enough kinetic energy to locally overcome the 
work function and they form a cloud above the surface. 
Thus to heat the cathode is essential for emission. For 
photoemission the cathode is illuminated by a laser beam 
whose photons supply the energy required by the electrons 
to overcome the work function. However, today’s materi- 
als have low quantum efficiency. 

In the present study we shall first review the experi- 
mental results (Sec. II) and then we shall give a detailed 
theoretical interpretation of the various processes which 
occur when pulsing a ferroelectric ceramic, Sec. III. 

II. REVIEW OF EXPERIMENTAL RESULTS 

A. Experimental setup 

The experimental setup is shown schematically in Fig. 
1. A l-mm-thick, 2.5-cm-diam ferroelectric disk is coated 
with a thin uniform silver layer on the back and a gridded 
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FIG. 1. The schematic experimental setup. 

silver layer on its front surface; in both cases the thickness 
is 1 pm. The silver strips are 200 pm wide and are sepa- 
rated by a similar distance. A metallic hat holds the ce- 
ramic tight and also provides the electric connection to the 
ground; the diameter of the hat is about 1 cm. The effective 
surface of emission is approximately A ~0.8 cm2. For these 
experiments we used lead zirconate titunate as the ferro- 
electric sample. This sample is mounted as a load on a 10 
fi transmission line which generates a 150 ns, l-3 kV 
pulse. A positive pulse is applied to the back electrode of 
the ferroelectric and the grid is grounded. The highly ca- 
pacitive ferroelectric load is shunted by a 22 R resistor to 
improve the pulse shape. A planar carbon anode is located 
at a distance of g=: l-10 m m  from the grid. The anode is 
maintained at a positive potential, VTL, by a charged 
transmission line whose characteristic impedance can be 
varied between R,,= 12.5 R and 50 a. The length of the 
anode voltage pulse is determined by the length of this line, 
which like the impedance, can be varied. A base pressure of 
10e5 Torr is maintained in the diode. 

Three quantities are directly measured: ( 1) the current 
charging the ferroelectric capacitor (IFE), (2) the voltage 
across the ferroelectric ( V,), and (3) the discharging 
current of the transmission line (the anode current IAN). 
The upper frame in Fig. 2 illustrates typical anode current 
results for three shots corresponding to three different volt- 
ages ( V,Z 100, 300, and 500 V) applied to a 25 Cn cable 
when the gap was 4 m m  wide. From a large number of 
such shots we have determined the I-V of the diode. Figure 
3 illustrates the diode characteristic curve as measured for 
several cables impedances and lengths. The current into 
the ferroelectric can be integrated to give the charge; the 
hysteresis curve describing the ferroelectric capacitor char- 
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FIG. 2. One set of three shots corresponding to V&,= 100, 300, and 500 
V  and a 4-mm-wide gap; Zr,=25 Cl and the transmission line pulse is 400 
ns long. In the upper frame the anode currents are illustrated. In the 
lower frame the charging currents (1,) and the voltage on the ferroelec 
tric (V,) are presented. All three shot are indistinguishable in this case. 
Notice that the voltage pulse on the ferroelectric is only about 150 ns 
long. 

acteristics during the (current) pulse shown in Fig. 2 is 
illustrated in Fig. 4. For comparison in Fig. 5 we present 
the schematics of the hysteresis curve measured at 60 Hz 
and the electronic circuit used. 

B. Main results 

Next the experimental data accumulated are summa- 
rized. Most of the subjects are further considered in the 
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FIG. 3. The I-V characteristic of a diode with a 4-mm-wide gap. Similar 
results were measured for 2, 6, 8, and 10 m m  gaps. 
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FIG. 4. The Q-V characteristic of the ferroelectric in the course of one 
shot. 

theoretical section and we emphasize those which we con- 
sider to be of greater importance [(b) and (g)]. 

(a) In our regime of operation, the voltage on the 
ferroelectric is not affected by the current in the gap, see 
Fig. 2. 

(b) The anode current continues even after the signal 
from the generator pulsing the ferroelectric is effectively 
off; its length is determined by the length of the cable as 
could be observed in Fig. 2. We shall explain this result in 
the next section. 

(c) The shape of the anode current for low values 
(IA < 15 A) is regular and, as illustrated in Fig. 2 (upper 
frame), it is relatively uniform; at higher levels the shape is 
rather triangular. 

(d) At this stage of the experiments it appears that 
there is no significant difference in the operation of the 
device when the ferroelectric is pulsed with a positive or 
negative voltage. 

(e) The Q--V curve of the ferroelectric capacitor for 
slorv variations in the voltage and charge reveals a hyster- 
esis characteristic. This curve may be approximately de- 
scribed by 

FERROELECTPIC SAMPLE 

X-Y PLATES 
OF OSCILLOSCOPE 

FIG. 5. The schematics of the hysteresis curve at 60 Hz and the circuit 
used for this measurement. 

D=e,,(E+Ee tanh[ (e-l) g+tanh-I(&)]]. (1) 

Based on the hysteresis state of experimental data we de- 
termined the parameters of this curve to be E,=: 1.7 x 10” 
V/m, EZ 3000, and Pc~0.1 C/m’, where P= -I PO. 

(f) Throughout our experiments 1,s is larger by at 
least one order of magnitude ( CT 100 A) than the anode 
current (1,&l-25 A). 

(g) The 1-V curve of the gap appears to be linear (see 
Fig. 3) and for a given voltage, the current exceeds by two 
orders of magnitude the Child-Langmuir limit. If the di- 
ode gap is relatively narrow ( < 10 mm), we found that the 
slope of this curve is strongly influenced by the voltage 
applied to the ferroelectric. One of the main goals in the 
next section is to determine the mechanism and find an 
adequate model to describe these effects. 

(h) For narrow diode gap ( < 2 mm) current was mea- 
sured on the anode even for zero applied transmission line 
voltage. This current seems to be strongly dependent on 
the current charging the ferroelectric capacitor. 

III. THEORY 

For a complete description of the various processes in 
a diode with ferroelectric cathode, it is necessary to have 
an understanding of what happens: ( 1) in the ferroelectric, 
(2) at the grid surface, and (3) in the gap. In this section 
we suggest, for each one of these regions, a relatively sim- 
ple model which, when are all combined together, reveal a 
reasonable agreement with the experiment. 

