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Abstract

This paper is devoted to the engineering embodiment of the modern methods for producing charged ion and electron
beams by extracting them from the plasma of a discharge. Electron beams use to execute electron-beam welding,
annealing, and surface heating of materials and to realize plasmochemical reactions stimulated by fast electrons. lon
beams allow realization of technologies of ion implantation or ion-assisted deposition of coatings thereby opening new
prospects for the creation of compounds and alloys by the method that makes it possible to obtain desired parameters and
functional properties of the surface. A detailed description is given to the performance and design of devices producing
beams of this type: the ion and electron sources being developed at the laboratory of plasma sources of the Institute of
High-Current Electronics of the Russian Academy of Sciences and the laboratory of plasma electronics of Tomsk State
University of Control Systems and Radioelectronics.
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1. INTRODUCTION applications for these technologies. It is expected that in the
near future, a number of new industrial operations in which
The technologies based on the action of accelerated chargeccharged particle beam is the main tool will appear.
particle beams on the surface of various materials constitute This article is devoted to the engineering embodiment of
one of the most promising and intensely developing fields othe modern methods for producing charged particle beams
modern industry. Electron beams can be used to executsy extracting them from the plasma of a dischar@ghe
electron-beam welding, annealing, and surface heating gfhysical foundations of these methods are discussed in the
materials and to realize plasmochemical reactions stimuarticle by Gushenetst al., 2003, in this issug¢ A detailed
lated by fast electrons. lon beams allow realization of techdescription is given to the performance and design of de-
nologies of ion implantation or ion-assisted deposition ofvices producing beams of this type: the ion and electron
coatings, thereby opening new prospects for the creation afources being developed at Institute of High-Current Elec-
compounds and alloys by the method that makes it possiblgonics of the Russian Academy of Sciences and the labora-
to obtain desired parameters and functional properties of thedry of plasma electronics of the Tomsk State University of
surface. The appearance of this field of applications gaveontrol Systems and Radioelectronics.
rise to a new class of technological electron and ion sources
that feature a simple design, reliability, high productivity,
and comparativelyplow cos?. Extensiveyresegarfh in this figlqz' PLASMAELECTRON SOURCES
calls for continuous improvement of the existing systems
and creation of conceptually new charged particle source.1. Accelerators and sources of electrons with
On the other hand, the better performance and the broader a plasma emitter based on a low-pressure
spectrum of their functional capabilities open new fields of arc discharge of microsecond duration

The principal method for the formation of pulsed electron
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and widely used technique. The beam current pulse duratiothollow anode4) 20 cm in diameter and length with three
and the pulse repetition rate are determined by the pulsplasma generators mounted inside the cylinder. Each gener-
duration and repetition rate of the discharge current. For ator consists of cathodk trigger electrod®, and insulator
low-operating-voltage arc discharge, this makes it possiblg. The use of three plasma generators is dictated by the need
to attain high energy efficiency of the plasma emitter, asto meet the requirements of lifetinfever 10’ pulses and a
compared to hot emitters. Once the discharge has been inimniform current density distribution over the electron beam
tiated, plasma fills the hollow anode whose size is detercross section. The latter is also attained with the help of
mined by the cross-sectional area of the electron beam. Thepherical electrodeX In some design versions, the number
time it takes for the discharge plasma to fill this cavity, or of plasma generators varied from ti@ielkenset al., 1996
the plasma formative time, depending on the cavity volumeto sevenBelyuket al, 1983. A rather detailed description
the working pressure of the plasma-generating gas, and sonoé these plasma generators is given elsewli&itnour &
other factors, is at most a few microsecorid®val et al.,  Lockwood, 1972. They are simple in design and, in contrast
1983. The plasma generation process is responsible for tht the plasma generators based on a constrictd@Ganailov
rise time of the emission current, and the plasma decay iet al, 1993 and a glow dischargéRempeet al.,, 2000;
the cavity determines the fall time of the electron currentVolkov et al, 2001, have, in fact, no limitation on the
Thus, both processes are responsible for the time and frenaximum discharge current. This advantage makes them
guency parameters of the pulsed electron beam. The firgttractive for use in high-current electron sources. On the
process limits the rise time and the minimum pulse duratiorend face of the hollow anode, extraction windbycovered
of the electron beam current, while the second one limits thevith a fine grid, is mounted. The accelerating voltage is, as
maximum pulse repetition rate. The emission current amplia rule, steady; its magnitude being up to 150 kV, it is applied
tude and density are restricted in the main by the electribetween the hollow anode and collecéor
strength of the acceleration gap. Once an arc has been initiated, due to the breakdown of
Figure 1 presents a schematic diagram of one of the seriefielectric7, a discharge is ignited between the hollow anode
of electron sources and accelerators with modulation of thend cathodd. In the experiments described in Koetlal.
discharge current(Belyuk et al., 1983; Gushenetst al,, (1989, two discharge ignition and operation modes, con-
1986; Vintizenkoet al., 1986, 1988; Gavrilowet al, 1993;  ventionally named the vacuum mode and the gas mode,
Gielkenset al, 1996, which was used to perform the first were observed. Both modes feature a rather low working
experiments on the production of high-current electronpressure at which the mean free path of electrons for the
beams. With this device, the shortest possible electron beaneaction of ionization is much greater than the electrode gap
pulse durations have been achieved with a rather high effispacing. However, when the pressure is over some critical
ciency and emission current pulses of stable waveform andaluep,,, which can be estimated by the formyl&ozyrev
amplitude. The plasma emitter consists of a hollow cylinderet al., 1994

= 6<m>1/2 1 W
o\ M od’

g the residual gas in the discharge gap has a noticeable effect
Qc (%2 %3 L3 (12| C11 on the discharge ignition and operation. The generally ac-
= = T cepted idea is that the generation of plasma inside the anode
cavity in the vacuum mode occurs due to the cathode plasma
expanding into the gap between the cathode and anode. This
mode is most often used in metal-ion sources; however, it
can also be harnessed in highly efficient electron sources
with stringent requirements on the vacuum conditions. The
disadvantage of this operating mode is the rather unstable
pulse of the electron emission current. This is related to the
fact that, because of the unstable nature of the cathode spot,
plasma and vapors enter the anode cavity nonuniformly.
This is illustrated by the oscillograms of the electron beam
current(see Fig. 2arecorded for a discharge operating in
N . the “vacuum” mode at a pressure of nitrogen gas supplied
i C_T_—ﬁ into the discharge chamber of the plasma emitter of Torr.

