Laser and Particle Beam@003, 21, 243—-248. Printed in the USA.
Copyright © 2003 Cambridge University Press 0263-028$16.00
DOI: 10.1017S026303460321212X

Generation and propagation of high-current
low-energy electron beams

V.N. DEVYATKOV,! N.N. KOVAL,! P.M. SCHANIN} V.P. GRIGORYEV? aND TV. KOVAL 2
nstitute of High Current Electronics Siberian Division of the Russian Academy of Science, Tomsk, Russia
2Tomsk Polytechnic University, Tomsk, Russia

(Recervep 1 April 2003; AccepTeb 16 May 2003

Abstract

High-current electron beams with a current density of up to 108 generated by a plasma-cathode gas-filled diode

at low accelerating voltages are studied. Two types of gas discharges are used to produce plasma in the cathode. With
glow and arc discharges, beam currents of up to 150 A and 400 A, respectively, have been obtained at an accelerating
voltage of 16 kV and at a pressure of 2482 Pa in the acceleration gap. The ions resulting from ionization of gas
molecules by electrons of the beam neutralize the beam charge. The charge-neutralized electron beam almost without
losses is transported over a distance of 30 cm in a drift channel which is in the axial magnetic field induced by Helmholtz
coils. The results of calculations for the motion of electrons of the charge-neutralized beam with and without axial
external field are presented and compared with those of experiments.
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1. INTRODUCTION charge of the beam in its transportation to the site of use. The
space charge, as a rule, is compensated by ions which result
Nowadays, high-current pulsed charged-particle beams witfrom ionization of the gas either by electrons of the beam or
a power density of 18-10° W/cm? are used for surface by ions of the plasma generated in the transportation chan-
modification of solidgAndreevet al,, 2000; Rotshteiet al,, nel. In the conditions of intense supply of the gas and ions
2000. During the interaction of the high-power beam with ainto the acceleration gap and into the electron emission
surface, structural-phase transformations occur in a neasystem, use is made of explosive-emisdibtesyats, 1998
surface layer due to fast melting and cooling that causes aand plasma cathodé&oval et al, 1983, which are resis-
increase in layer microhardness and in wear resistance andant to ion bombardment and to abrupt changes in the gas
decrease in the friction coefficient. Unlike ion beams, wherepressure. Moreover, the plasma-filled and gas-filled diodes
such power density in a thin layer obtains at ion energies oéxhibit higher perveance, since the acceleration of electrons
100-300 keM Remnev & Shulov, 1993the electron beam inthem occurs in the space charge layer formed between the
ensures realization of the same processes at electron eneathode and anode plasmas under definite conditions. So,
gies of no more than 40 keV. To achieve the required powewith a plasma-cathode gas-filled diode based on glow and
density at the irradiated surface with low electron energiesarc discharges, emission current densities of up to 1@0&
high beam current densities of the order of hundreds ofvere obtained at microsecond pulse duratioAkarinov
amperes per square centimeter are needed. In a vacuush al, 1986; Devyatkovet al, 2001, whereas with an
diode, the current density, which is determined by the Child-explosive-emission-cathode diode, emission current densi-
Langmuir law, is limited by the electric strength of the ac- ties ranged to several hundreds of amperes per square cen-
celeration gap and by high electron losses and, in somgmeter at nanosecond pulse duratiNszarowet al.,, 1994.
cases, by cutoff of the beam. The latter is due to radial and This article presents the results of the study of the gener-
longitudinal potential falls produced by the space self-ation of high-currentlow-energy electron beams in a plasma-
cathode gas-filled diode based on glow and arc discharges.
. . __Consideration is given to the problems of transportation of
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2. GENERATION AND PROPAGATION
OF ELECTRON BEAMS

Figure 1 shows schematically the design of the gas-fille
diode and that of the beam transportation system. The ga
discharge system of the plasma cathode consists of t
discharge systems. The first one is formed by cylindrical
cathodel of internal diameter 10 mm and length 50 mm and
by hollow anodes of diameter 40 mm and length 50 mm and

is the initiating glow discharge system.

To decrease the glow discharge initiating voltage, th
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in a uniform magnetic field of inductio, = 5-10 -
2-1072 T induced by two Helmholtz coil$0. The coils are

(Jocated outside the vacuum chamber and are spaced 200 mm

apart. A movable Faraday cupl is used to diagnose the

W%'eam at a distance of 50—250 mm from the emission grid.