A. Overview 

The ferroelectric material plays the key role in this 
device. If a voltage is applied on the gap, without pulsing 
the ferroelectric, the current measured (noise) is of order 
of tenth of amperes, whereas when the latter is pulsed 
currents of 15 A and more are monitored. Therefore it is 
crucial to understand the role of the ferroelectric. In order 
to avoid any misunderstanding we wish to point out that 
there is also overwhelming evidence that the currents men- 
tioned above are not a result of a breakdown or ions effect 
since when large negative voltage is applied on the gap the 
current is practically zero. 

When a positive voltage is applied on the back of the 
ferroelectric, electrons are brought to the metallic strips 
which consist the grid. The ferroelectric tends to maintain 
its initial state both at the global level (whole sample) and 
local level, i.e., near each metallic strip. Globally it cannot 
return the electrons to the source but locally, it can extract 
part of the new electrons from the strips and “place” them 
in the gap between the grid strips. In this way, the local 
change in the local density is minimized. The positive 
charge in the back of the ferroelectric attracts the electrons 
which are between the strips whereas the electrons which 
remained on the strips, repel them. The net result is that 
the “free” electrons are repelled into the gap where they 
form a cloud which is in equilibrium with the negative 
charge on the grid and the positive charge on the back 
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electrode. The actual extraction of the electrons from the 
surface is made possible by (i) the geometry of the grid, 
(ii) the electric field applied on the ferroelectric, and (iii) 
the internal electric (polarization) field of the material. 
The latter was shown in the previous section to exceed by 
many orders of magnitude the electric field necessary to 
extract electrons from a metal. In the gap those electrons 
are in a dynamic equilibrium, in the sense that they oscil- 
late in a potential well induced by their own presence, the 
ferroelectric, and the grid, in other words, this well is a 
result of electrostatic coupling of these components. The 
net current associated with this motion is zero. As the 
voltage is applied on the anode, the motion is altered and a 
significant current is measured. 

In the remainder of this section we shall consider the 
processes in the ferroelectric, the grid, and the gap sepa- 
rately. Each process is described by a relatively simple 
model. At the end we shall combine all the models together 
to simulate the operation of the device. In the next subsec- 
tion we examine the behavior of the ferroelectric. In Sec. 
III C we analyze the electrical characteristics of the grid. 
This is followed by an analysis of the current flow in the 
gap when the electrons are inside. Finally in Sec. III E we 
determine the equations which describe the dynamics of 
the entire system; the equations are solved numerically. 

6. The ferroelectric ceramic 

We emphasized in the previous subsection that the im- 
portant characteristics of the device are controlled by the 
ferroelectric material. In this subsection we shall examine” 
the electrical properties of such a ceramic. 
1. Bulk dynamics 

Consider a material whose molecular or atomic struc- 
ture is characterized by the microscopic dipole moment, 
which in a 1D model, is denoted byp. The effective electric 
field Eef, which affects each individual dipole, has two 
components: one is due to the external electric field E and 
the second represents the electric field generated in the 
material by all the other dipoles, hence 

Eer=E+P$. 

This field is called the polarization field P; e1 = eOe, where 
E,,= 8.85 x lo-r2 F/m, and E, is a characteristic of the ma- 
terial. We denote by N, and N- the number of dipoles per 
unit volume with positive or negative polarity, respectively. 
Using this notation, the polarization field P is defined as 

P=p(N+-N-). (3) 
We shall next assume, for the moment, that variation in the 
polarization field is due to change in the number of dipoles 
per unit volume rather than variation of an individual di- 
pole, thus 

!$p(!Y!!$-~). (4) 

The transition rate of a dipole from positive to negative 
polarity is denoted by T, _ . In a similar way T- + repre- 

sents the transition probability the other way around; pos- 
itive and negative refer here to the alignment of the dipole 
relative to the effective electric field present in its vicinity. 
Within the framework of a linearized transition theory we 
can determine the following dynamics for the dipoles: 

dN+ ----=T-+N--T+-N+, 
dt 

dN- 
-=T,-N+-TT_+N-. dt 

The transition rate is determined by the deviation from 
equilibrium generated by the effective electric field which 
acts on the individual dipole, i.e., 

T+-=Q@Eef/kBT, 

T _ f = &-P=edb=, (6) 

where kg is Boltzmann’s constant, T is the equilibrium 
temperature, and a is a characteristic of the material. The 
total number of dipoles per unit volume, N, is assumed to 
be known 

N++N-=N. (7) 

Thus we substitute Eqs. (3), (5)-(7) in Eq. (4) and find 
that 

dP 
z+2flP cosh(P(E;y’)) 

=2pN0 sinh(p(E;y)). (8) 

This is the equation which determines the dynamics of the 
polarization field in the material. It is convenient to define 
pL=pN, r=1/2f-l, 0=t/T, El=k,T/p, $=PI/qE1, 
V-E/El, and &P/P, ; using this notation we can write 
Eq. (8) as 

dp _ 
Z+Pcosh( v+@) =sinh( v+@). 

2. Finite size affects 

One of the immediate features of the expression in Eq. 
(9) is the spontaneous polarization which may occur be- 
low a given (Curie) temperature. In equilibrium, dF/ 
df3=0, and when no external field is applied ( 8=0), Eq. 
(9) reads 

F=tanh(@). (10) 

In Fig. 6 we illustrate the numerical solution of this equa- 
tion. We observe that a solution is possible only if $> 1 
($= 1 determines the Curie temperature). Although only 
the positive solution is presented in the figure, from the 
symmetry of Eq. (10) we conclude that the negative solu- 
tion behaves similarly. 

Let us now consider a thin slab of ferroelectric (radius 
R and thickness d). As a starting point let us assume that 
the material was prepared in ideal vacuum such that the 
ferroelectric is the only material in the experiment and no 
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FIG. 6. Spontaneous normalized polarization field P as a function of the 
parameter $. For Jt< 1 the spontaneous polarization is zero. 