L Anincrease in gas pressure has the result that some of the
Fig. 1. Schematic of a plasma-emitter electron souiceathode2: trig- electrons emitted from the l_jou_ndary of the plasma blob
ger electrode3: dissipating electrode: hollow anode5: emission grid, ~ (flare) formed at the cathode ionize the gas. Thus, at a pres-
6: collector, and7: insulator. surep > pg, another mechanism for plasma production
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c

Fig. 2. Oscillograms of the emission currefat, b, 0 and the discharge currefitace2 in c). Horizontal scale for b and c: is/div;
vertical scales: 200 Adiv (b), 500 A/div (c).

comes into play, and, in some cases, this mechanism appeatsction of an electron beam of cross-sectional area<15
to be faster than the mere expansion of the cathode flar60 cn? (Vintizenkoet al,, 1986. This accelerator was used
plasma, and the discharge ignition time shortens. This is thin experiments on the generation of laser radiation in inert
best mode for a plasma electron emitter. With a discharggases. The plasma emitter includes common cylindrical an-
operating in this mode, the electron beam produced has @del, on the end faces of which are two cathode assemblies
highly stable current pulse waveform and amplitude and af the discharge system. The plasma-generatingga®-
uniform current density distribution over the beam crossgen or argohwas supplied into the discharge gdmllow
section. Figure 2c presents the waveforms of 10 emissioanode cavity to a working pressure of-207? Pa. On the
current pulses recorded sequentigliyaveforml). In ac-  side surface of the hollow anode, an extraction window,
cordance with formulg1), the use of a gas with a high covered with a fine grid, is mounted. The window dimen-
molecular weight for the working gas makes it possible tosions determine the cross-sectional area of the beam. The
reduce the working pressure, which is observed in experiextraction and acceleration of electrons is executed by a dc
ments. Filling the working chamber with Xe not only re- voltage applied between the hollow anode and the vacuum
duces the working pressure, but also improves the emissiochamber. When the beam is extracted into the atmospheric
current waveform, as can be seen in Figure 2c that gives thair or high-pressure gas through a thin foil, a dc voltage
emission current waveforms recorded for the operation withminimizes the electron losses and makes it possible to pro-
Xe (1) and N; (2). duce a nearly monoenergetic beam because there is no ac-
Forthe investigated pressure rang&@ * — 4-10~* Torr,
there occurs in the main a diffuse discharge between the cold
cathode and the internal surface of the hollow anode, which
is sometimes disrupted by the anode spots formed at the cav- |
ity surface. The probability of the appearance of these spots 9 P 9
depends on the conditiqulegree of contaminatigrof the
anode internal surface as well as on the fill gas pressure and
the discharge current amplitude and duration. Experience on

plasma emitters shows that this problem can be resolved by R1 l 1 R2

using oil-free pumping and properly choosing the material - 3
for the hollow anode electrodes. The replacement of the 3

aluminum parts of the hollow anode by parts made of stain- I\ 4 5 4/l 2
less steel has made it possible to increase the discharge 2 T X _____ oo ——
current to 3—3.5 kA without formation of anode spots. 200k

Based on the results of experimental investigations per- . A *
formed with this plasma-emitter electron source, a series of 6
8 8

high-current electron accelerators had been developed that
were used in the main in experiments on the production of . )
laser radiationiVintizenkoet al, 1986, 1988: Gavriloet al Fig. 3. Anelectron accelerator with arectangular beam cross se@tion

N ! ' . i tizenkoet al, 1986: 1: hollow anode?: insulator,3: cathodes4: trigger
1993; Galanskgt al, 1994; Gielken®tal, 1996. Figure 3 ejectrodess: emitting grid,6: Al foil, 7: support electrode; laser mirrors,

presents a schematic diagram of an accelerator for the pre- pulse forming lines, P: gas switch, aRd, R2 resistors.
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celeration of electrons during the high voltage pulse rise An electron accelerator for which the beam current pulse
time and fall time. duration was determined by the pulse duration of the accel-
When an electron beam is used for pumping gas lasers, iesrating voltage rather than by the discharge ignition and
important characteristic is the uniformity of the current den-operation times is described elsewh@elkenset al,, 1996.
sity distribution over the beam cross section, which is re-A schematic diagram of the accelerator is given in Figure 4;
sponsible for both the efficiency of using the beam and theoscillograms of the discharge current, accelerating voltage,
probability of breakdown in the active mixture of the laser if beam current, and collector current behind the foil are pre-
the beam has a local nonuniformity. The method for improv-sented in Figure 5. In the absence of an accelerating voltage,
ing the beam current density distribution is based on théhe discharge plasma comes from the hollow anode into the
dependence on the electron emission on the proportioacceleration gap and fills the latter. As an accelerating volt-
between the mesh size of the grid and the width of theage is applied to the gap, it is localized across a narrow
negative potential fall near the grid. To make the cross+egion adjacent to the emission grid. This results in an in-
sectional beam current density distribution more uniform, acrease in electric field near the grid electrode, and, as the
varied-transparency grid was mounted in the extraction winelectric field reaches a certain value, emission centers ap-
dow. Another way of improving the current density distri- pear on the grid surface. Dense plasma appears near the

bution is to change the inclination anglgGielkenset al.,, emission grid and, propagating toward the extraction grid,
1996; Fig. 4 of the cathode assembly with respect to thebridges the gap. This is a possible mechanism for the break-
axis of the hollow anode. down of the acceleration gap. The length of this region, with

With an accelerating voltage of 150-200 kV, a pulse rep-the accelerating voltage amplitude and rise time being the
etition rate of 50 cm?, and pulse duration of 3@s, an  same, is determined by the density of the penetrating plasma.
electron beam with a current of up to 50—-80 A has beerThe plasma density depends on the magnitude of the dis-
produced. The beam was extracted into a laser cell througbharge current in the discharge system, the mesh size of the
30-um aluminum-beryllium foil. With a 70% geometric grid, and the time delay to the discharge initiation relative to
transparency of the support grid, which is cooled with waterthe application of the accelerating voltage. This time delay
on its periphery, the extracted current makes up 50% of thalso affects the waveform of the voltage across the acceler-
beam current in the acceleration gap. When operated in the
single-pulse mode, the accelerator produced a beam with a
current of up to 1000 A at a pulse duration of 5+1€) up to

400 A at a pulse duration of 1as, up to 200 A at a pulse 0 20 40 60
duration of up to 30us, and at a pulse duration of up to T
100 us, the peak current of the beam was 25-90 A. Tas |~ ——t
P’ac: MMn
7 ]beam_“t\/l/\
S Iy R2pss ]
Vace R L_\:i-..‘\_-.., R
e @ == V| g7 " \\"-._‘
R K 3 Toeamf--+--- W "“,\7
2 ; Masps.
—y | I
e = l' — 20 S R _
& 3 b o
LR B N N A .- Ibeam
12 | J TR T
popoosoommO Ok ... Lol .MS, ‘.ZOL.LS

Time (L8)

. - 0 20 40 60
1 j!"l"l"‘l'"l'“rl s

i3
Fig. 5. Waveforms of the discharge currelpk, the accelerating voltage

Fig. 4. Schematic drawing of the guiGielkenset al, 1996: 1: discharge Vi, beam currentyeam and collector currenit,. When the accelerating

cathode?: intermediate electrod8; insulator,4: hollow anode5: extrac- voltage and discharge current start simultaneously, the beam current rises
tion grid, 6: vacuum chamber?: high-voltage insulator8: grid anode,  only slowly (solid curve$. With sufficient delay, the beam current rises

