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The results of experimental studies of different types of cathodes—carbon-epoxy rods, carbon-

epoxy capillary, edged graphite, and metal-dielectric—under the application of high-voltage pulses

with an amplitude of several hundreds of kV and pulse duration of several nanoseconds are pre-

sented. The best diode performance was achieved with the edged graphite and carbon-epoxy-based

cathodes characterized by uniform and fast (<1 ns) formation of explosive emission plasma spots

and quasi-constant diode impedance. This result was achieved for both annular cathodes in a strong

magnetic field and planar cathodes of a similar diameter (�2 cm) with no external magnetic field.

The cathodes based on carbon-epoxy rods and carbon-epoxy capillaries operating with an average

current density up to 1 kA/cm2 showed insignificant erosion along 106 pulses of the generator and

the generated electron beam current showed excellent reproducibility in terms of the amplitude and

waveform. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4935880]

I. INTRODUCTION

High-current electron beams of a few nanoseconds pulse

duration are applied, mostly, in the generation of high power

microwaves (HPM),1,2 as well as in interdisciplinary studies

employing nanosecond X-ray sources with planar diodes.3

Among the different types of HPM devices, the Backward

Wave Oscillator (BWO) has the lowest transition time, high-

est adaptivity to variation in electron beam parameters, and

relatively high efficiency. Microwave generation efficiency

in the Ka- and X-band of BWOs operating in quasi-

stationary mode and supplied by high-voltage (HV) pulses

�300 kV in amplitude and nanosecond timescale duration

(�4 ns) was shown to be in the range of (20%–30%).1,4 The

operation of the BWO is based on the interaction of the elec-

trons of an annular beam during its transport in an external

guiding magnetic field with synchronous minus-first har-

monic of an axisymmetric wave in a corrugated circular

waveguide (slow wave structure, SWS). An increase in the

SWS length, with appropriate coupling profiling, allows the

short-pulse super-radiance mode of BWO operation to be

applied with fewer than 10 RF cycles. In this BWO operation

mode, the conversion coefficient from electron beam power

to microwave peak power can exceed 100%.5 Moreover, it

was shown6 that decreasing the rise time of the acceleration

voltage to sub-nanosecond timescale allows one to obtain

HPM emission having oscillation phase stability. In recent

research, in which a single HV generator producing at its

output an amplitude of �300 kV and a rise time in the sub-

nanosecond timescale pulse was applied to several BWOs

operating in parallel, phase matching of the generated high-

power microwaves was achieved.4,7,8

Thus, the quality of the electron beam, namely, the am-

plitude of the current, energy spectrum, divergence, azi-

muthal uniformity, and reproducibility, can be considered

crucial parameters for determining the BWO’s efficiency

and phase stability. The electron beam is generated from the

boundary of the plasma formed at the surface of the cathode

in magnetically insulated coaxial foilless diode.9 Azimuthal

uniformity in the density of this plasma determines the uni-

formity of the electron beam and the plasma axial expansion

velocity dictates the matching between the impedances of

the HV generator and diode, thus determining the energy

spectrum and current of the electrons. Another important pa-

rameter is that a low-voltage threshold in the cathode plasma

generation, resulting in a sub-nanosecond timescale time

delay with respect to the beginning of the voltage pulse in

the electron beam generation, is required.

During the last 30 years, different types of passive

plasma cathode, i.e., when the plasma is generated by the

voltage applied to the cathode, were investigated, namely,

flashover10 and explosive emission11 plasma cathodes.

In the case of flashover plasma, different types of dielec-

tric velvet and corduroy, low-conductive micron-scale carbon

fibers, metal-ceramics, and multi-capillary-based cathodes

were investigated (see Refs. 12–16 and references therein). It

was found that the rise time of the electric field and its ampli-

tude control the parameters of the plasma which is character-

ized by separate spots of plasma having a density and electron

temperature �1016 cm�3 and �5 eV, respectively, and an

expansion velocity of �2� 106 cm/s. However, fast degrada-

tion of the emission properties of these cathodes was obtained

when electron current densities >100 A/cm2.