?he discharge, emission, and beam currents in the electrode
circuits of the discharge system are measured by Rogowski
coils. The vacuum chamber is pumped to a pressupe=of

1.1072 Pa by a turbomolecular pump at a pumping rate of

e1000 L/s.

cathode is immersed in the axial magnetic field induced by
permanent magne The second system of the main dis- 3. RESULTS OF INVESTIGATION

charge comprises electro8gewhich is a hollow cathode in
this system, and hollow anod&of diameter 88 mm and

OF GAS-FILLED DIODES

length 100 mm. Two discharge systems are coupled through

constriction holés of diameter 6 mm in electrod® Inside

electrode 3, annular magnesium insémf height 10 mm

can be mounted. At the face of the hollow anode there is
hole of diameter 50 mm covered with fine giddThe mesh

size of the grid is 0.X 0.1 mm and its transparency is 40%.
The grid emission electrode is insulated from the hollow
anode. For ease of switching the discharge into the emissi
electrode, the latter is connected to a discharge power su
ply. The hollow anode and the emission electrode are co
nected through a resist¢R1 = 100 Q). An acceleration

electrode in the form of a diaphragm which is 2 mm larger
than the emission hole in diameter is located 5—-8 mm fro
the grid. The electron beam is transported in a drift chann
of diameter 52 mm and length 200 mm. The drift channel is
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3.1. Plasma-cathode diode based
on a glow discharge

h experiments, two modes of the initiation and operation of

a glow discharge were used. Aninitiating discharge of 253
duration and current amplitude 30 Ais ignited at a voltage of
5 kV and at a relatively high pressure due to a pressure drop

on

In the constriction hole and produces the primary plasma in

n'?_ﬁe hollow cathode of the main discharge. This allows a

substantial decrease in operating pressure at which the main
glow discharge between the hollow cath@land the hol-
low anode 6 is ignited and operates in its high-current form
Vizir etal, 1997 and an increase in the electric strength of
the acceleration gap.
The main discharge between electro@esnd 4 is initi-
ated with a time delay of 2—4s at a voltage of 900 V,
whereupon it is switched to the grid electroBedue to
limitation of the current by the resistance R1. The variations
in pressure in the range from10~* to 1.10~2 Pa slightly
affect the operating voltage of the main discharge. The in-
troduction of diodes D1, D2, and resistor R2 connected in
series into the circuit of the discharge system and the in-
crease in the length of the constriction channel from 12 mm
to 40 mm cause a change in the operating conditions of the
main discharge and a considerable decrease in voltage
500 V). Upon cessation of the initiating discharge, a
low-current(6—10 A) discharge then operates between elec-
trodes2 and3, and the operating voltage of the main dis-
charge decreases with increasing discharge cutFegt 2).
Probe measurements have shown that with a main discharge
current of 140-160 A, plasma of density= 10"* cm? and
temperaturf, = 7 eV is generated in the hollow anode near
the@10-mm grid electrode.

Electrons are extracted from the plasma through the emis-
sion grid and are accelerated by dc voltage controllable in
the range from 5 kV to 20 kV. Figure 3 shows the current-
voltage characteristic of the gas-filled diode. It can be seen
in this figure that the diode current is nearly constant in a
wide range of the accelerating voltage, and at low voltages it
far exceeds the current determined by the Child—Langmuir

Fig. 1. Designs of the gas-filled diode and beam transportation system.law.
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U,V _— electron current density in experiment is no greater than
2 mm. With such a layer width, the ion current density

6007 i ji = 3-10°2 A/cm? and the anode plasma density =
4.10' cm3, respectively. The beam electron dengity=

4501 [ 1-10* cm 3,

3004 | Therefore, it can be expected that the ions of the anode

plasma in the drift channel will compensate the space charge
150 | of the beam, thus making possible its transportation without
appreciable losses.

O T T T T T
0 50 100 150 200 250 I,A

3.2. Plasma-cathode diode based
Fig. 2. Discharge voltage versus the main discharge current. on an arc discharge

The further increase in beam current in a diode based on a
glow discharge is limited by the discharge-to-arc transition
Such a character of the dependence can be explained that takes place with increasing main discharge current.
the following manner. The extracted electrons ionize the gasience, a plasma-cathode arc discharge is used to obtain
in the acceleration gap and in the drift channel and produckigher beam currents. To increase the stability of the initia-
the anode plasma. The boundary of this plasma is at a dision of the arc, a Mg insert with a height of 40 mm and with
tance from the grid anode such that it is possible to pass the same internal diameter as the constriction hole is placed

plasma cathode saturation current of the density: in the region of the constriction hole.
As in adiode based on a glow discharge, the currentin the
j = en[KTo/(2mm)] V2, (1) acceleration gap depends almost not at all on the accelerat-

ing voltage, when varied from 4 to 20 kV, and increases

wheree is the electron charge) is the plasma electron according to something like the linear law with increasing
densitykis Boltzmann’s constant.is the electron temper- discharge currentFig. 4). At low discharge currents, the
ature, andnis the electron mass. main discharge is first ignited in the glow mode almost