FIG. 7. The variation of the normalized polarization field as a function of 
the voltage for various values of the parameter $I. If the initial polarization 
is zero and a positive voltage is applied, the change in the polarization 
field is much smaller than if the ceramic is initially nonpolarized. 

other atoms (ions or electrons) are available. In these cir- 
cumstances we ask what is the electric field which would be 
measured out of the material? For the simplicity we shall 
assume that the polarization field is uniform and it is di- 
rected in the z direction (which also coincide with the disk 
axis). To answer this question we must solve the Poisson 
equation: 

B(r,d=-& ,,,vT&. (11) 
0 

Here we used the usual definition of D=e,E+P. Since the 
polarization field is assumed to be uniform then V’P=O 
except at z= -d and z=O. This implies that in these con- 
ditions, the polarization field acts as if two disks of free 
charge were present at these two planes; the effective 
charge distribution reads 

per=P[ --6(z+d) +6(z) 1. (12) 
Out of the material D and E are parallel since D=@. The 
boundary conditions at r= R imply that the electric field in 
the material is negative, though the electric induction D is 
still positive. For simplicity let us further assume that the 
electric field is uniform in the slab (practically this is 
equivalent to considering its average value). 

In this simple minded model the polarization field is 
the only source of the electrostatic energy, therefore by 
virtue of the linearity of the Poisson equation we may con- 
clude that E= -xP, where ,y is a positive constant which 
depends entirely on the geometry of the slab. Using the 
notation prior to Eq. (9), the equilibrium polarization 
state is a solution of 

F==tanh( r+@) =tanh( -fF+@). (13) 
We conclude therefore that the finite size of the sample 
tends to reduce the polarization of the material. 

In spite the fmite geometry effect, a significant electric 
field is still available (recall that in the previous section 
Eos 10 GV/m). Therefore if we now release the constraint 
of ideal vacuum, we find that the field generated by the 
ceramic strongly attracts any charge from the surround- 
ings. In practice, the effective free charge distribution 
which represents the ferroelectric in ideal vacuum is com- 

pletely canceled in a practical vacuum system. In other 
words (again assuming positive P), a layer of holes from 
the surroundings will cancel the effective electron layer at 
z= -d [see Eq. (12)] and a layer of electrons will screen 
the positive charge at z=O. Since the effective free charge is 
now zero, the electric field out of the material is zero. As in 
the previous case, we examine the boundary conditions at 
L=R and conclude that the electric field in the ceramic 
must be zero (Einpmal= 0). Now it is possible to examine 
the same problem reversing the arguments, namely, we 
know experimentally that no voltage is measured on the 
ferroelectric, therefore the internal electric field must be 
identically zero. If this is the case, then D-P, and on the 
front surface we may expect a free charge 

Qfront= - DA= -PA, 

whereas on the back counterpart 

(14) 

Qback= DA=PA, (15) 
where A=rR2 is the surface of the electrode. It is inter- 
esting to note that the total electrostatic energy stored in 
the system is zero whereas in the former case (ideal vac- 
uum) the energy was nonzero, therefore we may expect 
that any system which consists of ferroelectric ceramic 
tends to reach this minimum energy state. 

3. Dynamic processes 

In the present experiment, the voltage applied on the 
ferroelectric capacitor is varying in time. Let us now con- 
sider the polarization of the ferroelectric for two different 
pulses. First, we shall examine the case when pi 38eme+ ‘. 
The normalized polarization field as calculated from Eq. 
(9) is illustrated in Fig. 7 for various values of $. The two 
curves which start from zero correspond to values of $ 
below unity. All five curves are in good qualitative agree- 
ment with the experimental curve in Fig. 4. From these 
curves we conclude that when a positive voltage is applied, 
the polarization change is much larger if the material is not 
initially polarized comparing to the case when some initial 
polarization exists. It is interesting to note that the polar- 
ization remains high even after the pulse has decayed to 
zero, as illustrated in Fig. 8. Later it will be shown that this 
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FIG. 8. The variation of the normalized polarization field and the applied FIG. 10. The hysteresis curve for a periodic voltage starting from non- 
voltage in time. The polarization remains high even after the pulse has zero initial conditions, i.e., $= 1.1. The normalized voltage is t’ 
practically decayed to zero. =7 sin(4nB). 

effect is directly responsible to the fact that the length of 
the current pulse in the diode is controlled by the anode 
voltage rather than the pulse on the ferroelectric. 

The other case of interest is when a periodic pulse is 
applied to such a capacitor. Except during a relatively 
short transient, the polarization field follows a well-defined 
hysteresis curve as illustrated in Figs. 9, 10, and 11. In the 
first case $=0.9, therefore the starting point is zero; in the 
second and third $= 1.1. In the first two cases the pulse is 
7=7sin(4&) with 8<2. In the third r=-7 sin(4ne) 
and we observe that maximum change in the polarization 
is expected when actually the polarization is reversed. In all 
three cases the hysteresis curve is completed three times. 
From the examples above we see in a systematic way what 
we indicated previously in a rather intuitive fashion, 
namely, that there should be a significant difference in the 
response of the material if it is positively polarized and a 
positive or negative voltage is applied. On the other hand, 
if the system is not initially polarized (the case Ic, < 1) the 
response is symmetric. 

4. The ferroelectric capacitor 
Together with its two electrodes, the ferroelectric sam- 

ple constitutes a nonlinear capacitor. We now determine 
the Q-V relation of this capacitor based on the dynamics of 
the material [Eq. (9)]. In Eq. ( 15) we have determined the 
amount of free charge present on the back of the capacitor 
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FIG. 9. The hysteresis curve for a periodic voltage starting from zero 
initial conditions, i.e., qbO.9. The normalized voltage is P=7 sin(4nB). 
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when no external voltage is applied. It has also been shown 
that the polarization field acts as if a, layer of free charge 
was present on both electrodes. In this way, the total 
amount of free charge on each electrode is zero. When a 
voltage is applied, the amount of free charge is varied but 
in the same time the polarization field changes and conse- 
quently, the amount of free charge required to screen this 
field varies. Let us denote by Q, the amount of charge 
which represents the polarization field on the back elec- 
trode of the ferroelectric. Based on Eq. (15) we can actu- 
ally define Q,= PA. In the presence of an external field this 
charge varies according to 

dQP dt + 2ClQ, cash vFE + QJCp 
Vl 

= 2aQo sinh VFE + Q /C’ 
Vl 

(16) 

where VF, is the voltage on the capacitor, VI = kBTd/p, 
C,=qA/d, and Qo= P,A. The equilibrium (real) free 
charge there is denoted by QCeq) and it is a solution of 

(17) 

The free charge due to the applied voltage is denoted by 
Q  app and is given by COVE where C,=q,A/d. The total 

-8.0 -4.0 4.0 8.0 

FIG. 11. The hysteresis curve for a periodic voltage starting from zero 
initial conditions, i.e., $=l.l. The normalized voltage is reversed v= 
-7 sin(47r0). 
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change in the charge, QFE, of the capacitor is QFE- Q, 
+ Qapp- QCeq). Accordingly the current in the ferroelectric 
capacitor is 

QFE dQp db 
I,,=z=drfC,T, (18) 

where QP is self-consistent solution of Eq. ( 16). The con- 
nection between the two sets of parameters, in Eqs. ( 17) 
and ( 1 ), is discussed in Appendix A. 