In the case of explosive emission cathodes, the rise time

of the electric field also plays an important role in the forma-

tion of a larger number of explosion plasma spots. However,

in this case the electric field enhancement at cathode micro-

protrusions becomes a crucial issue in the formation of ex-

plosive emission spots. The plasma is characterized by
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electron temperature of a few eV, expansion velocity of

�2� 106 cm/s, and drastic decrease in density with respect

to the distance to the exploded micro-protrusions (at a dis-

tance of a few hundreds of lm, plasma density is

�1017 cm�3). In order to obtain a sub-nanosecond timescale

in the formation of explosive plasma spots, one requires

electric fields �107 V/cm and a rise time �1015 V/(cm s).

Explosive emission cathodes are used to generate electron

beams with current densities �10 kA/cm2. However, an

increase of the repletion rate leads to a decrease in the num-

ber of plasma spots because of a smoothing of the cathode

surface. To avoid this problem, a graphite cathode with

edges specially sharpened down to tens of microns or carbon

capillaries can be applied. The geometry of these cathodes

provides a large enhancement of the electric field at the

edges, and an additional increase in the electric field one

obtains due to the existence of sub-lm scale micro-

protrusions at the graphite surface. A large number of these

micro-protrusions and their possible regeneration during the

explosion serve as a good reason for applying this type of

cathode in the generation of high-current density electron

beams.

In the case of the BWO, one requires an appropriate

cathode that provides the reproducible generation of azimu-

thally uniform annular electron beams with a current density

of �1 kA/cm2 and rise time �10�9 s. This generation should

be delayed with respect to the beginning of the high-voltage

pulse application <10�9 s. In addition, the cathode should

have a long lifetime (>106 pulses) and be compatible with

operation at a high repetition rate (hundreds of Hz) without

significant deterioration of the vacuum. In this paper, we

describe the results of the research of several types of explo-

sive emission cathodes for such a microwave source.

II. EXPERIMENTAL SETUP AND DIAGNOSTICS

The main part of the experiments was conducted using

the experimental setup shown in Fig. 1. The electron beam

was generated in a coaxial magnetically insulated foil-less

electron diode.9,17,18 The diode was supplied by an HV pulse

generated by a semiconductor opening switch (SOS)-based

generator19 with internal impedance of 200 X. The generator

produces pulses at a matched load of either 200 kV and 30 ns

or 200 kV and 5 ns at Full Width Half Maximum (FWHM),

depending on whether one or two magnetic compression

stages are used. The output of the generator was connected

to a cathode holder via an interface HV insulator. The cath-

ode was placed in the tube, where a vacuum of �13 mPa

was maintained by a turbo-molecular pump. An anode drift

tube 40 cm in length and 36 mm in inner diameter was placed

inside the stainless tube (inner diameter of 60 mm) at vari-

able distances (5–20 mm) with respect to the cathode front

edge surface. The stainless steel tube was located inside a

solenoid producing a magnetic field of 2.5 T (axial non-

uniformity 61% along the distance of 70 cm) with a half pe-

riod of 4.4 ms by the discharge of a preliminarily charged

(�1.8 kV) high-energy density capacitor (C¼ 4.15 mF)

using a vacuum triggered spark gap. The voltage and current

waveforms were measured by a capacitive voltage divider

and a self-integrating Rogowski coil, respectively. A low-

inductance movable Faraday cup was used to measure the

electron beam current at different distances of its transport

inside the anode drift tube. The evolution of the space- and

time-resolved electron plasma emission centers was

observed using a fast-framing camera (Stanford Computer

Optics model 4Quick05A) with frame duration of 3 ns. The

electron beam pattern was characterized by placing a Mylar

film inside the drift tube.

In this research, we studied different cathodes, all with an

external diameter of 30 mm: carbon fiber-based cathodes,
which include a carbon/epoxy capillary (Van Dijk Pultrusion

Products) cathode and a carbon/epoxy rod cathode; edged
graphite cathodes (thickness of 0.3 mm); edged stainless steel
cathodes (thickness �20 lm); and surface flashover-based
cathode. Examples of these cathodes are shown in Fig. 2.