With a discharge current of 200 A, an accelerating voltagesimultaneously with an increase in initiating discharge cur-
of 15 kV, and an emission hole diameter of 10 mm, a dioderent and within 4—6us after the initiation, the discharge-
current of 80 A with an accelerated electron current densityo-arc transition takes place. As the discharge current is
of 100 A/cm? has been obtained. This density is an order ofincreased, the time delay decreases and levels off au8-3
magnitude higher than that calculated for a separation ofFig. 5).
5 mm between the grid electrode and the acceleration dia- Characteristic waveforms of the main discharge currents,
phragm by the Child—Langmuir law. According to the rela- diode currents, and collector currents for a grid electrode
tion which determines the electron and ion current densitiegiameter of 50 mm and for the rated beam current are shown

je andj; in the layer: in Figure 6. It can be seenin this figure that the efficiency of
electron extraction from the cathode plasmais high and
je = ji(M/m)¥? =1.852.3310"°U¥?%d? (2)  is close to unity(a = 1,/l4 is the ratio of the current in the

acceleration gap to the discharge curjenthich is deter-
whereM is the ion massJ is the accelerating voltage, and
d is the layer length, the layer width which provides such
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Fig. 4. Beam currenty, versus the discharge curreit p = 3-1072 Pa,
Fig. 3. Beam current versus the accelerating voltage. U =15kV.
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Fig. 5. Time of the glow-to-arc discharge transition versus the main dis-

charge current.
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the beam is completely neutralized in the conditions wherein
the electron beam density equals the plasmaion density. The
rate of change in the ion density in the drift channel is
determined by the relation

dn,/dt = nyoyngv — NN e, (3)
wheren, is the beam electron density, is the gas molecule
density,o; is the ionization cross section,is the electron
velocity, @ = 1072%.n, /TS is the coefficient of recombi-
nation by an electron impa¢Golantet al., 1977, andn, =
N — Np.

Without accounting for the electron losses during the beam
current pulse risetime and for the recombination of plasma
ions due to a low value of the coefficient the time it takes
for complete neutralization of the space charge in the first

mined by the discharge current and by the position of theapproximation can be determined from the expression

anode plasma boundary in the acceleration gap.

It should be noted that the gas pressure affects both the

T = 1/ngoiv, (4

parameters of the diode and the transportation of the beam.

Decreasing the pressure causes instability of electron extragyith the beam parameters presented in Figure 6, the esti-
tion and a substantial decrease in diode current, giving risehated time is no longer than 4s, which agrees with

to high-frequency current oscillations during the pulse riseexperiment.

time. Such operation of the diode is mainly due to a lack of - Without an external magnetic field, instabilities arise in
the ions resulting from ionization of the gas. In these conthe charge-neutralized beam because of its pinch by the
ditions, the width of the layer between the anode plasmanagnetic self-field. These instabilities result in substantial
boundary and the grid electrode is governed by the passag@gectron losses. In particular, chaotic motion of the beam
of the saturationion Currentaccording tothe Ch”d—LangmUiI’over a distance of 1-2 cm is observed at a target located
law. Such a width of the layer does not provide passage 085 cm from the cathode.

the saturation ion current in the acceleration gap, and the The equation of motion of electrons in the axial magnetic

transportation of the beam in the drift channel is made difie|d B,(z), which is nonuniform along the length of the drift
ficult by incomplete compensation of the space charge othannel, can be presented in the form

the beam.

4. PROPAGATION OF ELECTRON BEAMS
IN THE GAS

The accelerated electrons come in the drift channel and,

ionizing the gas, produce plasma there. The space charge of

Fig. 6. Typical waveforms of the discharge currégntthe emission current
I, and the collector curremf. Scale: 100Adiv., time: 5us/div, U =16 kV,

p=26102PaB=0.02T.
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whereg, = z/c, Bx = X/c, B, = y/c, B, = —3dB,/dz, B, =
(21)/(ryc) is the magnetic field of the beamijs the relative
electron energye and my are the elementary charge and
mass of an electron, arads the velocity of light.

