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Annular Electron Beam Generation
Using a Ferroelectric Cathode

Czeslaw Golkowski, Donald Flechtnestudent Member, IEEEJIm D. lvers, John A. Natiorkellow, IEEE
and Levi Schchter,Member, IEEE

Abstract—in this paper, we report on the emission of electrons the polarization fields of the medium from the vacuum of
from a ferroelectric cathode in a coaxial gun geometry. The the gun, and field emission from the triple points at the
electrons are emitted from the inner conductor of the coaxial junction between grids on the ceramic surface, the ceramic

system and are accelerated radially. An axial magnetic field itself d th . Both h
causes the formation of an azimuthal annular electron flow. The 'S€ll, an € vacuum region. both processes are, however,

electrostatic potential distribution then leads to the ejection of controlled by a rapidly changing submicrosecond voltage pulse
the annular beam from the anode—cathode region into the drift applied across the ferroelectric as opposed, for example, to

space. A beam energy of up to 50 keV and an electron current of the usual field emission, which is controlled by the voltage
up to 250 A is typical in this proof of principle experiment. The  555ieq to the anode of the gun, i.e., the electron dynamics are

Hull cutoff condition is found to considerably underestimate the | | led to the d in d . dint | fields of
magnetic field required to insulate the radial electron current flow closely coupied fo the domain dynamics and internal nields o

in the diode. The results obtained are consistent with earlier data the ferroelectric sample. During the electron emission pulse,
showing that the behavior of the ferroelectric is closely coupled it is expected that the high current densities obtained by

to the changing state of the ferroelectric. emission from triple points will lead to material volatalization,
Index Terms—Ferroelectric cathode, magnetron. ionization, and, finally, plasma closure within the gun. These

processes were described many years ago by Bugtzedv[6]

and an extension of that paper applied more recently to ferro-

electric emission [7]. Arguments have also been presented by
HE study of electron emission from ferroelectrics hathe present authors [8] that the early emission is controlled by
advanced through the last several years to the pothe ferroelectric and that the plasma closure is only important

that we can now consider ferroelectrics for use as cathodsdate times in the applied gun pulse. Plasma closure velocities

in high-current electron guns. In a previous paper [1], ware believed to be of order 1-2 s/, so that for typical anode

described the design of a gun to produce a 200-500-A permthode spacings of several centimeters, the electron current is

electron beam at an electron energy of up to 500 keV andntrolled by the ferroelectric for at least the first microsecond

presented initial experimental data. In this paper, we describkeeach pulse.

a configuration which allows the production of an annular In the following sections, we shall present new data on

electron beam. The annular beam geometry is particulathe emission of electrons in a coaxial diode geometry in

suited to ultrahigh-power microwave source development [Zn externally applied axial magnetic field. This leads to the

Among the possible advantages of ferroelectric emitters femation of an annular electron beam. Since the observations

their insensitivity to poisoning and the possibility of obtainingnclude emission transverse to an applied magnetic field, this

much larger emission current densities than can normally dso sheds new light on the effects of the ferroelectric on

obtained from a thermionic cathode. There is also experimentia® emission process. In addition, this article describes the

evidence showing their suitability for use at high repetitiomitial development of a ferroelectric gun for the production

rates [3], including measurements of focused flow emissionaft annular electron beams.

about 20 A/cmi at 15 kV and 50 Hz [4], [5].

There is still controversy over the details of the mechanism
of electron emission from ferroelectrics. It appears to entail Il. EXPERIMENTAL ARRANGEMENT
both direct ferroelectric emission of free charge, which screens, this experiment, a 2.5-cm long,

I. INTRODUCTION

2.5-cm diameter cylin-
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In Fig. 1 we show a schematic of the radial diode assembly e

used. The inner 2.5-cm diameter ferroelectric cylinder is 0 250 500 750 1000
pulsed to a high negative voltage<50 kV) by a 300- Time [ns]
ns duration artificial Blumlein transmission line, which i%i ) ) .

. . . g. 2. Waveforms of radial (upper) and axial (lower) currents at an applied
switched to the cathode by a triggered spark gap via a 1idjage of 5 kV. The upper trace is at magnetic field of 0.01 T, the middle
2:1,0or3:1 pulse transformer. The output impedance of tlrece is at magnetic field of 0.05 T, and the lower trace is at magnetic field
Blumlein is 202. The outer conductor (drift tube), which has"f 0.14 T. The measured critical field0.05 T. One division equals 50 A.