Research of cathodes based on the same carbon-epoxy

rods (0.7 mm diameter and 4 mm in length) and carbon-

epoxy capillary (outer and inner diameters 0.7 mm and

0.2 mm, respectively, and 4 mm in length) as used in SOS

generator experiments was also conducted in a planar diode

supplied by HV pulses (280 kV) generated by a high-current

(2 kA) and high-repetition rate (30–50 Hz) Sinus-150 genera-

tor.20 By weighting the capillaries and rods it was shown that

the specific density of both materials is the same. The rods

(total number N¼ 128) were inserted into holes made in the

cathode holder having a diameter of 28 mm, at a distance of

2 mm from each other (see Fig. 3). In order to avoid arcing

FIG. 1. Experimental setup.

FIG. 2. Examples of cathodes. (a) Carbon-epoxy rod (0.7 mm diameter and

5 mm length) cathode; (b) graphite cathode; (c) edged stainless steel cath-

ode; and (d) surface discharge cathode.

FIG. 3. External view of (a) carbon-epoxy capillary and (b) carbon-epoxy

rod cathodes with screen electrode. Sinus-150 generator.

193302-2 Shafir et al. J. Appl. Phys. 118, 193302 (2015)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  132.68.75.150 On: Sun, 17 Apr 2016

08:26:40



in the location of the contact rod (capillary)–cathode holder,

these locations were carefully filled by solder. The cathode

holder with the rods was inserted in a screen stainless steel

electrode with a rounded edge having the same height as the

rods. The design of the cathode was similar for the case of

carbon-epoxy capillaries. The distance between the anode

presenting the collector connected to the ground by low-

inductance resistors, and the top of the rods was �7 mm. The

voltage was measured by a capacitive voltage divider placed

in transformer oil at the output of the transmission line. The

light emission from the plasma formed at the top of the rods

(capillaries) was obtained from the front view using a digital

camera PENTX-K200D operating with 1600 ISO sensitivity

in the open shutter mode. In these experiments, the anode

collector was replaced by a high transparency tungsten grid.

The micro-structure of the rods (capillaries) was studied

using scanning electron microscopy (SEM) with magnifica-

tion up to 2000.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Carbon/epoxy fiber based cathodes

Four types of carbon/epoxy fiber-based cathodes were

investigated with an SOS-based generator: (1) 60 carbon/

epoxy rods, 0.7 mm in diameter and 5 mm long; (2) 60 carbon/

epoxy rods, 0.7 mm in diameter and 9 mm long; (3) 60 carbon/

epoxy capillaries, 0.7 mm in external diameter, 0.3 mm in

internal diameter, 5 mm long, and (4) 90 carbon/epoxy rods,

0.28 mm in diameter, 5 mm long. The rods (capillaries) were

inserted in holes 0.71 mm or 0.31 mm in diameter which were

made azimuthally uniform in the aluminum cathode holder

and filled by silver-based glue. The glue that remained at the

location of the contact rod (capillary) cathode holder was

removed using acetone. The distance between the rods (capil-

laries) axes was 1.52 mm. All these types of carbon fiber catho-

des, i.e., with different diameters and lengths, showed

approximately the same results in experiments with HV pulse

duration of either �30 ns or �5 ns at FWHM. Thus, here only

the results of experiments with HV pulse duration of 30 ns are

presented.

The typical results of the operation of the first type of

cathode are presented in Fig. 4. One can see that the electron

emission begins almost simultaneously (<1 ns) with the

application of the HV pulse and the waveform of the emitted

current follows that of the applied voltage. The average elec-

tric field was �200 kV/cm and the total current was 1.5 kA,

resulting in an average current from one rod of 25 A. The im-

pedance of the diode, �150 X, was quasi-constant within

most parts of the HV pulse. This indicates a small axial

plasma expansion during the applied pulse, as well as an

almost constant number of plasma emission spots generated

at the rod surface. The electron beam pattern shows that

almost all the rods emit electrons rather uniformly and that

there is strong electron magnetization. Namely, the typical

pattern of a single micro-electron beam follows the form of

the plasma spots formed at the rod surface and does not

exceed 1 mm and 0.3 mm in diameter for carbon fiber rods

with diameters of 0.7 mm and 0.28 mm, respectively. Let us

note here that the cathode based on 0.28 mm diameter carbon

fiber rods operated in a less robust form because of the low

mechanical strength of the thin fibers, which caused mis-

alignment of the rods with respect to the cathode holder.