The presented system of equations makes it possible to
study the motion of the electron beam in various conditions
of transportation taking into account variations in the beam
radiusr,(z). In so doing, the degree of charge and magnetic
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(curren) neutralizations f,, fyy) are determined from analy- r,,CmM B,G
sis of the time of neutralization owing to ionization of the 2,5
gas by the beam and to the processes induced during the
beam current pulse rise time. 2,01 200
Inthe case where the external magnetic field is absent, the
position of the beam crossoverand the beam radiug are 1,51
determined by the expressions derived from the solution of
the equations of motion of electrons in the magnetic self- 1.07 =~ r100
field (1-3). !
0,59,
2k—1] | vB3 vz
Z.=1T - , T T T
©P N2 | a1 fo— B2~ fy) 0 10 20 30  Zcm

Fig. 8. Influence of the magnetic field on the paths of the external
electronsB = 0.005 T(solid line), B = 0.01 T(dashed ling I, = 400 A,
U=16kV.
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Here,ry, is the beam radius at the entry to the drift chan-
nel, k is the number of a crossover, = e>’mc® is the

classical electron radius, = 17 kA is the Alfven current.
Calculations show that with an initial beam radiyg =
2.5 cm, the first crossover with a beam radigs- 0.7 cmis

In an actual system, there is just some transition region
with increasing magnetic field, rather than the plasma cath-
ode being fully immersed in the magnetic field. In this re-

positioned inside the drift channel at a distance of aboutjion, the beam is additionally pinched under the action of
9 cm from the cathode. Downstream of the first crossoverthe radial component of the magnetic field

electron losses occur due to expansion of the beam and to
the rise of its instability.

To stabilize the beam, the copper drift channel is im-
mersed in an axial magnetic field which is in three times
higher than the azimuth self-field of the beam. The axial In the case where the width of the transition region is
external magnetic field prevents the beam from being pinchedmall (Fig. 8), the radial magnetic field does not exert any
and the conditions of ionization of the gas and the charactegffect on the beam, the pulsation frequency and the modu-
of the motion of electrons are thus changed, that is, théation degree just slightly increase. Increasing the width of
degree of modulation of the beam decreases and the benthe transition region and the magnetic fi¢kig. 9) causes
type instability disappears. The position of the crossoveirn increase in pulsation frequency and a decrease in modu-
and the degree of modulation depend heavily on the beadation degree and in maximum beam radius.
current density at the entry to the drift channel and on the The parameters of the beam upon its transportation in the
nonuniformity of the emission current density. drift channel were measured at a distance of 35 cm from the

Figure 7 shows calculated paths of the external electromacceleration electrode with the Faraday cup or a calorimeter.
(the beam envelopdor a varying axial magnetic field. In- With an accelerating voltage of 16 kV and a magnetic filed
creasing the magnetic field causes an increase in oscillatioB = 0.02 T, a beam with a current of 400 A is transported in
frequency and a decrease in modulation degree. the drift channel without lossedig. 6). The increase in

~11rdB,
2 dz’

Br - (9)

B, G
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Fig. 7. Paths of the external electrori&:= 0.005 T(solid line), B=0.01T
(dashed ling B = 0.03 T(doted ling, I, = 200 A,U = 16 kV.

Fig. 9. Path of an external electrdrolid line) for an elongated transition
region of increasing magnetic fieldashed ling
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diode and beam currents at the end of the pulse is presundiode provides a high emission density and simplifies trans-
ably associated with the passage of the ion current in thportation of the beam in the drift channel. This is due to
acceleration gap in the first case and with the current othe fact that in definite conditions, the beam charge is
magnetized slow electrons from the anode plasma to thaeutralized by the plasma ions resulting from ionization of
collector in the second one. With the beam diam&er  the gas by the electron beam at operating pressures of
2 cm estimated from melting of the collectdfig. 10, the  1-2.1072 Pa. At such pressures and at accelerating volt-
beam current density, is ~130 A/cm? and the plasma ages of 15-20 kV, the acceleration gap retains sufficient
cathode emission currejtis 20 A/cm? electric strength. The instabilities of the charge-neutralized
Calorimetric measurements have shown that in the drifbeam are suppressed by transportation of the beam in the
channel with a magnetic field, 80% of the beam energy icylindrical copper channel immersed in a we@¥ the
transferred to the collector. Calculations indicate that it isorder of 0.02 T axial magnetic field which is three times
possible to ignore the beam energy losses on inelastic collhigher than the magnetic self-field of the beam. The beam
sions, since over a drift length= 30 cm and at a pressure produced has been employed in experiments on pulsed

p =2-10 2 Pa, the losses calculated by the formula thermal treatment of materials.
AE = \2n,.0y-L-|; (10)
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