9: voltage gradient rings]0: field shaping electrodell: drift section, immediately(dashed curvegsFinally, by adjusting the falling slopes of the

12: Ti foil window and support structurd,3: laser chambed 4: discharge  discharge current and accelerating voltage it is possible to eliminate the
electrode, and5: insulator. high-voltage discharge at the end of the pulgkstted curves
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ation gap, as the voltage pulse generator has a finite internébr the use in an ion source with an electron beéfn
resistance, and the waveforms of the beam and collectdlEVVA ). The experimental mockup of a plasma-emitter-
currents(Fig. 5). By properly choosing the mentioned pa- based electron gun on which the electron source design was
rameters, stable operation of the accelerator was attaindded out is given in Figure 6. The principal units of the
with the beam current equal to 270 A at a peak acceleratinghockup are the plasma emitter and the electron beam focus-
voltage of 200 kV; the collector current pulse duration wasing system. The plasma emitter is formed by cold cathipde
15-20us; the beam electron losses in the extraction grichollow anode2, and trigger electrod8. On one of the end
and the foil made up 65%. faces of the hollow anode there is emission windowf
Anew application of the plasma electron emitter is its usediameter 1.5 cm, covered with a fine grid. The plasma emit-
for increasing the mean charge of the ion beam in an iorter is completely immersed in the longitudinal magnetic
source based on a vacuum arc operating in the vapor of thfeeld (0.1-0.2 T) of solenoid12. The beam transportation
cathode materidIMEVVA ). Injection of a low-energy elec- and focusing is executed in chanBeginside of which plasma
tron beam into plasma increases the ion chd@egaev generator guns are installed. The extraction electrode is made
et al, 2001). In the above electron accelerators, the dis-as a disk with a hole of diameter 1.8 cm, not covered with a
charge operated in the hollow anode of the electron emittegrid. To compensate the defocusing effect of the transverse
at a pressure of 3072 Pa, which was over the critical electric field in the hole of the extraction electrode and that
pressurep,, for the given geometric dimensions. At this of the electron beam space charge, the transportation chan-
pressure, a discharge resembling a gas discharge is initiateel and the space within this hole were filled with plasma,
in the discharge gap, and gas-discharge plasma is generatgaoduced by the plasma generators, and the system was
Experimental investigations of the charge state of the ionmmersed in the magnetic field of solendid. At the exit of
beam(Oks & Yushkov, 1995 extracted from an ion source the transportation channel, focusing cbd is placed. The
with the discharge gap geometry similar to those describechaximum magnetic field at the coil axis reaches 1 T.
above have shown that, as the pressure is increased to abovdn the course of the experiment, an electron beam of
2-10 2 Pa, the percentage of metal ioff the cathode current up to 80 Awas produced at a pulse duration of up to
material, e.g., Al decreases to 20% and even to lower100us and an accelerating voltage of 20 kV. Oscillograms
values, while 80% of the ion beam are the ions of the ga®f the emission and collector currents and the autograph of
filling the discharge gap. This relatively low pressure stabi-the beam on the collector are shown in Figure 7. The current
lizes the emission current in an electron source, but it iglensity at the collector was 25-3¢'&m?, while the current
entirely unacceptable in metal ion sources. It has been denglensity in the hole of diaphrag0 reached 160 Acm?.
onstrated(Spadtkeet al, 1994 that the mean charge of  The collector plasma and the collector material vapor had
metal ions noticeably decreases even when the pressureas insignificant effect on the electric strength of the accel-
over 610* Pa. eration gap because of the fact that only a small fraction of
A plasma electron emittgBugaevet al, 200(a) based them penetrated, through the hole in the focusing coil, into
on a vacuum arc with an emission current density of 20—4@he transportation channel and then into the acceleration
A/cm? which operates under the conditions of high vac-gap. This electron source design is a candidate for technol-
uum(p = 2-10"“ Pg and features high efficiency of elec- ogies where an electron beam is used for pulsed melting of
tron extractio{Nazarenket al, 1987, has been developed metal surfaces to modify their properties.

14

11

6 10

Fig. 6. Schematic drawing of the electron guBugaevet al, 200(): 1, 7: cathodes?2: hollow anode,3, 8: trigger electrodes,
4, 9: insulators 5: emitting electrode: transport channel,0: diaphragm 11: collector(Faraday cup or plajeand12, 13, 14: coils.
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Fig. 7. The left figure shows waveforms of collect@upper tracg and emission currentdower trace. Vertical scale: 20 Xdiv,
horizontal scale: 2s/div. The right figure presents an electron beam autogtapbut 50 Jcm?).

A slightly modified version of the electron source was Figure 8 presents a schematic diagram of a grid-controlled
employed in experiments on increasing the mean charge iplasma electron emittéBugaevet al,, 1992a) in which, as
MEVVA-type ion sourcegBugaevet al., 200J). in the emitters described above, the emitting plasma is pro-
duced due to an arc discharge operating between cathode
and hollow anodé both in the cathode material vapor and
in the gas supplied into the anode cavity through a control-
The time of plasma formation in the anode cavity of alable leaker. The optimum pressure of the fill gas lies in the
plasma emitter strongly depends on the background orange from 102 to 3-10 2 Pa. To lengthen the emitter life-
plasma-generating pressure and, at a very low pressure, itisne and improve the beam uniformity, seven initiating sys-
determined by the plasma expansion velocity, which is aptems were used which had, correspondingly, seven cathodes
proximately equal to 19cm/s. In this connection, for the and seven trigger electrodes. Each cathode was connected to
electron emitters designed for the production of electroran individual artificial pulse-forming line. All trigger elec-
beams with a cross-sectional area of tens of centimeters, theodes were connected through resistors of rated resistance
rise time of the emission current may be some tens of mi50-100Q to the hollow anode. A negative dc voltage of up
croseconds. The grid control method makes it possible téo 100 V was applied to emission grid electrd@jénsulated
produce pulsed electron beams with desired time charactefrom the hollow anode, which practically prevented the
istics (pulse rise time and fall timewhich may be many plasma electrons from entering the acceleration gap be-
times shorter than the plasma formative time. tween the emission electrode and colle@ofAn accelerat-