Visible plasma light emission appears also at a time delay

�1 ns with respect to the beginning of the HV pulse, showing

azimuthal uniformity of separate plasma spots (3–5 plasma

spots) generated at the front surface of each fiber. The bright-

ness of the obtained individual plasma spots is almost equal,

and the radial plasma light emission expansion was found to be

negligibly small. This can be explained by a slow plasma

expansion across the magnetic field. The Bohm diffusion

coefficient for the plasma expansion in the transverse direction

can be estimated as D? ¼ ckBTe=16eB ¼ 6:25 � 106TeB�1

� 500 cm2=s, where the electron temperature is assumed to be

Te � 2 eV, kB is the Boltzmann constant, and c is the speed of

light. Thus, the plasma expansion distance during 30 ns can be

estimated as d �
ffiffiffiffiffiffiffiffi
D?t
p

� 40lm. The smearing of light emis-

sion from plasma spots at the front surface of the fibers can be

explained by the azimuthal drift of the plasma in Er � Bh fields

leading to overlapping of individual plasma spots.

In addition, side view images showed that the plasma

formation occurs at the front surface of the carbon fiber. This

indicates that an explosive emission phenomenon is respon-

sible for the plasma formation. Here let us note that, assum-

ing that the emitting surface of the plasma is around the

cross-section of the fiber, one obtains that the average cur-

rent density is �6.5 kA/cm2 and �37 kA/cm2 for fibers hav-

ing a diameter of 0.7 mm and 0.28 mm diameter,

respectively. Such a high-current density requires plasma

FIG. 4. SOS-based generator. Characterization of carbon fiber (rod diameter is 0.7 mm and length 5 mm) based cathode. (a) Current and voltage waveforms;

(b) side-view; and (c) front-view images of light emission from the plasma spots; (d) zoomed front image of electron beam pattern; (e) light emission from the

plasma formed at the front edge of the carbon-epoxy rods; and (f) electron beam pattern. Anode-cathode gap was 10 mm. Frame duration was 3 ns. Time delay

of the frames (b), (c), and (e) with respect to the beginning of the voltage pulse was 10 ns.
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density �2� 1015 cm�3 considering a plasma electron tem-

perature of several eV. This explains the insignificant

(�1 mm) visible axial expansion of the plasma, which agrees

well with the quasi-constant diode impedance. Indeed, rough

estimates showed that the plasma density even in individual

plasma spots with a typical diameter of �10�2 cm will be

�1018 cm�3; the plasma �1 mm expansion leads to a

decrease in the density to �1015 cm�3. At this density, the

plasma electron saturation and space-limited current den-

sities becomes equal to each other, thus terminating plasma

expansion.

Similar results were obtained for carbon-epoxy capilla-

ries, i.e., several individual bright plasma spots at the top sur-

face of each capillary, the absence of light emission from the

side surface of the capillary and from the capillary inner vol-

ume, and negligible axial plasma light expansion. Thus, one

can consider that also for carbon-epoxy capillaries the

plasma is formed as a result of explosive emission processes.

In experiments with the Sinus-150 generator, the voltage

amplitude and current was 277 6 7 kV and 2.25 6 0.25 kA,

respectively, resulting in an average electric field of

�400 kV/cm and diode impedance of �130 X. As in experi-

ments with the SOS-based generator, the diode operation

was comparable for carbon fiber and carbon-epoxy fiber

cathodes. Namely, time integrated images (see Fig. 5)

showed bright light emission spots at the front surface of

fibers and capillaries with a typical size of 0.1–0.2 mm and

the absence of light emission from the inner volume of the

capillaries. An increase in the repetition rate from 1 Hz to

50 Hz did not show a difference in light emission from the

plasma spots. The average number of plasma spots was esti-

mated as �3 for each fiber, which gives a total number of

spots of �384. Thus, an average current and current density

from each plasma spot can be estimated as �6.25 A and

�35 kA/cm2, which is similar to those found in experiments

with an SOS generator.

