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Abstract — The current-voltage characteristics of a
planar diode with a graphite explosive-emission
cathode have been experimentally studied in the
initial stage of electron current formation (mode of
limited electron emission). An analytical expression
has been obtained for perveance of diode in the
cellular structure approximation, assuming that
the number of such emitting centers operative dur-
ing the current pulse formation is constant. It is
shown that the electron current buildup for a cath-
ode surface with discrete emitting centers is satis-
factorily described by a modified Child—-Langmuir
formula with the form factor decreasing during
electron beam generation from 6 to 1.

1. Introduction

Planar diodes with explosive-emission cathodes are
widely used for the generation of pulsed electron
beams with current densities above 100 A/cm2. Study
of such diodes with various cathodes (planar, point,
multipoint, circular, etc.) showed (see, e.g., [1]) that
the electron current is limited by the cathode emissiv-
ity and the space charge in the inter-electrode gap.
After the formation of solid plasma surface at the
cathode, the diode shifts to the mode of current limita-
tion by the volumetric charge, and the total diode cur-
rent is satisfactorily described by a modified Child-
Langmuir formula.

The process of variation of the electron current
magnitude in a planar diode in the initial stage, which
lasts from the inter electrode voltage application to the
continuous emitting surface formation, is still insuffi-
ciently studied. Variation of the average electron cur-
rent density in a planar diode with an emitting surface
evolving from discrete explosive-emission centers on
the cathode to a continuous plasma surface has been
theoretically analyzed in [2, 3]. The simulation condi-
tions are the constant voltage and constant speed of
explosive emission plasma expansion.

The behavior description of diode with discrete
emission surface by the alteration of average current
density used in [2, 3] makes more complicated the
physical explanation of processes in the surface of
explosive emission cathode. The total current of beam
depends on the voltage applied to the diode and on the
sum area of emission surface of cathode. The planar
diode analysis by perveance would give a more visual
result. Its value for current limited by the volumetric
charge is determined only by the diode geometry (an-

ode-cathode gap and area of emission surface) and
their alterations during electron beam generation. This
paper presents the results of an experimental investi-
gation of the current-voltage characteristics of a planar
diode with discrete explosive-emission centers on a
graphite cathode.

2. Experimental setup

The experiments were performed on a TEU-500
pulsed electron accelerator [4] with the following pa-
rameters: accelerating voltage pulse amplitude 350—
450 kV; full pulse duration 100 ns; total kinetic en-
ergy of an electron pulse up to 250 J; pulse repetition
rate 0.5-1 Hz. A special feature of the accelerator de-
sign was the presence of a matching transformer be-
tween a double pulse-forming line of the generator
and the diode. In the case of a preliminary demagneti-
zation of the core of this transformer, the shape of a
voltage pulse formed by the nanosecond pulse genera-
tor circuit (including the double line and the trans-
former) was close to the optimum with allowance for
a decrease in the diode impedance related to the ex-
plosive-emission plasma expansion [5]. As a result,
the diode is matched to the pulse generator during the
entire period of electron beam formation.

The voltage was measured using a capacitive di-
vider. The total electron beam current was determined
using a Faraday cup with a flat collector, which served
as the anode. The configuration of the diode unit and
position of the diagnostics equipment are given in
detail in [6]. The registration of the electric signals
coming from sensors was performed by the oscil-
lograph Tektronix 3052B (500 MHz, 5- 10’ acts of
measurements per second). The inaccuracy of electric
signals synchronization did not exceed 0.5 ns. The
calibration of the diagnostics equipment showed that it
correctly reflects the accelerator operation in the mode
of short circuit (U= 50-60 kV), when operating for
resistance load up to 60 Q (150-200 kV) and the pla-
nar diode (350—450kV). The achieved accuracy of
measurement of voltage by the capacitor divider and
of total current of electron beam by Faraday cup, as
well as their frequency performance allows measuring
volt-ampere characteristics with not more than 10-%
inaccuracy.

The investigations have been done for the planar
configuration of the diode. The plane cathode is
60 mm in diameter. As anode the plane metal mesh
with the cuts 6-mm in width and luminescence of 70%
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was used. The distance between anode mesh and Fa-
raday cup collector was 5 mm. The Faraday cup was
pumped out together with the diode chamber up to
pressure not more than 0.05 Pa.

3. Calculation of diode perveance

For the vacuum diode with planar electrodes of infi-
nite area (without considering edge effects) the ana-
lytical expression for current density limited by space
charge can be obtained by the solution of Poisson
equation. Under the condition that all electrons leave
cathode with zero speed, the field and charge distribu-
tion in the gap is permanent, current density is (Child—

Langmuir law)
e 1/2 32 ~
m d?

where ¢ is the absolute dielectric penetrability, e and
m are the charge and mass of electron, U is the volt-
age, d is the gap.