We assumed in the previous subsection that p, the di- 
pole moment of the material, is constant. If we closely 
examine Fig. 4, we observe that the saturation level 
reached by the ferroelectric appears to vary with the volt- 
age. The model which describes the ferroelectric capacitor 
can be further generalized if the constraint of constant p is 
released. Based on the experimental data in Fig. 4 we 
found very good evidence that the dipole moment of the 
material is linearly dependent on the applied voltage. Us- 
ing the present notation this can be formulated as 

Qo=Q,+G,VFE~ (19) 

where C&Z eoce&/d and eeff is a parameter of the material 
which remains to be determined experimentally. 

5. “Free” electrons 

So far we have tacitly assumed that the front electrode 
of the capacitor is uniform. In the experiment, this elec- 
trode is gridded and it facilitates electron extraction. Let us 
ignore for the moment the capacitance associated with the 
grid geometry such that the charge variation in time can be 
directly concluded from the drawings of the polarization 
field in Figs. 7-l 1. In these figures we plotted the absolute 
value of the polarization and in the context of electrons 
extraction we have to consider the charge variation there- 
fore one has to extract the value at t=O. For a given ap- 
plied (positive) voltage, the largest amount of charge is 
available when the initial polarization is negative, i.e., 
when the polarization of the material is reversed by the 
applied voltage. A smaller amount is available when the 
material is not initially polarized and the least charge is 
present when the initial polarization is positive. 

In Sec. III A we have described qualitatively the pro- 
cess which facilitates the extraction of electrons from the 
surface. The details of this process are beyond the scope of 
the present study and the fraction of electrons which are 
actually in the gaP; is left as a parameter of the model. 

The conclusions from this subsection are (i) electrons 
are being repelled into the gap, (ii) the number of electrons 
in the gap depends on the initial polarization state and the 
applied voltage, (iii) electrons will be present in the gap as 
long as the polarization state of the ferroelectric is off equi- 
librium. 

C. The grid: electrostatic considerations 

The ceramic can affect the gap only because the inter- 
face electrode is gridded, otherwise no coupling would oc- 
cur between the two regions. The metallic strips are 
grounded but in between the potential is nonzero. Conse- 

quently the average potential on this electrode is nonzero. 
It can affect significantly the diode gap when the anode 
voltage is relatively low, but it does not seem to have a 
significant influence on the ferroelectric capacitor. In this 
study the electrical role of the grid is represented by its 
own capacitance. 

In order to determine its capacitance we ignore the 
nonlinear behavior of the ferroelectric and solve an elec- 
trostatic problem using a linear dielectric coefficient, C+s 
instead. (In the last subsection this constraint is released 
and +u is calculated at any instant according to the values 
of D and E in the ferroelectric.) The system is assumed to 
be uniform in they direction (a/@ = 0) and periodic in the 
x direction; the gridded electrode is located at z=O. Two 
uniform metallic plates located at z=g and z= -d repre- 
sent the anode and the back electrode of the ferroelectric 
correspondingly; these two plates are assumed to be 
grounded. On each strip of the grid we assume a uniform 
charge distribution 

where L is the periodicity and a is the strips separation; Ay 
represents a unit length in the y direction. This charge 
distribution can be readily represented as a Fourier series 

?I=-.22 
where k, = h-n/ L, 

Q . 
“= AyL 

stnp ejkn(L+a)/2 sinc[k,( L--Q)/2], 

and sinc(,!j) =sin({)/{. Assuming that d,g% L, then the 
potentials are given by 

03) 

and 

(24) 

Imposing the boundary condition we find for n#O that 

1 
h=h=% EO(l+eFE) ,kn, ’ 

In a similar way for the zero harmonic we have c$,,~=A~z 
+ B1 and $2,0=A2z+ B,; the four coefficients are 

Al=-A&d, B1=B2=-gA2, 

A2= 70 

Eo(+Eg/d+ 1) ’ (26) 

Finally we can calculate the entire electrostatic energy W, 
stored in our system (in a unit surface AyL). The capac- 
itance of the system is 

-= ~:o,-~=&-+c,E:~, ’ (27) 
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where cm=~o~FEAyL/d is the ferroelectric capacitance on 
this surface, C,,,=E~A~L/~ is the gap capacitance, and 
finally for a= L/2 the grid capacitance is 

(28) 

In our case +,+l and typically the separation of the 
electrodes from the grid (g and d) can be considered much 
larger than the grid periodicity L. Therefore from Eq. (28) 
we can readily deduce that since Csrid)CFE~Cpap, the 
ferroelectric capacitance is dominant: 

c -c,. tot - (29) 

The equivalent circuit which describes the generator and 
the ferroelectric operation, as one can conclude from the 
expression in Eq. (27), neglecting the gap capacitance, is 
two capacitors in series. The ratio between the grid and the 
ferroelectric capacitances determines the voltage on the 
grid in terms of the generator voltage in static conditions, 
i.e., 

GE 
V,cid=r Vgen* 

grid 
(30) 

It is beyond the scope of this study to investigate the 
details of the emission process from the cathode. However, 
some of the basic features of this process can be deduced 
from this simplified model. If we ignore the anode and 
consider the potential distribution near the cathode (in the 
gap side) we can approximate it with 

$(Z=o+,X) s vgAd+ vgfid cos (31) 

The electric field near the metallic surface is therefore ap- 
proximately 2%-V&&L. According to the parameters of 
our system and the relation in Eq. (30), Vs,+d ~0.03 V,,, . 
Therefore, a 1400 V applied on the back of the ferroelectric 
translates into lo6 V/m near the metallic strips which face 
the diode gap. This electric field is not sufficient to extract 
electrons from the metal. However, near the edge of each 
strip the electric field is expected to be about 400 times 
larger (this is the ratio between the periodicity of the grid 
and the thickness of the silver strip). This value is more 
than sufficient for electrons’ extraction from a metal. In 
addition, we did not consider here the process of extraction 
due to the electric field induced by the change in the po- 
larization field. In fact we have reasons to believe that this 
is the dominant factor in the extraction process. There is 
some preliminary evidence regarding the grid’s role as an 
electron source in narrow gap ( < 2 mm) experiments. The 
current measured for VT,=0 indicates that the grid acts as 
a source of 40-60 V, which is in reasonable agreement with 
what one would calculate using Eq. (30). 