These types of cathodes were tested for a lifetime,

namely, 106 generator pulses produced with a repetition rate

of 30 Hz. The results of these experiments do not show a dif-

ference in the voltage and current waveforms of the carbon

fiber and carbon-epoxy capillary cathodes. In both cases, the

amplitude of the diode current was 3.3 kA in the first pulses,

decreased gradually to 2.5 kA within 103 pulses, and

remained at this value during the following operation. In

addition, in the first 103 pulses the time delay in the electron

current appearance with respect to the beginning of the

applied voltage was <0.5 ns. However, in the following

pulses a typical peak in current with duration of �1 ns was

obtained (see Fig. 6). This peak, having amplitude of

�0.9 kA, corresponds to the charging current of the diode ca-

pacitance and it did not change during the 106-pulse lifetime

test experiment. The larger amplitude of the diode current in

the first 103 pulses is probably related to decontamination

and degassing of the cathode surface.

Examples of the micro-structure of the carbon-epoxy

capillary emitting surface after 106 pulses are shown in

Fig. 7. One can see substantial erosion of the front surface

and insignificant erosion of the external cylindrical surface

of the capillary (see Fig. 7(b)). In addition, one can see

destroyed edges of the capillary with a typical size of

�10 lm, in particular, at its inner surface (see Fig. 7(d)) and

melted fragments of larger dimensions. Qualitatively, the

same microstructure of the front surface was obtained for

rod emitting surfaces. The only difference obtained was in

the form of the front surface. Namely, in the case of rods this

surface remained flat and in that of capillaries it became like

a cone. This can be related to slightly higher electrical con-

ductivity through the lateral cylindrical surface of the capil-

lary than through that of the rod. This results in a better

electrical contact of this surface with the base of the cathode,

a larger current flow in the surface layers of the capillary,

and respectively, stronger material removal from the periph-

ery at its edge. Nevertheless, the total erosion for rods and

capillaries was almost the same and did not exceed 0.2 mm

for 106 generator pulses.

FIG. 5. Sinus-150 generator. Time integrated light emission of the plasma in

the case of: (a) and (b) carbon fiber cathode; (c) and (d) carbon-epoxy capil-

lary cathode. (a) and (c) and (b) and (d) repetition rate of the Sinus-150 gen-

erator operation is 1 Hz and 50 Hz, respectively.

FIG. 6. Sinus-150 generator. Typical waveforms of the voltage U and cur-

rent I after 105 pulses with carbon-epoxy capillary cathode.
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Let us estimate the electron current emitted by the carbon

fiber rod-based cathode considering the electron emission

from the plasma spots generated simultaneously at the front

surface of the fibers. The height h of the rods is significantly

larger than the distance between the rods a (see Fig. 8). The

form of the cathode plasma spots is semispherical with a typi-

cal radius R; the distance p between these hemispheres is

smaller than the rod diameter d. Let us consider that the num-

ber of these plasma spots is 3 and that the average distance

between these spots is p� 0.4 mm. In this case, within �10 ns

neighboring plasma spots will overlap each other because of

the plasma expansion velocity Vp� 2� 106 cm/s. Thus, at

time t	 10 ns one can consider that the electron emission

from a single plasma spot is not screened by the space-charge

of electrons emitted from the neighboring plasma spots. The

amplitude of the electron current I (in CGS units) emitted by

a single plasma spot can be estimated considering the space-

charge-limited planar diode supplied by voltage with an

amplitude U and with a cathode having a single plasma spot

with a typical radius of R located at a distance D from the

anode21

I ¼ b

ffiffiffiffi
e

m

r
R

D
U

� �3=2

¼ b

ffiffiffiffi
e

m

r
RE1ð Þ3=2: (1)

Here, b � 0.5 is a typical dimensionless form-factor for a

semispherical emitter and E1¼U/D is the average electric

field. Let us note that Eq. (1) requires D 
 R and D/R 
 U
[MV], which are satisfied by our experimental parameters. In

the case of charge-limited electron emission, the electric

field at the surface of the emitter is equal to zero, but at the

typical distance R from the emitter the value of the electric

field becomes approximately equal to E1 due to the fast

decrease in the electron space-charge density. This allows us

to consider electron emission from the carbon fiber rod hav-

ing a single semispherical emitter at its front surface and

with an electric field E1 in the vicinity of the rod for the case

of the cathode with N 
 1 rods. Here, we consider that the

external electric field does not penetrate to the cathode

holder, because a	 h, which is realized in our experiments.