For the diode with explosive emission cathode in
correlation (1) it is necessary to consider the reduction
of anode-cathode gap of the expanding plasma [1]
d(t) = dy—wit. Our investigation showed when the
cathode area is less than 50 cm? the increase of emis-
sion surface due to the plasma expansion in the trans-
verse direction should be considered in correlation (1).
Taking this into account the current of the diode will
be described as follows [7]:
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where Sy is the geometric area of the cathode; v, are v,
are the speeds of cathode plasma expansion to anode
and crosswise to anode-cathode gap, respectively.

It is well known that the emission plasma in the
high-current diode with cold cathode forms as the re-
sult of explosion of micro edges on its surface [1].
Plasma expansion after edge explosion is a hydrody-
namic process, and speed of its expansion in the hemi-
sphere must be equal. That is why the speed of plasma
spread in the direction to anode and crosswise to an-
ode-cathode gap while expanding to vacuum is taken
as equal. For experimental determination of plasma
spread speed crosswise to axis the anode erosion ef-
fect under the action of electron beam appearing after
explosive emission of electrons was used [1]. When
the edged cathode was used, the erosion trace looked
like a circle. The average cross-section speed of cath-
ode plasma expansion was estimated by the speed of
erosion spot radius growth. The experiments were
performed at d = 0.35 mm, U,= 35 kV with the use of
edge made of tungsten and plane copper anode. From
the dependence of erosion spot radius at the anode on
the pulse duration, it was found out that the erosion
radius growth speed is (2.2-2.3) cm/us. This corre-
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sponds to the speed of transverse plasma expansion.
The obtained value is close to the speed of longitudi-
nal expansion of tungsten plasma to anode.

There are also indirect experimental measurement
data of explosive emission plasma spread velocity
along the cathode surface. For the case of hemisphere
emitting surface on the planar cathode it was found
out [8] that the experimental data are well-described
by the equation where the plasma spread speed in the
direction of anode and crosswise to anode-cathode gap
are equal. The plasma area expansion uniform in all
directions on the edge cathode is also shown by the
optical observations.

The diode shifts to the mode of current limitation
by the volumetric charge after the formation of solid
plasma surface at the cathode. Let us assume that (i)
the electron current is limited by the space charge in
the interelectrode gap from the first moment of volt-
age application to the diode and (ii) the electron beam
current growth until saturation is determined by an
increase in the surface of discrete emitting centers
from zero to the total geometric area of the cathode.
This approach has been successfully verified [2] in
modeling the variation of the average electron beam
current in a planar diode with a discrete emitting sur-
face.

Then the perveance of diode with discrete emis-
sion surface can be written down as following:

I, 233107 (r, +w)
(U)3/2 ’,62 (do _Vt)z

where S(7) is the sum area of plasma emission surface
on the cathode.

An analytical expression has been obtained in [9]
for the total area of discrete emitting centers during
the current pulse formation. In modeling the law of
variation of the area of a discrete emitting surface, we
used the following assumptions: (i) the emitting cen-
ters are equidistant from each other and form a uni-
form cellular structure on the cathode surface; (ii) the
emitting centers are formed simultaneously, and (iii)
their number remains the same during the entire pe-
riod of the electron beam generation. The total area of
discrete emitting centers is

cale —
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where N is the total number of emitting centers;
o = 2arcos(b/vt) (in radians); b is the distance between
the adjacent emitting centers.

The total number of emitting centers can be esti-
mated as the ratio of the cathode area to the area of a
hexagonal unit:

N 3.63r; .
b2

Then the perveance of diode with discrete emis-
sion surface is
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For the description of electron current of diodes
with various cathodes (flat, edged, multi-edged, ring-
type, and others) in [1] a generalized formula is of-
fered. In this formula a fitting parameter (form-factor)
F is introduced for the matching of experimental data
to correlation (1). For the planar diode with flat cath-
ode Fequals 1.

It was demonstrated [1, 8] that the current—voltage
characteristic of a planar diode with flat electrodes
(U=20-40kV) and a single emitter arising at an arti-
ficial microprotrusion on the cathode surface (d = 0.3—
I mm) in the initial stage of the emitter evolution
(vt < d/3) is well (to within 10%) described by the
following relation:

2
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Note that this expression is obtained from Eq. (1)
for a cathode with an emitting area of m(vr)* and form
factor F = 6.