D. The electron cloud 
The direct result of the voltage applied on the ferro- 

electric is the change in the polarization field accompanied 
by electrons being repelled into the gap. The details of their 
distribution are calculated in Appendix B. According to 

this calculation, the cloud may expand into the gap follow- 
ing a exp( -eFEz/d) law; where trFe is the effective dielec- 
tric coefficient of the ferroelectric and d is the sample thick- 
ness. 

1. The potential well-l D approximation 
We do not have to know the details of the exact dis- 

tribution of the electrons in order to estimate their impact 
on the the potential distribution in the gap. For this pur- 
pose we assume that (i) the plane of zero potential is ac- 
tually on the cathode. From the fact that practically no 
current was measured for zero anode voltage (g> 2 mm) 
we deduce that [ii) the electric field near the anode be- 
haves as if no electrons were injected into the gap. This can 
be understood since the cloud and the grid electrons form 
all together a “distributed cathode” which neutralizes the 
positive charge on the back of the ferroelectric; in other 
words, we do not expect the anode to be affected by the 
ferroelectric capacitor. Bearing in mind that (iii) the an- 
ode potential V,, is known we consider a solution of the 
1D Poisson equation which satisfies the three boundary 
conditions mentioned above: 

Z z (g-d2 
f$(z)=V,,g+@- 

c?-’ 
(32) 

The unknown amplitude @ is determined by substituting 
Eq. (32) in the Poisson equation and integrating the re- 
sulting expression over the entire length of the diode. The 
source term in the Poisson equation is then proportional to 
the charge in the gap and therefore so is @‘; explicitly 
@ =g\ Qsap I/3+4, where A is the diode surface. From this 
simplified potential distribution we conclude that the po- 
tential has a maximum at z=g/3 and its value there is 
(P ,,,~@/7. If all the charge which initially was on the 
surface of the ferroelectric is repelled into the gap, #,,, is 
about four orders of magnitude larger than the typical an- 
ode voltage. Now we are in position to qualitatively under- 
stand the two order of magnitude increase in the anode 
current (comparing to Child-Langmuir limit). If instead 
of the usual Vy& law we consider the case when the current 
is proportional to #g&V,, , then clearly we find that the 
potential associated with the presence of the cloud is re- 
sponsible to the two orders of magnitude increase in the 
current. 

From the potential in Eq. (32) we deduce that the 
electrons in the cloud are in a dynamic equilibrium in 
which they oscillate in the potential well which is induced 
by their own presence, the ferroelectric and the boundary 
conditions, in the gap. 

2. Gap resistivity 
We have examined the influence of a strong magnetic 

field on the current flow in the diode and although the 
current shape was somewhat altered, the basic amount of 
current was unchanged. This indicates that the transverse 
motion of the electrons does not play a crucial role in this 
system. Therefore a one-dimensional model should be ad- 
equate to determine the dynamics of the electrons. We start 
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from the equilibrium state ( VAN=O). Due to the oscilla- 
tory character of the motion, the average velocity of the 
electrons is zero. However, this is because half of the elec- 
trons are moving to the anode whereas the other half to- 
ward the cathode. At any point these two flows are equal. 
We may estimate the average kinetic energy, mi2 ( y. - 1) , 
of the electrons by averaging the expression for the energy 
conservation over the gap spacing. Using Eq. (32) we 
found that y. reads 

1 - - eQ,,g 
ro=l+,,Q, Q= 5 

qgdrnc- ’ 

As we may have expected, the average kinetic energy of the 
electrons increases linearly with the total amount of charge 
in the gap (Qs,,). To complete the description of the equi- 
librium state, we denote the average particle density in the 
cloud with Z and the lowest ,estimate of this quantity is just 
the total number of particles divided by the effective gap 
volume, i.e., KZZ QpJegA. 

When a positive anode voltage VAN is applied, the po- 
tential in the gap is #app = VANz/g since typically (in the 
conditions of our experiment) this potential is much 
smaller than the potential Cp associated with the gap charge 
and the charge density does not change. As in equilibrium, 
we can now calculate the average change in the velocity 
field of the two flows we mentioned above. Using again 
energy conservation we find 

1 1 e 
6~+=~2incz vAN 

and 

1 1 c 
sp?-pj3~~ vAN, 

00 

corresponding to the outgoing and backtlowing electrons. 
The total current in the system is determined by these two 
quantities and the charge density (which as previously 
mentioned is assumed to remain unchanged): 

IAN=eAnc(Sfl+-6fi_m). (35) 

This finally allows us to determine the gap resistance R,, : 

R,-~=,~~~~~m+l,/c~o-l~. (36) 

Where A is the diode surface and q =377 CL This is the 
main analytical result of this study, since it quantitatively 
shows that the presence of an electron cloud in the gap is 
directly responsible to the linear I-V characteristic mea- 
sured experimentally. One can easily see that R,, has a 
minimum as a function of yo. This minimum occurs at 
yo= 1.28 and for g=4. mm and R =5 mm it corresponds to 
Q$$=O.9 ,uC and REi=: 10 0, which agrees well with the 
experimental data. 

The linear behavior of the I-V curve in the gap as 
demonstrated experimentally in Figs. 2 and 3 is repre- 
sented theoretically by Eq. (36). This “Ohmic” behavior 
raises the question of the dissipation mechanism. To an- 

swer this question one should recall that if we have a ca- 
pacitor in which the capacitance itself may vary in time, 
then the current has two contributions: 

dvm d%P dCw -N - hN=~ggapdt+VAN & - vAN & * (37) 

One contribution is from variation of the voltage in time 
whereas the second is from variation of the capacitance. 
The gap capacitance is small but change in the capacitance 
induced by the ferroelectric by injecting the electrons is 
large. Therefore the displacement contribution can be ne- 
glected. This expression indicates that the variation in the 
capacitance of the gap, resulting from the change in the 
capacitance of the ferroelectric capacitor, may be inter- 
preted as an effective resistance: dCgs,Jdt= l/R,, . There- 
fore the dissipation mechanism is effectively a result of the 
variation in time of the electrostatic energy stored in the 
ferroelectric as electrons are repelled into the gap. This is 
also the electrostatic (capacitive) coupling we were men- 
tioning earlier. 