In this case, the increase in the electric field in the vicinity of

the rod is b1 ¼ E1=E0 � ðS0=S1Þ1=2
, where S0 and S1 are the

areas of the cathode holder and the total cross-sectional area

of N rods, respectively. For our experimental parameters,

S0¼ 6 cm2 and S1 � 0.5 cm2, resulting in b1 � 3.5 and E1 �
1.14 MV for E0 � 400 kV/cm.

In the experiments, the maximum amplitude of the elec-

tron current was obtained at �4 ns with respect to the begin-

ning of the voltage pulse. Taking into account the �1 ns time

delay in the appearance of the plasma, one can consider the

plasma expansion duration to be �3 ns. This allows us to

estimate the plasma spot radius as R � 0.06 mm, and respec-

tively, the value of the current from a single fiber as I �
12.2 A, and the diode total electron current as �4.7 kA,

which is almost twice the experimentally measured current.

This discrepancy can be related to different phenomena that

FIG. 7. SEM analysis of carbon-epoxy

capillary emitting surface after 106

pulses of the Sinus-150 generator

pulses.

FIG. 8. Planar diode with carbon rod based cathode.
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were not accounted for in this rough estimate, namely, non-

simultaneous plasma spots generation, partial screening of

the electric field of the single emitter by the space charge of

electrons emitted by the neighboring emitter (see also Ref.

21), time-dependent velocity of the plasma expansion, etc.

Let us note that individual bright plasma spots generated

at the top surface of the carbon-epoxy capillary, which indi-

cates the explosive emission nature of the plasma formation,

contradicts results obtained in earlier studies22,23 of similar

capillaries operating with an average electric field �150 kV

and pulse duration of several hundreds of ns. This research

showed that the plasma formation occurs inside the capillary.

It is understood that additional experiments are required to

understand this apparent contradiction.

B. Edged graphite cathode

The typical results of the operation of the edged graphite

cathode supplied by HV pulses generated by an SOS-based

generator are presented in Fig. 9. Both front and side views

show very thin (�0.5 mm thick limited by space resolution

of the framing camera) annular plasma light emission

remaining uniform with rather high luminosity for tens of ns.

This azimuthal light emission is characterized by brighter

spots, the number of which exceeds significantly that of

bright emission spots obtained in the case of the carbon-

epoxy rod or carbon-epoxy capillary cathode operations.

Thus, this cathode showed an azimuthal uniformity of

plasma emission centers that is better than that of the

carbon-epoxy rod or carbon-epoxy capillary cathodes.,

These plasma emission centers are ignited almost simultane-

ously within <1 ns with respect to the beginning of the volt-

age pulse. The smeared light emission between the plasma

spots can be explained by the plasma azimuthal drift in

Er�Bz fields. For this type of the cathode also, the diode im-

pedance remains almost constant at �200 X throughout the

HV pulse. Thus, similar to the case of carbon-epoxy rod or

carbon-epoxy capillary cathodes, axial plasma expansion

leads to a drastic decrease in the plasma density versus the

distance from the cathode, and at a distance of �1 mm from

the cathode the plasma saturation electron current density

becomes equal to the space-charge limited current density.

The measured width of the electron beam pattern is

�0.3 mm, resulting in an average electron beam current den-

sity of �350 A/cm2.

C. Edged stainless steel cathode

The typical results of the edged stainless steel cathode

operation with SOS generator are shown in Fig. 10. One can

see that, in spite of the cathode edge thickness �20 lm,

which should lead to significant electric field enhancement at

this location, there is a �5 ns time delay in appearance of the

electron emission, which agrees with the same time delay in

the appearance of visible light emission from the plasma

spots formed at the cathode edges. One can also see that

there is azimuthal non-uniformity in the location of these

plasma spots. Respectively, the intensity of the pattern of the

electron beam is non-azimuthally symmetrical. The number

of plasma spots increases in time and only at time >30 ns of

FIG. 9. Characterization of edged graphite cathode. SOS based generator. (a) Current and voltage waveforms; (b) side-view; and (c) front-view images of light

emission from the plasma spots; (d) electron beam pattern; (e) zoomed front image of light emission from the plasma formed at the front edge of the graphite;

and (f) electron beam pattern. Anode-cathode gap is of 10 mm. Frame duration of 3 ns. Time delay of the frames (b), (c), and (e) with respect to the beginning

of the voltage pulse is 10 ns.