2.2. Nanosecond pulsed electron sources

— el

Fig. 8. Plasma electron emitter with grid contrdL: cathode2: insulator,3: trigger electrode4: redistributing electrodes: hollow
anodeg: control electrode/: vacuum chambe8: emitting grid,9: collector,10: pulse transformer, anl: second winding of the pulse
transformer. Oscillograms: waveform of emission current p(dseertical scan is 210 Aliv, sweep is 20 n&liv) and 12-pulse burst
with 33 us delay(b).
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ing dc voltage was applied between the emission electrode

and the collector. As the hollow anode was filled with plasma, _U _
positive pulses were applied to the emission grid from a o+ bias
nanosecond voltage pulse generator, resulting in lowering

the potential barrier near the grid and in the appearance of an 13 9
emission current. To attain better time characteristics, the //
pulsed transformer of the generator was integrated with the ;

plasma emitter. An oscillogram of 10 superimposed pulses % i
of the electron beam current is given at the upper right of BDJ B:D)
Figure 8. It can be seen that the pulses almost follow one
another in waveform and amplitude, demonstrating the high
stability of the plasma emitter. The maximum peak current ﬁ‘ hycam
of the collector reached 700—800 A at a discharge current of 6
1300 A, a pUIse duration of 100 ns, and a rise time OfFig. 9. Schematic drawing of an accelerator with a high pulse repetition
25-30 ns. rate(Belyuket al, 1983: 1: cathode unit2: hollow anode3: outer cylin-
Further increase in emission current was prevented by théical electrode4: emitting control grid 5: Ti foil with support structure,
breakdown between the grid and the hollow anode that océ: collector, 7. pulse transformer8: bushing insulator, an@: vacuum
curred even at a negative voltage at the grid. The occurrenc&amber.
of breakdowns is associated with the charging of the dielec-
tric inclusions present in the surface layer of the grid by the
ion current from the plasma. As the charge on these inclueurrent controlled by a grid, the pulse repetition rate can be
sions reaches a certain value, there occurs flashover with thiecreased to a few megahertz.
formation of a cathode spot on the grid, which is followed The arc-discharge plasma electron emitters have a con-
by the initiation of an arc discharge between the hollowsiderable disadvantage: They have short lifetimes. This is
anode and the grid. A solution of this problem would make itrelated to the fact that the operation of the arc discharge
possible to increase the emission current, since there are mesults in significant erosion of the cathode, leading to an
conceptual limitations on the discharge current. increase in gap spacing between the cathode and the trigger
The plasma emitter under consideration is designed to belectrode, and with time the discharge initiation becomes
integrated with alinear induction accelerator. Itis capable ofneffective. In some cases, the cathode material deposited
operating in a repetitive packet mode with a packet length obn the surface of the insulator separating the cathode and the
about 1 ms and an interval between electron beam curreittigger electrode, and the electrodes closed to one another.
pulses within a packet of 30—338s. This disturbed normal operation of the emitter. The lifetime
Based on the results of investigations of the grid-controllecbf this type of emitter is=107 pulses. Therefore, plasma
electron emitter, an electron accelerator has been developetectron emitters have been developed that depend for their
and built to perform experiments on the production of laseperation on a glow discharge with a hollow cath6@esh-
radiation(Gushenet®t al, 1991). This generator, like its enetset al, 1999, whose lifetime is 18 or even more
prototype, operates in the repetitive packet mode with gulses. Figure 10 presents a schematic diagram of an elec-
packet length of 20Qus and a pulse repetition rate in a tron source with a glow-discharge emitter. The source con-
packet of up to 410° s~ % A schematic diagram of the ac- sists of hollow anod& of diameter 20 cm and length 75 cm
celerator is given in Figure 9. Emitt8is mounted, withthe  on the ends of which two plasma generators are mounted
help of bushing insulato8 and a current lead, in vacuum which supply plasma into the anode. The plasma generators
chambe. Plasma is produced by four cathode assemblieare joined with the anode through sm@Iimm in diameter
1 with arc discharges that are initiated on application of aholes where a pressure difference is realized, so that the
voltage from pulse-forming lines connected to the outpufpressure in the plasma generators is at least an order of
stage of a VPG. The pulsed current of a discharge of duramagnitude greater than that in the anode. The operating
tion 200us is controlled in the range from 0.3 to 1 kA. Adc pressure in the anode cavity is generally not abol€% Pa,
negative biadJy,s of 400 V is applied between hollow an- and for the plasma-producing gas nitrogen or air is generally
ode 2 and emission gridt. Bell-shaped positive-polarity used. Each of the plasma generators consists of hollow cath-
pulsesUy of FWHM 170 ns and amplitude 3 kV are odel and intermediate electrode To increase the lifetime
supplied from the generator through pulsed transforimer of the system, a glow discharge is used in the plasma gen-
mounted in the body of insulat@. With an accelerating erators aswell. Amagnetic field of 0.3 T, which is created by
voltage of 160 kV, a discharge current of 400 A, a 70%permanent ring-shaped magnets, reduces the ignition volt-
geometric transparency of the support grid, and aut®  age of the discharge and the operating pressure in the plasma
thick titanium foil, a beam of current 100 A and a cross generators and provides low-jitter discharge ignition.
section of 3X 70 cm has been extracted into the laser cell. The discharge system of the emitter operates as follows:
Estimates show that in an accelerator with the emissioffrirst an igniting hollow-cathode discharge is initiated in the
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Fig. 10. Schematic of a glow-discharge electron sourteplasma generator cathod, intermediate electrodes: hollow anode,
4: insulator,5: emission electrodés: vacuum chambef7: magnets, an@: collector.

magnetic field between electrodésnd2 and then, aftera major axis of the beam cross section was uniform to within

time, a voltage is applied between electro@eand 3, ini- +15%.
tiating a discharge with a hollow cathode, the latter being Later this plasma emitter was modifidGushenets &
intermediate electrod2 Schanin, 19989 which made it possible to do away with one

The currents of the igniting discharge between cathbde plasma generator and thus substantially simplify the emitter
and electrod@ and of the auxiliary discharge between elec-design.
trode2 and anodes, the durations of their pulses, and the
time delay of the ignition of the auxiliary discharge relative | . |
to the igniting discharge were chosen in the course of exper%'g' fP aima-emltte_r € e;::cron SOurces
imental investigations, proceeding from the condition that or t_e production of focused

. . . continuous electron beams

the hollow anode should be filled with plasma uniformly.
The pulse amplitude and duration of the igniting dischargeA number of industrial electron-beam technologies are based
current were, respectively, 30 A and 1018, for the aux-  on the use of continuous and pulsed electron beams of small
iliary discharge current, these quantities were 60—70 A andross section with a high power dengiBelyuket al., 1983;
14-16us;the time delay between the discharges wass-8 Nazarenkeet al., 1987). The electron sources that are oper-
With a shorter time delay and a lower current of the ignitingated in industry should provide reproducible parameters of
discharge, the plasma in the hollow anode is shaped asthe electron beam for a long tinfdlazarenkeet al., 1987).
filament unstable in space and in time. A pulsed voltage oUnder high vacuum, stabilizing the source parameters is not
up to 10-12 kV was applied, with a delay of 646 rela-  a particular problem. However, under actual conditions of
tive to the ignition of the auxiliary discharge, between theindustrial production, there are a number of destabilizing
hollow anode and emission electradgle&overed with a 70% factors such as “commercial” vacuum, the directed vapor-
transparency grid. In the absence of this voltage, the currergas flow from the melt region, and often losses of pressure,
was lower by almost two orders of magnitude due to theincluding emergencies, in the working chamber of the sys-
negative voltage that appeared at the grid as the electraiem. When operated under these conditions, plasma-emitter
current passed through the internal resistance ofdpen electron sources, having no hot cathode, offer the opportu-
switch of the nanosecond pulse generator. nity to keep the electron beam parameters invariable by