In the process of discrete emission surface growth
at the cathode from separate emission centers to the
solid plasma surface when describing electron current
in correlation (5) it is necessary to consider the form-
factor showing the electric field voltage deviation by
the emission centers. Then the expression for planar
diode perveance with the discrete emission surface at
the cathode will be

~8.5-10° (1)’ [m—3(cu —sin )] (1 + 1)’
e b (dy —vi)®

The divider is placed in the oil volume and meas-
ures the sum of voltage applied to the anode-cathode
gap and the voltage drop on the inductance of cathode
holder L. That is why the calculation of the experi-
mental values of diode perveance is done by the corre-
lation

1

dl, 32"
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( i —)

P

exp

The inductance value while calculating was ac-
cepted as 160 nH. This value was obtained when cali-
brating the diode unit in the short-circuit mode.

4. Research of diode with carbon cathode

For carbon, the threshold intensity of the electric field
when the explosive emission of electrons starts is low-
er than for copper and for other metals. That is why it
is easier to use carbon for measurement of plasma
expansion speed. The investigations of volt-ampere
characteristics of diode with cathode of 60 mm in di-

F(b).(7)
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ameter made of graphite were performed. Fig. 1 shows
the typical oscillograms of voltage and total current of
electron beam.
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Fig. 1. Oscillograms of voltage (/) and electron current (2)
for diode with graphite cathode; a—c gap is 15 mm

The oscillograms are averaged by 10 pulses going
with the frequency 1 pulse per second after cathode
action by 10-20 pulses. In this series of experiments
as anode the metal mesh was used. The current regis-
tered by Faraday cup was corrected for the value of
optical transparency of mesh [6].

Figure 2 shows the perveance change of the diode
with graphite cathode of 60 mm in diameter during
electron current pulse generation when anode-cathode
gap is 12 mm. The calculation is performed by corre-
lations (2) and (7) with a plasma speed of 2+ 0.5 cm/ps
and distance between two neighbor emission centers
of 2.8 mm.
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Fig. 2. The change of diode perveance during electron cur-
rent pulse generation: calculation for solid (/) and discrete
(2) plasma surface at the cathode, curve 3 shows experimen-
tal data, curve 4 shows the relation of experimental data of
perveance to calculation ones by correlation (5)

Figure 2 shows the relation of experimental values
of perveance to the calculated ones by correlation (5)
presenting the change of form-factor during electron
beam generation.

In the initial period of time when the relation of
distance between neighbor emission centers and center
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radius is more than 7 (# < 20 ns in Fig. 2), the form-
factor value is constant (withing the measurement
accuracy) and equal to 6. Such form-factor value cor-
responds to the diode perveance with edged cathode
(see correlation (6)). With the increase of emission
center size and overlapping of neighbor centers the
value F decreases to 1. This corresponds to the solid
emission surface of graphite cathode [6].

Similar change of form-factor value was obtained
for other gaps. In Fig. 3 the change of diode perveance
(calculation and experiment) is shown at various ini-
tial gaps. The calculation has been performed by cor-
relation (7) for a plasma spread speed of 2 cm/pus and
b=2.8 mm.
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Fig. 3. The experimental (/) and calculation (2) values of

diode perveance during electron current pulse generation for

graphite cathode 60 mm in diameter when the gap is 12 (/),
13.5(2), and 15 mm (3)

The performed study has shown that experimental
values of perveance of planar diode with graphite
cathode in the initial period of time (with the discrete
emission surface of cathode) is satisfactorily described
by the modified correlation of Child—Langmuir under
the condition of simultaneous appearance of separate
emitters and increase of their radius at a constant
speed. In the initial period of time when emitter radius
is much smaller that the distance between neighbor
emitters the form-factor value in the modified Child—
Langmuir correlation corresponds to the experimental
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values obtained while studying the single emission
center. With the increase of emitter centers and their
overlapping the form-factor values goes down to 1.
This corresponds to the current of planar diode with
solid emission surface at the cathode.

5. Conclusion

The performed studies showed that the experimental
volt-ampere characteristic of planar diode with graph-
ite cathode in the initial period of time (with the dis-
crete emission surface of cathode) is well described by
the modified Child-Langmuir correlation under the
condition of simultancous appearance of separate
emitters and increase of their radius at a constant
speed. In the initial period of time when the emitter
radius is much smaller than the distance between
neighbor emitters, the form-factor value in the modi-
fied Child-Langmuir correlation corresponds to the
experimental values obtained while studying a single
emission center. With the increase of emitter size the
form-factor value reduces to 1. This corresponds to the
volt-ampere characteristics of planar diode with solid
emission surface at the cathode.
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