a 4.5-cm diameter, is grounded. The ferroelectric emission

is triggered by the discharge of a submicrosecond length of

charged 502 cable through a transformer to the inner surfact axial magnetic fields. The terms low, intermediate, and high
of the ferroelectric cylinder. The ferroelectric is 0.1-cm thicknagnetic fields refer to measures relative to the measured
and has a silvered inner surface. Its outer surface is etctsttbngth of the magnetic field required to cause magnetic
to give a series of silver stripes aligned along the axis of thesulation of the radial anode cathode gap. Thus, the values are
ceramic and parallel to the applied magnetic field. The stripgap voltage dependent. As the magnetic field is increased, the
are about 20@:m wide and are spaced from each other bsadial current drops to a value close to zero, while, as expected,
about 200.m. Unlike the samples used in our previouslyhe axial current increases. Peak axial currents of about 250
reported work, the initial silvered layer is quite thi¢k-10 A have been monitored at a gap voltage of about 50 kV. The
#m) and is heavily etched. The masking technique used dgial beam has been imaged with Gafchromic radiochromic
set up the grid structure causes a substantial undercut of fit@ placed 7.5 cm from the cathode. The downstream image
remaining silvered strips. The etching is continued until the annular with an inner diameter ef2.1 cm and an outer
sample is found to emit on application of a trigger pulse afiameter of~3.0 cm. There are some irregularities in the
about 1.5 kV to the solid inner surface of the cylinder. Aazimuthal symmetry of the cylindrical beam. While the axial
applied axial magnetic field of up to 2.5 kG is applied to theurrent waveform tends to follow the applied voltage, the
complete system. radial current waveform depends on the strength of the applied

Measurements are made of the trigger and gun voltages afgnetic field. At low magnetic field strengths, the radial
using resistive monitors and Rogowski coils, of the radial arlirrent waveform follows that of the voltage, whereas at
axial currents generated in the electron gun. The timing delgigher magnetic fields, the waveform varies erratically from
between the applied gun and trigger voltages is controlled bggot to shot and may bear little relation to that of the
delay unit and is typically less than,ds. If the delay exceeds yoltage pulse. This phenomenon is well known in cylindrical
2 ps, no gun current is detected, as shown in Fig. 5 apgagnetrons, where an instability leads to current flow across
discussed later. In some experiments, the Blumlein/transformge anode/cathode gap at field strengths in excess of that given
arrangement was replaced with a charged56able. In this py the magnetron cutoff condition.
case, the gun voltage, which was then less than 5 kV, was heY‘fiNe have quantitatively examined the variation of both
steadily across the gap until the trigger pulse was applieqrrent amplitudes and the radial current waveform with the
Other than the effects associated with the delay menuonggp"ed axial magnetic field strength to identify the radial
above, the results were very similar to those obtained with tagoff condition. Note that, for the axial current, the average

Blumlein arrangement. and peak values are approximately equal, whereas the instan-
taneous value of the radial current may be much larger than
its average value, reflecting instability in the radial flow when

We show in Fig. 2 typical data from the radial and axiahe applied magnetic field exceeds a certain value. Whether
current monitors for an anode cathode gap voltage of 5 kWe radial current flow follows or does not follow the diode
for both low~0.01 T, intermediate~0.05 T, and high~0.14 voltage pulse serves to define the critical magnetic figld

A. Experimental Results



GOLKOWSKI et al: ANNULAR ELECTRON BEAM GENERATION USING A FERROELECTRIC CATHODE

837

— 30 . — 100
Z / . &
) / // —_
'B o 0 ©
- 7 on
T 10f . g
= / 25/ &)
= ®y
<«
0 99/ ! 10 I |
0 0.01 0.02 10 100 1000 10°
B? [(Tesla)’] Delay [ns]

Fig. 3. Diode voltage achievable as a function of the square of the critidalg. 5. Charge transferred through the diode as a function of the delay
between the main diode voltage and the ferroelectric trigger pulses.

magnetic fieldB..

The dashed line corresponds to (1).

fields in excess of that required to insulate the diode, there is

1 5 0 T T T .
+ 0287 more scatter in the data.

= <> §§ﬁ ° fg We show in Fig. 5 a plot of the charge transfer between
— 1001, o717, ¢ ) the anode and cathode as a function of the delay between
g o ¢ the application of the ferroelectric trigger and the main diode
5 50 Lio s . pulse. The data are presented for a 5-kV diode voltage at a
o " magnetic field strength less than that required to magnetically

0 s K ‘ insulate the diode flow. In this condition, the radial current

10 20 30 40 is much greater than that flowing axially. The data are very

similar to that reported previously in planar diodes, which
ghows that the current flow is a strong function of the delay
time and that, for times greater than aboyt< drops to zero.
The data presented earlier was all obtained in the regime with
delays close to 300 ns, where the current flow is a maximum.

for magnetic insulation. The magnetic field at which the radial

current drops is also a good measure of the Hull cutoff found in
magnetron flow. In a cylindrical diode, the onset of magnetic

Applied Voltage [kV]

Fig. 4. Current—voltage characteristics of the axial current for various valu
of the applied magnetic field.