Under experimental conditions, the pulse rise time of the
current onto the emission electrode and colle®&owvas
determined by the rise rate of the applied voltage. The wave-

form of the pulse top depended on the time delay of the 20 R 7

voltage application to the grid relative to the ignition of the 200 -

auxiliary discharge. As the delay was decreased, the slope of —~150 [ 3

the current pulse waveform increased at the top, while the < L

current within the pulse rise time decreased. The maximum ~ 100t

emission current achieved in experiment was 140 A at an i

accelerating voltage between the grid electrode and the col- 30 i

lector of up to 30 kV(Fig. 11). The current pulse rise time 0 | ) | L P S . N
was 25-30 ns. The efficiency of electron extraction, which 20 40 60 8 100 120 140

is equal to the emission-to-discharge current ratio, is pro- t (ns)

portioqal to the transparency of th? gr?d e_miS.Sion electrodeig. 11. Oscillograms of the current in the circuit of emission grid elec-
1, thatis,le=nl,. The current density distribution along the trodes5 for a delay time of 1q1) and 6us (2).
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simpler means than hot-cathode sources. This gave impetus The plasma-emitter electron sources have found the wid-
to the development of plasma-emitter electron sources, whichst industrial use in welding technologies. They are em-
could be used in electron-beam technologies. ployed in flow lines for sealing fuel elements of nuclear

The required plasma-emitter electron sources have begmower stationg\Volkov et al, 2001)). In fuel elements, the
developed based on a hollow-cathode reflected dischardgieel is encapsulated in a sealed-off thin-wall metal can. The
(Galanskyet al, 1994; Rempe & Osipov, 2000; Rempe tightness of the can is the key factor that is responsible
etal, 2000. Various design versions of plasma-emitter elec-for the operability of a fuel element operated in a nuclear
tron sources have been developed for use under the condieactor. The can of a fuel element should remain intact
tions of industrial production. throughoutits service life, which, depending on the type and

Figure 12 presents a schematic diagram of the dischargeperating conditions of the fuel element, may be as long as
chamber of an electron source. The base of the dischargeveral years.
chamber and of the source as awhole is a welded cermet unit Fuel element cans are made primarily of zirconium or
consisting of high-voltage ceramic insulatbwith rings2  aluminum alloys. Zirconium and its alloys are highly reac-
and anode assembB; welded to the insulator. The anode tive toward oxygen, nitrogen, and hydrogen. In view of this,
assembly contains bearing cermet insulatorelded tothe  when sealing a fuel element, it is of importance to afford
anode of discharge chambgrDismountable hollow cath- good protection of the welding zone. This protection is en-
ode 6 is mounted on the central bearing insulator; the re-sured by welding zirconium in vacuum at a pressure not
maining insulators are intended to fix cooling radiafasf ~ over 10 2 Pa. The welding of aluminum alloys can be per-
cathodeB with an emission hole and the electric insulation formed at a higher pressure of the residual gas in the vacuum
of the cathode. Cathodis dismountable and it has a chan- chamber.
nel for electrons to go from the discharge chamber into Electron sources of this type are operated on automatic
vacuum. Dismountable magrietreates a magnetic field of flow lines. Continuous production places stringent require-
induction of about 0.01 T in the discharge chamber. ments upon the reliability and stable operation of the equip-

The discharge chamber electrodes can heat up in theent of technological lines. Welding lines involve, as arule,
course of prolonged continuous operation of the source. lispecial systems using sluice boxes and gears for continuous
this connection, a source is furnished with a cooling syssupply of articles into the welding zone. The high produc-
tem. With low (below 100 mA currents, the cooling oc- tivity and operation rate of such lines admit stoppage of
curs due to the convection of the transformer or castor oisome units only for a shorttime. Under these conditions, the
filling the source cavity. If necessary, forced cooling of the plasma emitter electron sources, during the period between
oil can be accomplished with the use of a water coat in thewo rounds of preventive maintenance of the welding sys-
source case. tem, performed up to 16,000 welds for fuel elements with

The source is equipped with is a system for dosed gagirconium-alloy welds and up to 80,000 welds for those with
supply. The working gas enters the discharge chambegluminum-alloy cans. Thisis 3-5 greater than the number of
through a leaker, which controls gas supply, and the hollowvelds that can be executed by a hot-cathode electron source
cathode channel, via dielectric tuthé. between two rounds of maintenance.

The experience gained in operating the plasma-emitter
electron sources in industrial conditions as units of auto-
@124 matic welding lines has shown that these devices have the
following advantages: low sensitivity to the degree of vac-
uum and to its variations; long lifetime and high reliability,
in particular, under the conditions of intense evaporation
from the welding bath, and quickness and simplicity of
maintenance.

Thus, experience has shown that plasma-emitter electron
sources have almost no limitations for operation under con-
ditions typical of electron-beam welding. Moreover, their
low sensitivity to the vacuum and gas conditions in the
working chamber makes them promising for the develop-
ment of new welding technologies. In this connection, these
devices are currently used to advantage at newly established
welding bays and as units of operative equipment instead of
hot-cathode guns, providing longer equipment lifetimes and

. . . ) increased the productivity of the welding process.
Fig. 12. A plasma-emitter electron sourcé: ceramic high-voltage in- The abilitv of th Idi | itt lect
sulator, 2: insulator gaskets3: anode assemblyd: bearing insulators, € ability orthe welding plasma-emitler electron sources

5: anode$: hollow cathode7: cooling system: cathode with an emission {0 Operate W.ithOUt.taking special measures for pmte(.:t'ion of
hole,9: permanent magnet, arid: working gas supply. the cathode in a wide pressure range under the conditions of
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intense gas wastes from the welding zone and their long
service life have made possible their efficient use for the
production of various coatings by facing with powdered
materials(Paninet al., 1999, 2000. The facing process is
accompanied, as a rule, by deterioration in vacuum because
of the intense gas release in the welding zone, intense sput-
tering of the powder, and some other processes that call for
taking special measures for protection of the hot cathode.
The use of plasma-emitter electron sources makes it possi-
ble to simplify the electron beam and vacuum equipment, to
increase the service life of the source in the period between
obligatory preventive maintenance work, and thus make the
production of wear-resistive coatings much more economi-
cally efficient.

The electron-beam facing has been tested in power pro-
duction, machine building, petroleum and gas works, met-
allurgy, and transports and is currently used for the restoratiohig- 13- Schematic of an electron source operating in the fore-vacuum

of worn-out and the hardening of new machine parts an(Z.ressure.rangel: hollow cgthode,Z: plane anode3: emission hole,
. : extraction electrode, arfil insulators.
tools of various types.