The capacitive coupling between the ferroelectric ca- 
pacitor and the diode gap is also the explanation to the 
difficulty raised by the minimal value of Rgap: the 10 a 
value implies yoyo- 1.28, which corresponds to a potential of 
143 kV. And the question is what is the source of this 
voltage if the maximum voltage applied here was on the 
order of 2 kV on the ferroelectric? There are at least two 
ways to explain this phenomenon. (i) Imagine a capacitor 
(two metallic plates) with a dielectric slab [~=3000 see 
Eq. ( 1) and the parameters thereafter] charged at 2 kV. If 
the dielectric is pulled out mechanically, the charge re- 
mains the same (since in this gedanken experiment the 
plates are not connected to the external world), thus the 
voltage will increase to 6 MV. In the real experiment, we 
have instead the dielectric a ferroelectric which as indi- 
cated in the previous subsections is a nonlinear medium. 
As voltage is applied, the effective dielectric coefficient is 
lowered (equivalent to pulling out the dielectric in the 
gedanken experiment), therefore the system tends to either 
get rid of electrons or increase the voltage. The voltage is 
set by the external source. The ferroelectric cannot reject 
these electrons to ground because the system is neutral and 
for each electron on the front electrode there is a “hole” on 
the back. Therefore the system repels electrons in the gap 
and the increased potential (due to capacitance variation) 
is induced into the gap as manifested by the presence of the 
electrons there. The 6 MV is obviously an overestimate of 
the possible voltage variation in the process which in ad- 
dition to the fact that not all the electrons are actually 
repelled in the gap indicate that the 143 kV estimated 
above, are only a small fraction of the potential variation in 
the system. (ii) The other (equivalent) way to understand 
the source of these 143 kV which develop in the gap is to 
examine more closely what happens near the grid. Accord- 
ing to the phenomenological parameters which describe 
the ferroelectric in Eq. ( l), the characteristic electric field 
in the material is 17 GV/m. The electrostatic coupling 
between the ferroelectric slab and the diode gap is deter- 
mined by the geometry of the grid. In particular this cou- 
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FIG. 12. The equivalent circuit of the system. 

% 

pling is represented by the distance between two adjacent 
strips, which is of the order of 200 ,um. Thus we can 
roughly estimate the maximum induced potential as the 
product of the two: @ind,maxzl7 GV/mX200 ,um=3.4 
MV. Like in the previous case this potential is by one order 
of magnitude larger than anticipated from the expression 
in Eq. (36). In order to understand the discrepancy we 
have to remember that the expression in Eq. (36) relies on 
averaging out the distribution of the electron cloud in the 
gap and the bottom point of the potential well is at l/3 of 
the gap. We know that this is not accurate (see Appendix 
B) and the more localized the distribution, the deeper the 
potential well. We wish to conclude this subsection with a 
comment: electrons which oscillate in this kind of potential 
well, radiate. Visible light was observed and we do not rule 
out the possibility of x rays being emitted. No quantitative 
attempts to measure this radiation have been made by us. 

E. The dynamics of the system 

At this point we are in position to review our main 
results and combine them in order to simulate the opera- 
tion of the entire system. It was shown in Sec. III B 5 that 
the ferroelectric behaves like a nonlinear capacitor which is 
described by Eqs. ( 17)-( 19). The grid’s capacitance was 
calculated and an explicit analytic expression [Eq. (28)] 
was given in terms of the temporary (and effective) dielec- 
tric coefficient of the ferroelectric material. Finally, the 
anode cathode gap can be described by the gap impedance 
whose analytic expression [Eq. (36)] was brought in the 
last subsection. Based on the models mentioned above we 
have constructed an equivalent circuit which is illustrated 
in Fig. 12. There are three features in this system we wish 
to reemphasize: (i) the nonlinear character of the ferro- 
electric capacitor, (ii) the coupling between the two sec- 
tions of the circuit is through the grid which allows (iii) 
the gap resistance to be determined by the amount of 
charge in the gap which in turn is a fraction the charge on 
the ferroelectric capacitor. The exact value of this fraction 
is determined by the detailed emission process and this is 
beyond the scope of the present study and we shall leave it 
as a parameter of the problem, i.e., Qgap=vQFE < QFE. 
These are the equations which describe the system: 

Vge,=WG+&) -&$a, (38) 

K--IFE)R~= V,,+ Vg+i, (39) 

1.5 

s 
c 1.0 
> 

0.5 

0.0 
0.0 2.0 4.0 6.0 8.0 10.0 

t (100ns) 

FIG. 13. The voltage on the ferroelectric VFE as a function of time. As 
reference, the generator voltage is als6 plotted. 

VTL==I.4N(RTL+Rgap) - vg,, > (40) 

in addition the grid capacitor determines I&, 
= (d/d) c,,, vg& and the relation between the voltage 
and the current on the ferroelectric capacitor is given in 
Eqs. (17)-( 19). This system of equations has been solved 
numerically. During the simulation process it was found 
that the effect of the anode current on the grid voltage is 
minor and therefore we have ignored this process. The 
parameters in the following examples are a= 11 X lo6 
rad/s, VI =800 V, ~,=7200, d= 1 mm, g=4 mm, 
A=0.785 cm’, L=O.4 mm, RTL=25 0. The two parame- 
ters in Eq. ( 19) are Qm=4.0 PC and += 3300. The latter 
is determined from the slope of the upper hysteresis curve 
in Fig. 4. 