FIG. 10. Characterization of stainless

steel cathode. SOS based generator. (a)

Current and voltage waveforms; (b)

side-view; and (c) front-view images

of light emission from the plasma

spots. Anode-cathode gap of 9.5 mm.

Frame duration of 3 ns. Time delay of

frames (b) and (c) with respect to the

beginning of the voltage pulse is 15 ns.
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the HV pulse does one obtain plasma light emission from

almost the entire cathode edge. The amplitude of the diode

current reaches 1500 A but with a time delay of 20 ns with

respect to the peak voltage, resulting in a gradual decrease of

the diode impedance. Here, let us note that with a 5 ns

FWHM duration HV pulse, the cathode plasma spots ignition

was faster (�1 ns), but the number of plasma spots was

smaller in spite of the larger dE/dt of the applied electric

field. These results suggest that only a few explosive emis-

sion plasma spots appear as the voltage pulse is applied.

Since the current is space-charge limited and the total emis-

sion surface is small, the current is relatively low at the be-

ginning of the pulse. However, the density of the current

extracted from each plasma spot is significantly larger than

for the carbon-based cathodes. The latter allows one to con-

sider a significantly larger density and temperature of the

spot plasma. Later, due to the appearance of new explosive

emission plasma spots and plasma expansion mainly along

the magnetic field lines, the space-charge limited current

rises rapidly. This plasma expansion causes a diode

impedance mismatch and fast decrease in the voltage. Using

a planar diode for side-view observation of the cathode

plasma spots without magnetic field, the axial plasma expan-

sion velocity was estimated as �4� 106 cm/s. Similar

experiments, with all the carbon-based cathodes, showed

negligible plasma expansion that qualitatively agrees with a

lower density of the plasma formed at the surface of these

cathodes.

D. Surface flashover cathode

The surface flashover cathode was made of fiber-glass

plate (�100 lm thick) with a glued copper film �50 lm

thick. From the anode side, 3 mm of the copper film was

removed at the edge of the plate. This plate was installed in

the cathode holder forming a ring type cathode. The typical

results of this cathode operation with the SOS generator are

presented in Figs. 11 and 12. One can see that the voltage

and current waveforms are similar to those obtained for car-

bon fiber rod- and capillary-based cathodes (almost simulta-

neous appearance of the electron emission, quasi-constant

diode impedance, etc.). However, this type of cathode

showed different features of the plasma formation. When the

HV pulse is applied, the discharges are ignited at triple junc-

tions (metal-insulator-vacuum junctions) and expand over

the insulator surface, smearing in the azimuthal direction.

We note that this process occurs very fast, within �1 ns.

This allows electron acceleration from almost the entire sur-

face of the insulator, resulting in a high-current annular elec-

tron beam being generated. However, the beam is not

uniform in the azimuthal direction, as higher electron density

is observed at the angles of the discharge initiation. The

flashover plasma experiences an Er � Bz azimuthal drift,

which was confirmed by changing the direction of the mag-

netic field and comparing the plasma flow with that produced

FIG. 11. Characterization of surface

discharge cathode. SOS based genera-

tor. (a) Current and voltage wave-

forms; (b) side-view; and (c) front-

view images of light emission from the

plasma spots; (d) electron beam pat-

tern; (e) zoomed front image of light

emission from the plasma formed at

the front edge of the graphite; and (f)

electron beam pattern. Anode-cathode

gap of 9.5 mm. Frame duration of 3 ns.

Time delay of the frames (b), (c), and

(e) with respect to the beginning of the

voltage pulse is 15 ns.

FIG. 12. SOS based generator.