2.4. Electron guns for the production of beams
in the fore-vacuum pressure range
electron beam is divergent; however, when using a system

Some applications of electron beams call for only roughof magnets, it can be focused at the collector to a spot of
vacuum, which is produced by mechanical pumps. Amongliameter 5—7 mm. When the collector is removed, a beam
these applications are the initiation of chemical and plasmaischarge occurs in the region where the electron flux den-
chemical reactions in the gas phase and at the surface asity peaks. In this discharge, plasma chemical reactions
the annealing and melting of materials. The plasma elecmay proceed, which are accompanied, for instance, by de-
tron sources are attractive for meeting these goals due tposition of polymer films if hydrogen is used as the work-
their ability to keep the same pressure in the source and img gas.
the technological cavity. However, in this case, it is neces- Another version of the electron sourdurdovitsinet al,,
sary to fulfill two controversial requirements: to create 2002 is intended for the production of a ribbon electron
favorable conditions for the ignition of a discharge in thebeam. The design of this source is, in fact, a modified ver-
plasma generation region and to prevent the initiation of aion of that considered above. This design uses a long hol-
discharge(breakdown in the electron acceleration region. low anode of dimensions 300 80 X 40 mm. A slit 25 mm
A design of an electron source has been develged-  wide and 260 mm long is made in the wall facing the anode.
dovitsin & Oks, 1999 where this is attained with a com- In line with this slit, there is a 258 10 mm slit in the anode,
bination of a hollow-cathode discharge and a plane-paralleivhich is covered with a 0.5< 0.5 mm metal grid. The
acceleration gap. The source, shown schematically in Figacceleration electrode is plane, and its slit is 3080 mm.
ure 13, includes cylindrical hollow cathodeof diameter The electron source being described produces, in continu-
30 mm and height 60 mm, plane ano8evith emission ous operation ata gas pressure of 1.3—8 Pa, aribbon electron
hole 3 of 10 mm diameter, and extraction electrotleiith beam(250x 10 mn?) of energy 2—6 keV and current up to
a central hole of 25 mm diameter. 1 A. In this case, the efficiency of emission, that is, the

The emission hole is covered with a metal grid of meshemission-to-discharge current ratio, is no less than 70%. An
size 0.5X 0.5 mm. The device is constructed on cermetimportant characteristic of a ribbon beam is its linear uni-
insulators5. The source is powered from two rectifiers, formity. To obtain this characteristic, the current onto a
one connected to the discharge gap and the other to thmovable probe was measured. Used for the probe was a
acceleration gap. The water cooling of the source elecpiece of tungsten wire 1 mm in diameter placed normal to
trodes makes it possible to increase the discharge curretite beam plane at a distance of 2 cm from the acceleration
to 1.5 A. In this case, the emission current, that is, the loaglectrode. Typical curves of the collector current distribu-
current of the high-voltage rectifier in continuous opera-tion are given in Figure 14. The distribution uniformity
tion, is no less than 1 A. The beam current at the collectordegrades with increasing géair) pressure. However, at a
placed at a distance of 15 cm from the extractor, makes upressure of 8 Pa, the distribution is uniform to within 10%,
over 70% of the emission current at an accelerating voltallowing one to speak of the so produced electron beam for
age of 3-8 kV and a residual gas pressure of 5-13 Pa. Thechnological purposes.
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Fig. 14. Current density distribution over the beam cross section. |

3. PLASMAION SOURCES

3.1. The Titan SOljlrceS and the generation Fig. 15. Schematic of the electrode system of the Titan ion source:
of gas-metal ion beams 1: constricted arc cathode®, loop anode3: transfer electrode}: ferro-

. ... .. Imagnetic insert5: vacuum arc cathodes: permanent Sm-Co magnets,
The Titan sources have been deveIOped forthe mOdIflca“O?: hollow anode8: solenoid9: accelerating electrode, ad@: intercepting

of the surface properties of materials by irradiating themgectrode.
with charged particle beams. These sources feature the op-
portunity to produce both gas and metal beams by using two
types of arc discharge—constricted and vacuum arcs—itons are extracted by a dc accelerating voltage of 10—-80 kV,
one discharge system. This opens new prospects for th&hich is applied between the hollow anode being at a high
creation in the surface layer of a target of gas—metal compositive potential and grounded acceleration electthde
pounds showing high strength characteristics. To generatatercept the secondary electrons knocked out by the ion
gas ions, a constricted arc discharge with cold cathodes iseam from the collector, a negative voltage of several kilo-
used. In this type of discharge, the cathode material ions areolts is applied to intercepting electrod®. The electrodes
produced in the cathode region, while plasma is generated i@ and10 are made of tungsten grids of about 95% transpar-
the anode cavity due to the ionization of the working gas.ency. In one version of the source, transverse extraction of a
Metal ions are generated during the operation of the cathodebbon ion beam through a slit in the lateral wall of a hollow
spots of a vacuum arc initiated at a cathode made of anode was use@ugaevet al., 1994.
desired material. The first prototype of the Titan ion source For the Titan source, which operates in the pulsed mode,
was developed at the Institute of High Current Electronicst is necessary that an arc be stably initiated for a long time,
more than 10 years agBugaewet al,, 1992) and later this  since this process determines the time of continuous opera-
ion source was operated at a numbieR@& D institutionsin  tion of the device. The low-current-gas-discharge-based arc-
Russia and abroad. Since that time, several versions of thaitiating system used in the source has made it possible to
source have been developed and built, each having speci@ngthen its continuous operation time to a value that de-
features. pends only on the erosion rate of the cathode material
The electrode system of the Titan ion souf@ugaev  during the operation of the vacuum arc. A version of the
etal, 1992) is shown in Figure 15. Cold cathodé®fthe  Titan ion source has also been developed that operates in
constricted arc, made of magnesium, are located in the dighe steady-state mode. This device is capable of generating
charge chamber into which the working gas flow is sup-wide-aperture gas and metal ion beams of a current of
plied. They are arranged one opposite the other on amagnetl®0—-300 mA.
core with a magnetic flux created by permanent Sm-Co All versions of the Titan source used various configura-
magnets. The cathodésand loop anod@ placed between tions of the magnetic field. In the Titan-2 source, the mag-
them form a Penning cell. In transfer electraglghere is  netic field was employed to initiate an auxiliary Penning
ferromagnetic insert with a constriction channel at the exit discharge with permanent magnets arranged on the cathodes
of which cathodé of the vacuum arc is placed. The ferro- of the Penning cell or on the perimeter of the discharge
magnetic insert serves as the magnetic core for the “arch®ehamber(Nikolaevet al., 1996, while in other versions it
configured magnetic field created by ring-shaped magnet was used to improve the source parameters and emission
Both discharges operate with common hollow angdehich ~ characteristics. Thus, the “arch” magnetic field created in
is covered on its emission end face with a fine emission gridthe cathode region of a vacuum arc stabilized the motion of
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the cathode spot over the cathode surfidikolaevet al,, enhanced at the sharp corners of the discharge chamber was
1998, making the source operation more reliable and themoderated with high-voltage metal scréén

cathode wear more uniform. The 10-mT magnetic field cre- The constricted discharge is ignited by a high voltage
ated by solenoi@, applied to the anode region, substantially pulse of about 2Qus duration applied between cathodes
increased the ion extraction efficiency due to the effect ofand hollow anod@. Once an auxiliary discharge has been
“switching” of the ion current to the emission electrode thatinitiated and a pulsed voltage has been applied to these
appeared as the polarity of the anode layer potential reelectrodes, a constricted arc of 20—60 A current and#490
versed. Moreover, the magnetic field varied the ion currenduration starts operating between them. The discharge op-
density distribution over the beam cross section. eration occurring simultaneously with the working gas flow