I1l. DISCUSSION OFRESULTS

insulation is determined by the f0||owing criterion: Physically, the cutoff in the radial current flow is determined
8m R2 by the magnetic flux linking the anode—cathode gap and not
B = <—> ==V (1) on the details of the magnetic field distribution. In these exper-
¢ ) (B - R2)? iments, the magnetic flux is initially uniform in the radius, but
where B, is the Hull cutoff field,V is the applied voltage, is substantially modified by the electron diamagnetic current
e andm represent the electron charge and mass, Andz. flow. The flux between the anode and cathode is, however,
the anode and cathode radii, respectively. The magnetic fighdlependent of the field distribution, since the flux cannot
required to insulate the flow increases quadratically wittiffuse through the conducting surfaces during th800-ns
increasing anode cathode voltage. We show in Fig. 3 a plmtise lengths.
of the diode voltage versus the square of the magnetic fieldWe also show in Fig. 3 a line indicating the cutoff condition
strength at which magnetic insulation develops. The lifer the magnetic flux density as calculated from (1), the
drawn through the data is a best-fit line. To a very goddull cutoff condition. The experimentally observed cutoff flux
approximation, the fit is as expected proportionaBta To the density is much larger than that calculated. For example, at
left of the boundary, radial current flows freely, whereas, t80 kV, the calculated cutoff occurs at a magnetic field strength
the right of the boundary, the magnitude of the radial currenf about 0.07 T. The magnetic field strength corresponding
flow is primarily determined by instability. to the cutoff condition in the experiment is about twice this
In Fig. 4, we show the axial current—voltage characteristiemlue. If we interpret the difference between our observations
of the radial diode. For all but the lowest value of the axiand the calculations as due to an initial energy of the electrons,
magnetic field, the axial current increases monotonically withen the energy required would be about 100 keV. As a result
the anode—cathode potential difference. The 0.07-T field casfethe linear experimental and theoretical relations between
corresponds to the regime where the diode is magneticalhe cutoff voltage and the square of the magnetic field, the
insulated for voltages of less than about 7 kV, but allows radimhplied initial electron energy of 100 keV is independent of
beam current for higher voltages. The result of this is that thiee applied voltage. We have obtained no evidence in our
radial current flow increases and the axial current decreaseperimental data of high energy emission of electrons from
as the insulation condition is violated. Similar data has bed#me cathode. The largest electron injection energy found, albeit
obtained for the radial current flow showing the decrease iim planar geometry diodes, from back-biased collectors was
the current magnitude as the insulation condition is exceedddkeV, about two orders of magnitude lower than that implied
Due to the erratic nature of the radial current flow for magnetfoom the experimental data.
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Alternate explanations for the high measured value of thehich is then able to expand into the gap at a rate set by the
cutoff field include: ion cloud motion. Experimental evidence for the moving well
1) the formation of a deep potential well in the diode, du# the anode—cathode gap is mainly based on the presence of
to the effects of the pulsing of the ferroelectric on th@ Plasma in the diode gap which allows a reverse direction

electron dynamics; current in the diode at late times in the pulse [5]. In addition,
2) plasma formation at the cathode and subsequent ion fiipre recent and as yet unpublished data have been obtained
across the anode—cathode gap. of ion motion in a planar diode. A direct measurement of

The first of these mechanisms arises from and is due to
Sf Fitl(_)rl:]:feerﬁ;tergn;;rcotrrgrgrslea%e(ljtht?]dee ér;tgpthpeogaenn(igcla—v\clzhh %periments. In other Iaboratorigs, the presence of a plasma has
present, even in the absence of an applied diode Volta%gen_detected experimentally with fast cameras. The expansion
However, if the diode voltage is applied without pulsing th9elocmes 'both across the gap and along the surface of the

- . o ?erroelectnc were slower than those reported here [11]. On
ferroelectric, no gap current is observed. In this cm:umstanlEe other hand, the ferroelectric pulsing was also much slower
a

ion flux crossing the diode shows typical ion velocities of
d §—2.0 cmis for the trigger pulse amplitudes used in these

both the anode and cathode are at ground potential, so thé : )
C . . . than that used in these experiments. Based on the measured
injection of electrons results in the formation of a potential .” .. : o

injection electron energies<1 keV), a limited number of

well. The depth of the well achievable, based on the measur

e . .. .
. . rotons could achieve velocities of more than 10esrihigher
m 0,
current through the ferroelectric and assuming that 90% of _tgfomic number ions would have lower velocities). Gap closure,