At the first stage we consider only the ferroelectrics 
circuit, assuming that the electrode facing the gap is uni- 
form. The generator pulse is given by V,,,( kV) =2.07 
exp( -I-+ 1 ), where T=== t/100 ns; this voltage is illustrated 
in Fig. 13 together with the voltage on the ferroelectric. 
The current flow in the ferroelectric capacitor is presented 
in Fig. 14. We observe that like in the experimental data, 
the current is positive as long as the generator voltage is 
increasing. As the latter is over its peak value, the current 
becomes negative. Note the knee in the capacitor voltage. 
It appears at the same time as the current peak. The max- 
imum value of the current (90 A) is in reasonable accor- 
dance with the experiment. In order to understand the 
details of the functional behavior of the current let us first 
examine the hysteresis curve in Fig. 15. The large increase 
in the current occurs in the first 50 ns when the voltage is 
below 600 V (see the knee in Fig. 13). This is about half a 
way along the lower hysteresis curve. On the other half of 
this curve the capacitor is still charging but there are clear 
indications of saturation and as we see in Fig. 14, the 
charging current is dropping until it vanishes as the voltage 
pulse reaches maximum. From this point on the system 
follows the upper hysteresis curve. The capacitor dis- 
charges at this stage. There is an increasing negative cur- 
rent up to about 270 ns which corresponds to a voltage of 
about 800 V, which is somewhat less than halfway down 
the hysteresis curve. In the final stage the discharging cur- 
rent is decreasing and it approaches zero. This latter stage 
is accompanied, in the experiment, by piezoelectric effects 
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FIG. 14. The current in the ferroelectric capacitor ZFE as a function of 
time. 

FIG. 16. The resistance induced by the ferroelectric in the gap as a 
function of time. Half of the ferroelectrics electrons are assumed to be in 
the gap. 

which have not been considered in the present study and 
except in this stage the theory is in very good agreement 
with the experiment. 

Now we are in position to examine the entire system, 
i.e., we consider the grid presence, allow electrons to be 
repelled into the gap and current to flow in the diode. In 
the ferroelectric section the only significant difference is 
that part (I/S-~) of the voltage which we saw previously 
was on the ferroelectric is now on the grid, so practically 
the picture remains the same as above. In the diode mesh, 
the transmission line is charged to 400 V an its length 
corresponds to a 500 ns pulse. The resistance induced by 
the ferroelectric in the gap is illustrated in Fig. 16 assuming 
that ~=0.5. The corresponding anode current is illustrated 
in Fig. 17; at 400 ns the current is about 11 A. 

The amount of charge in the gap may affect signifi- 
cantly the current at the early stages of the pulse as indi- 
cated in Figs. 18 and 19 where the anode current and the 
gap resistance are calculated assuming that all the ferro- 
electric charge is in the gap, i.e., Y= 1. In Fig. 20 the anode 
voltage is plotted together with the grid voltage. We ob- 
serve that after the first quarter of the pulse duration there 
is a very good correlation between the two voltages. 

Finally the case that no voltage was applied on the 
transmission line ( VTL=O) has been investigated. In this 
case we chose g=2 mm and again we assume that half of 
the ferroelectrics electrons are in the gap (~=0.5). The 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 0.0 2.0 4.0 6.0 8.0 10.0 
VFE WV) t (loons) 

resistance in this case appears to be very low (see Fig. 21) 
and the maximum current (Fig. 22) is about 1.5 A. 

IV. DISCUSSION AND CONCLUSIONS 

In this study we have examined the operation of a 
diode with a ferroelectric cathode. The voltage applied on 
the back of the ferroelectric is entirely responsible for the 
emission process. From this perspective the device is sim- 
ilar to thermionic emission or photoemission devices in the 
sense that it is not the diode voltage which is actually 
extracting the electrons from the material. However, this is 
a controlled field emission device since the electrons are 
extracted from the material by an electric Eeld applied on 
thC back of the ferroelectric. 

The role of the cathode geometry in this device is far 
more important than in regular Eeld emission devices. The 
gridded electrode permits the coupling between the ferro- 
electric region and the diode gap. Without this coupling 
the system would operate like a regular Eeld emission diode 
and for the parameters of interest practically no current 
would flow. The special geometry of the electrode permits 
the “penetration” of the potentials space harmonics from 
the ferroelectric region into the gap. This local Eeld can be 
very high and it can easily extract electrons from the me- 
tallic grid. 

The electrons extracted from the metallic grid are not 
free electrons; they are neutralized by the same amount of 

12.0 
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E 
5 6.0 

-5 4.0 

FIG. 15. The hysteresis curve followed by the ceramic during the pulse. FIG. 17. The anode current as a function of time. 
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FIG. 20. The variation in time of the anode and the grid voltage. 
FIG. 18. The anode current as a function of time; in this case all the 
electrons from the ferroelectrics surface are in the gap. 

positive charge on the back electrode; These electrons form 
a cloud in the gap. The electrons in the gap and the bound- 
ary conditions associated with the gap generate a potential 
well in which the electrons are oscillating. The net current 
associated with this motion is zero. However, the average 
kinetic energy of the electrons in the well can be quite large 
since it is determined by the change in the electrostatic 
energy stored in the ferroelectric slab. When the anode 
voltage is applied it slightly perturbs the electrons motion. 
But this small perturbation is sufficient to give rise to a 
significant amount of current. This current is linearly de- 
pendent on the anode voltage applied. 

For each one of the process we mentioned above we 
have developed a simplified model: the dynamics of the 
ferroelectric section is determined by Eqs. ( 16)-( 19). The 
effect of the grid in the ferroelectric is mainly through its 
capacitance which was determined in Eq. (28) whereas in 
the anode circuit the grid acts as a voltage source, see 
equivalent circuit in Fig. 12. Finally the resistance of the 
gap was calculated, and the analytical expression for it is 
brought in Eq. (36). These three models were used to 
simulate the operation of the entire system and, as shown 
in the last subsection, the results fit well the experimental 
data. We conclude this paper with a quantitative compar- 
ison of theory and experiment: ( 1) Experiment: for g=4 
mm, V,= 300 V, R,=25 a, and P’s,,= 1900 V an aver- 
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FIG. 19. The resistance induced by the ferroelectric in the gap as a FIG. 21. The resistance induced by the ferroelectric in the gap as a 
function of time. All the ferroelectrics electrons are assumed to be in function of time. Half of the ferroelectrics electrons are assumed to be in 
the gap. the gap. The gap is 2 mm wide and Vr,=O. 

age current of 8.8 A was measured. (2) Child-Langmuir 
current for this gap is of order of 30 mA, which is 200 
hundred times smaller. (3) The proposed model (~=0.5) 
predicts a current which varies along the pulse between 8.4 
and 9.0 A in agreement with the experimental data. For 
another measurement, VrL= 500 V (the other parameters 
remain the same), 14 A of current were measured and our 
theory predicts a current which varies between 13.5 and 
14.7 A. 