The design of the last version of the Titan source is showrthrough the constriction channel results in more efficient
schematically in Figure 16. Despite the fact that the princi-plasma generation. The gas-discharge plasma fills the hol-
ple of operation and parameters as well as the system ddw anode cavity, and ions are extracted from the developed
extraction of the ion beam of this device are the same asurface of the cavity, stabilized with an emission grid.
those of the prototypéNikolaev et al., 1996, some units If, once the auxiliary discharge has been initiated, a volt-
and parts have been changed substanti@lygaevet al,, age is applied between cathofeand hollow anode3, a
200M). Thus, the Titan-3 ion source uses gas insulation toracuum arc starts operating between these electrodes with
preclude the appearance of carbon and carbide compoundathode spots formed on the cathode surface. The arc cur-
in the ion-alloyed layer of irradiated samples that took placerent is 40-150 A and the pulse duration is 4@€. During
when an oil insulation system was used and the dischargéhne operation of the vacuum arc, the cathode material
chamber was cooled due to the diffusion of oil throughplasma coming from the cathode spots fills the hollow
vacuum seals. To do this, dry air or nitrogen is pumped to amnode cavity, and the formation of a metal ion beam
excessive pressure of up to 1 atm into grounded air-tighbccurs similar to that of the gas ion beam from the con-
case4. Air cooling is used to remove the heat releasedstricted discharge plasma. The repetition rate of the dis-
during the operation of discharges. Provision is made focharge pulses, and, hence, that of the ion beam can be
electrical decouplin@ of the discharge chamber, being at a controlled in the range from 10 to 50 Hz. Since the dis-
high accelerating potential, and the grounded cooling watecharges have independent power supplies and the plasma
supply unit. If distilled water is used, this decoupling en-generation processes in the discharges are different and
sures an appropriate electric strength and low leakage cudivorced from each other, it is possible, if the discharges
rents at voltages of up to 80 kV. Distilled water circulates inoperate simultaneously, to produce a two-component gas—
a closed duct cooled with running water. The electric fieldmetal ion beantFig. 17), the proportion between ion frac-
tions in each component being readily controllable by
varying the discharge currents. The total current extracted
from the source plasma ranges between 0.1 and 0.3 A for
gas ions and from 0.2 to 0.5 A for metal ions.

A total of more than 10 different versions of the Titan
source have been designed and built. They are currently
operated at the Institute of High Current Electronics, at the
technological universities of Dalian and Guangzk@hina),
and at Zoltan Institute for Nuclear Resea(Ewland, where
they are used in the main to modify surface properties of
materials by the ion implantation method. When doing this,

Fig. 16. Schematic diagram of the Titan-3 ion sour&epipe for supply-
ing the working gas into the discharge chamtrhigh-voltage cable,
3: pipe for supplying water to cool the discharge chamBdegrounded Fig. 17. Waveforms of the pulsed currents of the Titan-3 ion source:
case,5: constricted arc channe®; vacuum arc cathod€; high-voltage 1: discharge currenfleft: constricted arc, right: vacuum arc, 4Q/div);
screen of the discharge chamb&rhollow anode, an@: acceleratingand  2: ion current(left: nitrogen ions, right: titanium ions, 0.2/Aiv). Scale:
intercepting electrodes. 7 = 100Mkc/div. Uaee = 50 kV.
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inthe near-surface layer of an article, gas—metal compounds
of desired stoichiometry, such as TiN, b AlO, and the

like, are created that improve the tribological properties of
the surface and enhance the corrosion resistance of the ar-
ticle (Tyumentsewet al,, 1993. The Titan ion sources were
also employed to improve the performance of the electrodes
of a gas-discharge laser, to harden cutter knives, stamps,
drills, and cutting tools with the aim to lengthen their life-
times, and to improve the operating characteristics of other
articles and tools. An interesting application of the ion Sourcéﬁg. 18. Schematic of the ion source generating multiply charged ions:

. . N 1: cathode2: solenoid,3: hollow anode4: acceleration systend; spec-
has been found at the University of Zhengzl(ﬁhlna). The trometer gate6: Faraday cup?: electron gun. Power supplies f8r arc

device is used in gene engineering as a tool for the perforasrrent “step”,9: vacuum arc10: accelerating voltagel1: spectrometer
tion of cells of various biological objects in executing genegate, and.2: oscilloscope.

variations.

efficient ionization(lo = 40 A, jo = 70 A/cm?, E. = 20 keV,
7o = 100 us) was injected into the discharge plasma.

The magnetic field created in the plasma of the vacuum
The ion charge state distribution in the plasma of a vacuunarc discharge has a pronounced effect on the ion charge state
arc discharge is of importance in using this type of dischargelistribution: The fractions of singly and doubly charged
primarily for the production of ion beams. Since the energyions substantially decrease, while the multiply charged ion
of anion in a beam is proportional to its charge, the chargdraction noticeably increases. Comparison of the attained
state of the ion beam produced by a technological-purposeperating voltage of the arc with the ionization potentials
source determines the penetration depth of the ions into has shown that to obtain an appreciable desired degree of
solid, the rate of sputtering of the surface layer, and soméonization, it is necessary that the arc operation voltage be
other parameters. In the ion sources used as injectors afose to the sought-for ionization potential. The ion charge
heavy ions for charged particle accelerators, the ion beardistributions for an arc in a magnetic field for different
charge state is responsible for the fraction of ions participateathode materials are listed in Table 1. Comparison of these
ing in further acceleration. For the vacuum arc pulse duradistributions with data obtained in the absence of a magnetic
tion (>100 us) characteristic of the ion sources dependingfield suggests that for all cathode materials the ion charge
for their operation on this type of arc, the mean ion chargeincreases if a strong magnetic field is created in the dis-
depending on the cathode material, varies from 1 to 3. Theharge gap. As this takes place, the charge number corre-
study of the factors that affect the beam ion charge distribusponding to the greatest number of ions shifts toward its
tion and the search for ways of increasing the beam iomgreater values, and ion species which were not observed
charge present a problem whose successful solution coulgarlier(C3*, Ti*, Cr*, Ni®*, Ni®*, Mo®*, Ba®", Ba*t, Pb*™,
offer the prospect for improving vacuum-arc-based ionHf 6, US*, U®*, and othersappear in the charge spectrum
sources. of the beam. It should be noted that the steady-state ion