emitted electrons flow to the adjacent grid and the remaini eit with low plasma density, could then occur in the 1-
10% enter the gap, can easily reach the 100-kV value inferrg radial gap in times of orde,r 100 ns. The observation of

from the cutoff condition. The well dgpth 1S, of course, On_|¥everse diode current flow at late times(Q(6 ;+S) indicates that
mdwe;ctly 'related to the cutoff conQ|t|on, since the W?” 'She diode eventually fills with plasma. At the highest voltages
quas-static apd .doe.s not result in current flow until th§~40 kV) used in these experiments, the sense and magnitude
gssumgd equ|llbr|um is perturbed. The value of the magne f the applied electric field would tend to result in the ion
insulation cutoff field would, however, be expected to be larggt i being suppressed close to the anode and negate this
than that found in thermionic emission, since the presence&[)cess_ In addition, as shown in classical discharge theory,

the high-energy electrons associated with the well formatigne effect of a transverse magnetic field on ambipolar diffusion

implies the presence of large Larmor radius orbit electrons il jnhibit ion motion with the ion expansion limited by the

the diode gap. The characteristic radius would in zero ordghsnressed radial electron flow. The presence of the transverse

match that of the highest energy electrons in the gap. Thgygnetic field limits the well penetration into the gap, but does
100-kV potential is comparable to that estimated from the,; prevent its development during the switching process.
observed enhancement of axial current flow in a planar diodeye note, from events in which the ferroelectric is switched
over that determined from the Child—Langmuir law with zergyring the main anode—cathode voltage pulse, that axial current
initial electron energy [9], [10]. The energy required to accoufibw dominates at high magnetic fields and follows the applied
for the excess current flow is provided on triggering by a redigp|tage pulse with approximately zero delay following the start
tribution of the electrostatic energy stored in the ferroelectrigf the ferroelectric switching current. The radial current flow
The second mechanism listed above is based on the congghuch smaller than the axial flow in these conditions and
of an ambipolar-like motion of ions from the cathode plasmgoes not start typically until there has been a sufficiently large
moving across the anode—cathode gap. The concept is baggshge from the remnant polarization of the medium. This is
on the assumption that, during the application of the energiziggnsistent with the time taken to form a deep potential well.
pulse to the ferroelectric, two processes happen simultamsed on these observations, especially at low gap voltages,
ously; the screening electrons are expelled from the surfage conclude that these experiments support the deep potential
of the ferroelectric and ions accelerated across the gap by il as the dominant mechanism at early times and that plasma
combined space-charge and ferroelectric fields. The electgientrolled flow may be important at later times.
field above the surface of the ferroelectric, due to the voltageOf particular interest in the observations is the fact that
pulse applied to the material, results in field emission from thge have established a technique for the production of an
triple point junctions and this, in turn, results in volatalizatiomnnular electron beam from a ferroelectric cathode. The an-
and ionization of the cathode material, leading ultimately toular beam geometry is advantageous for ultrahigh-power
a surface breakdown and plasma formation. This process Ingisrowave generation. The ferroelectric cathode may provide
been described in detail by Mesyats [6], [7]. The expellesl suitable source for the high-density emission needed for the
electrons, which are above the surface of the ferroelectrinjcrowave sources. A similar proposal for the production of
cross the gap and have been detected experimentally in plaganular beams, albeit not with a ferroelectric source, was made
diode experiments. The peak energy we have found in thesveral years ago by Lebedet al. [12].
experiments is about 1 keV. lons on the surface of the
ferroelectric are accelerated into the gap by the resulting IV. CONCLUSIONS
space-charge field. This process continues as long as the wellhe observations reported in this paper show that intense
exists and the ferroelectric is in an off-equilibrium state. Thelectron beams can be produced from ferroelectric cathodes
accelerated ions partially neutralize the electrons in the wedl, interesting current and voltage levels for high-power mi-
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crowave generation. The production of 200-300-A bear <
in both radial and axial emission configurations at curre
densities of up to 75 Alcthas been achieved. The use o
ferroelectrics in coaxial diodes at beam energies of about 5
keV has still to be demonstrated, and the experimental di
reported here serves as a step on the route to establishing t
utility for high-power applications. At higher gun voltages
near the 500-kV level used in gigawatt high-power microwavi,
sources, it seems likely that the deviation from the Hull cutoff
condition will be smaller.

The data obtained in the radial flow configuration experi-
ment sheds additional light on the emission mechanisms fr
ferroelectrics, including the interesting observation that t
magnetron cutoff condition must be modified with ferroelectri
emitters. This observation provides additional support for t
recognition of the importance of the coupling between the st
of the ferroelectric and the dynamics of the electrons in t
anode—cathode gap.
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