We would like to make some comments now regarding 
the use of the Child-Langmuir formula in the context of 
the present device: ( 1) the only reason is brought here is 
for those of us who are used to work with field emission 
diode this gives a common ground for comparison. (2) 
The voltage applied on the anode in this experiment is not 
sufficient to extract electrons from either the ferroelectric 
or the metal (assuming that the former is not pulsed). So 
basically this is only a “theoretical” comparison. (3) An 
immediate implication is that since regular field emission 
does not occur any alternative explanations for the in- 
creased current, such as gap closure, are irrelevant to our 
problem. This does not mean that we rule out the possibil- 
ity that once the ferroelectric is fired, the anode voltage 
may cause a variation in space of the cloud distribution. 
(4) We wish to reemphasize in this context that the cur- 
rent which flows in the diode gap, unlike in regular field 
emission diodes, cannot be explained without taking into 
consideration the effect of the ferroelectric and the grid. It 
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FIG. 22. The variation in time of the anode current when no voltage is 
applied on the transmission line V,,=O. The gap is 2 mm wide. Half of 
the ferroelectrics electrons are assumed to be in the gap. 

is the strong electrostatic coupling which allows the in- 
creased amount of current. (5) It is the same coupling 
which induces the deep potential well in the gap [see Eq. 
(36) and discussion thereafter] as indicated by the gap 
resistance. These effects have no equivalent in regular field 
emission devices. 

Since the emission is controlled by an external field, 
this device can be used in low voltage microwave devices 
where regular field emission is not possible and thermionic 
emission or photoemission are not desired because of beam 
quality constraints. In fact even in case when regular field 
emission is possible but the constraints on the beam quality 
are very stringent, this kind of emission may be advanta- 
geous since it enables extraction at low voltage. And it is 
well known that the emittance of beams for free-electron 
lasers or accelerators is determined at the early stages of 
emission in the region where the velocity is still low. 
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APPENDIX A: ELECTRIC PARAMETERS 

The model for the constitutive relation for the ferro- 
electric material suggested in Eq. ( 1) is an approximation 
of an exact solution of the polarization dynamics as deter- 
mined in Eq. (9). The relation between the parameters of 
the model (i.e., Ee, PO, and E) and the parameters of the 
equation (E, , Pi, and E,) is given by 

PO +=(e-1) - EoEo tanh - * 

(A21 

(A3) 

According to the best fit of the experimental data this im- 
plies that E,=;0.55 MV/m, PI- 1.47~ lo-’ C/m’, and e,. 
~2180. 

APPENDIX 6: THE DISTRIBUTION OF THE 
ELECTRONSNEARTHECATHODE 

The charge which screens the polarization field of the 
material must have a spatial distribution which depends on 
the electrical characteristics of the material and its geom- 
etry. Furthermore, this charge distribution is expected to 
vary when the polarization field is changed. In this Appen- 
dix we shall address these issues. For this purpose a sim- 
plified model of our system: consider a dielectric (e& slab 
of a thickness d which has on its rear surface (z= -d) a 
metallic electrode which is grounded. This dielectric mod- 
els the ferroelectric. In the front surface of the system there 
is a spatial distribution of electrons p(x,z). 

Since later we shall want to introduce the effect’of the 
grid, we can write the solution of the Poisson equation in 
the following form: in the dielectric 

#(x,z) = c A, sinh( 1 k, 1 Cz+d) )e-j’fi, 
n 

and the cloud region 

$(x,z) = 2 B,e -qfiee-jkti. 
n 

U32) 

In these equations k=2m/L where L is the periodicity. 
Note that in this notation the charge density of the cloud is 
given by 

P(x,.z) = -eO c B,(q~-k~)euq~emikfi. 
n 

CB3) 

The decay parameters of the various harmonics in the 
cloud (qn) are also the “eigenvalues” of this system which 
are determined by imposing the boundary conditions at 
z=O. The result is 

d tanh(k,d) 1 - 
EFE 44 

=- 
4n 

(B4) 

This equation can be solved for qn . The solution which 
is most relevant to our problem is the case when n-0 and 
thus 

EFE 
Qo=7. 035) 

If we take as a typical value for the dielectric which we 
show it can be as high as eFE=3000, then we observe that 
the whole bunch of electrons is concentrated in a region 
which for a d= 1 mm sample is less than 1 ym thick. But 
in the same time the expression in Eq. (B5) indicates that 
if in the process of pulsing the ferroelectric the effective 
dielectric coefficient decreases to EFE= 1, then the cloud 
“expands” into the gap region for several mm’s. An addi- 
tional feature which is revealed by the last expression is the 
dependence of the cloud distribution on the ferroelectric 
thickness. As the sample is getting thicker, more electrons 
are required to screen the polarization field and thus the 
electron cloud is getting thicker (qO gets smaller). 

The presence of the grid can be now included into our 
calculations by assuming that the potential is zero on the 
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grid and some effective value 2V, in between. This deter- 
mines the amplitudes A, and B,; the latter reads 

&=2V& [ejknL/Z- 11. 
n 

036) 

Here it was assumed that the metallic strip occupies half of 
the period. It is straightforward now to determine the total 
amount of charge by integrating the expression in Eq. 
(B3). The result is 

1 
Q=---AWFE ;i Vg9 037) 

where as before A is the diode area. Note that in order to 
sustain 10 pC near the surface the gap average voltage has 
to be of - 12 MV for eFs= 1. Here we have demonstrated 
what was mentioned in the text, namely, that the presence 
of the screening charge generates a deep potential dipres- 
sion near the surface. 

Finally it is interesting to examine the role of the anode 
in these processes. If we place another grounded electrode 
at z=g, Eq. (B4) takes the following form: 

d tanh(k,d) tanh(q,g) - 
E-FE b’ 

= 
4n 

(B8) 

If g is significantly larger than L, the gap has no effect on 
the high order q,, . Regarding q,, the situation is different: if 

+s has a high value again the gap has no influence but, if 
ens%1 then the gap may have a dramatic effect. For ex- 
ample, if g<d and eFs= 1 then the possible solutions of 
Eq. (B8) are (a) qO=O, which means that electrons are 
uniformly filling the gap or (b) that no electrons can be 
made available to screen the ferroelectric and therefore 
they all will concentrate on the anode. In both cases the 
variation in time of EFE causes a significant current flow in 
the anode although it is grounded, and this was not ob- 
served experimentally. 
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