Operation of surface discharge cathode

in different magnetic fields: (a) mag-

netic field in the þz direction; (b) mag-

netic field in the �z direction; (c)

without magnetic field. Frame duration

of 3 ns. Time delay of the frames (b),

(c), and (e) with respect to the begin-

ning of the voltage pulse is 20 ns.

FIG. 13. Diode current and diode voltage versus anode-cathode gap. SOS

based generator.
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with a zero magnetic field, as shown in Fig. 12. One can see

that the direction of the magnetic field is changed, the azi-

muthal plasma flow direction is inversed; without a magnetic

field, it is dramatically reduced with no favored direction.

E. Electron beam current at different cathode-anode
gaps

In order to test the Volt-Ampere parameters of the mag-

netically insulated foil-less diode operated with an SOS gener-

ator, the diode voltage and current were measured for

different anode-cathode distances. These measurements were

performed with the cathode based on carbon fibers, 0.7 mm di-

ameter and 5 mm long. The dependences of the diode current

and voltage at the peak current time versus the anode-cathode

gap are shown in Fig. 13. One can see that a �200 X imped-

ance of the diode is reached at an anode-cathode distance of

�30 mm. When the anode-cathode gap is �30 mm, a plateau

in the diode current/voltage is reached. This matches the con-

dition where the anode-cathode gap is larger than the drift

tube radius (see Fig. 1) and the amplitude of the generated

electron current amplitude is determined by the radius of the

external tube, which serves as the actual anode.

In order to derive an exact solution of the space-

charged-limited flow in the foil-less magnetically insulated

diode, ray-tracing simulation was conducted.24 An annular

azimuthally uniform emission cathode (at a constant poten-

tial of �200 kV) 30 mm in diameter and 0.7 mm in thickness

was placed 50 mm inside the solenoid with a constant mag-

netic field of 2.5 T. The anode, with an inner diameter of

36 mm, was placed at different distances from the cathode. A

typical electric potential distribution and electron beam

tracks for a 10 mm anode–cathode gap are shown in Fig. 14.

The total emitted current for this configuration is 1.8 kA.

Here, let us note that the experimentally measured elec-

tron beam is composed of 60 separate beams, each with a di-

ameter of �0.7 mm resulting in �40% of the simulated

current where the area of simulated perfect annulus is

62.7 mm2. Thus, the measured electron beam current was

normalized by this value, allowing a comparison with the

simulation results; see Fig. 15 showing a good match with

the measured current.

IV. SUMMARY

In this research, we investigated the operation of several

different cathodes, operated in a foil-less magnetically insu-

lated diode and planar diode supplied by several hundreds of

kV pulses with a duration 5–30 ns. It was found that the best

diode performance was achieved with the edged graphite and

carbon fiber composite-based cathodes. Namely, the cathode

ignition, i.e., plasma formation, was azimuthally uniform

and fast (<1 ns), and the diode impedance was almost con-

stant throughout the applied HV pulse duration. In terms of

handling, the graphite cathode is better than the carbon fiber

composite cathode and easier to manufacture and use. All

the carbon fiber rod- and capillary-based cathodes operated

similarly, with plasma generation only at the rod/capillary

edges. This indicates the generation of explosive emission

plasma with a density that decreases drastically versus the

distance from the cathode, thus allowing one to obtain quasi-

constant impedance of the diode operation. A negligible

small erosion of the carbon-epoxy rod- and capillary-based

cathodes was obtained in lifetime test experiments for 106

pulses of the Sinus-150 generator with sufficiently good

reproducibility in current and voltage waveforms. Thus, the

results obtained suggest that these cathodes are good candi-

dates for the generation of high-current electron beams for

backward-wave oscillator microwave sources operating with

nanosecond timescale duration pulses.
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FIG. 14. Ray tracing simulation of the

electron beam in the foil-less diode

and drift tube. (a) Entire system (axial

axis is not scaled). (b) Zoom of

cathode-anode area. The electron beam

is shown on the background of the cal-

culated potential, from �200 kV (red)

to 0 (purple).

FIG. 15. Normalized measured current and simulated current versus anode-

cathode gap. Stars—diode current and circles—simulated diode current.
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