The experience gained in developing and operating theharge distribution in the plasma of a vacuum arc discharge
Titan ion sources have made it possible to modernize thalso depends on the residual gas pressure. To produce an
MEVVA-type ion sources based on a vacuum &@ks, appreciable fraction of metal ions with a charge number
2002 with the aim to increase the ion charge. Figure 18over 3+, the residual gas pressure should be lower than
gives a generalized schematic diagram of this type of iorl0~° Torr.
source. The arc discharge was ignited between catiode The charge number of the ion beam generated in a vac-
and anod@& as a voltage was applied to the gap from poweruum arc ion source can be increased by applying to the main
supply9. The ions generated by this discharge were accelgap an additional discharge current “stef0?—10° A,
erated in multiaperture or grid extraction systednisy an ~ 5-50us) whose amplitude is considerably greater than that
accelerating voltage of 10-50 kipower supplyl0). The  of the main discharge current. On application of such a
ion beam was analyzed with the help of time-of-flight masscurrent step, the voltage across the discharge gap increases.
spectrometers whose base was the distance between the gatethis takes place, the charge state of the ion beam varies:
of spectrometeb and ion collecto6. To increase the ion The fraction of lower-charge ions decreases, while that of
charge, the vacuum arc was subjected to the following achigher-charge ions increases, resulting in an increase in the
tions: (1) a pulsed magnetic field of induction up to 3 T was mean ion charge by a factor of 1.2-1.5. If a combination
created in the cathode region of the dischaf@ean addi- of a magnetic field and a discharge current step is used,
tional current puls€‘step”) with an amplitude considerably the mean charge of the plasma ions can be increased by
exceeding the arc current was applied to the discharge gapp0—-25%, as compared to the case of the application of a
and (3) an electron beam with parameters sufficient formagnetic field only.

3.2. The MEVVA ion source and the generation
of multi-charged and gas ions
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Table 1. lon charge distribution in a beam for different cathode materials with and without a magnetic field in the cathode region.
B=0.7-3T,}=0.2-1.7 kA, p< 1076 Torr.

No Magnetic Field With Magnetic Field Q)

Cathode ¥ 2+ 3+ 4+ 5+ (Qo) 1+ 2+ 3+ 4+ 5+ 6+ (Q) (Qo)
Li 100 — — — — 1 26 74 — — — — 1.7 1.7
C 100 — — — — 1 29 58 13 — — — 1.8 1.8
Mg 46 54 — — — 1.5 1 99 — — — — 2 1.3
Al 38 51 11 — — 1.7 12 55 33 — — — 2.2 1.3
Si 63 35 2 — — 1.4 19 51 30 — — — 2.1 1.5
Ca 8 91 1 — — 1.9 10 24 66 — — — 2.6 1.3
Sc 27 67 6 — — 1.6 16 53 29 2 — — 2.2 1.2
Ti 11 75 14 — — 2 1 9 25 58 7 — 3.6 1.8
\Y 8 71 20 1 — 2 3 8 27 56 6 — 3.5 1.7
Cr 10 68 21 1 — 2.1 4 9 20 53 12 2 3.7 1.7
Fe 25 68 7 — — 1.8 6 20 34 38 2 — 3.1 17
Co 34 59 7 — — 1.7 4 17 43 31 5 — 3.2 1.8
Ni 30 64 6 — — 1.8 1 9 19 32 27 12 4.1 2.3
Cu 17 63 20 — — 2 10 22 34 31 3 — 3 15
Zn 80 20 — — — 1.2 2 56 34 8 — — 2.5 2.1
Ge 60 40 — — — 14 9 28 54 9 — — 2.6 1.9
Sr 2 98 — — — 2 2 67 21 10 — — 2.4 1.2
Y 5 62 33 — — 2.3 6 9 77 8 — — 2.9 1.3
Zr 1 47 45 7 — 2.6 1 11 33 48 7 — 3.5 1.4
Nb 1 24 51 22 2 3 — 5 8 29 51 7 4.5 1.5
Mo 2 21 49 25 3 3.1 — 5 12 34 39 10 4.4 1.4
Rh 35 55 7 3 — 1.8 2 7 27 55 8 1 3.6 2.0
Pd 23 67 9 1 — 1.9 2 18 48 30 2 — 3.1 1.7
Ag 13 61 25 1 — 2.1 7 23 37 30 3 — 3 1.4
Cd 68 32 — — — 1.3 5 40 55 — — — 25 1.9
In 66 34 — — — 1.3 10 63 27 — — — 2.2 1.6
Sn 47 53 — — — 1.5 8 61 30 1 — — 2.2 1.5
Ba 2 98 — — — 2 — 42 54 4 — — 2.6 1.3
La 1 76 23 — — 2.2 3 26 61 10 — — 2.8 1.3
Ce 3 83 14 — — 2.1 1 15 54 27 3 — 3.2 1.5
Pr 3 69 28 — — 2.3 2 20 59 18 1 — 3 1.3
Nd — 83 17 — — 2.2 — 18 36 42 4 — 3.3 15
Sm 2 83 15 — — 2.1 — 10 40 41 8 1 35 1.7
Gd 2 76 22 — — 2.2 1 28 31 35 5 — 3.2 1.4
Th 2 76 22 — — 2.2 1 17 39 42 1 — 3.3 1.5
Dy 2 66 32 — — 2.3 2 15 42 39 2 — 3.2 1.4
Ho 2 66 32 — — 2.3 1 13 44 37 5 — 3.3 15
Er 2 63 35 — — 2.3 1 10 46 35 8 — 3.4 1.5
Hf 3 24 51 21 1 2.9 1 5 11 39 41 3 4.2 1.4
Ta 2 33 38 24 3 2.9 0 4 12 40 41 3 4.3 1.5
W 3 23 43 26 5 3.1 0 1 18 42 32 7 4.2 1.4
Ir 5 37 47 11 1 2.7 0 4 22 47 27 — 4 1.5
Pt 13 69 18 — — 2.1 1 16 42 46 — — 3.4 1.6
Au 14 75 11 — — 2 2 15 38 45 — — 3.3 1.6
Pb 36 64 — — — 1.6 1 65 23 11 — — 2.4 1.5
Bi 87 13 — — — 1.1 7 27 57 9 — — 2.7 2.4
Th — 24 64 12 — 2.9 — 18 30 26 20 6 3.7 1.3
U 20 40 32 8 — 2.3 — 19 31 28 18 4 3.6 1.6

Injection of an electron beam into the plasma of a vacuunwithout an injected electron beam, only singly and doubly
arc discharge also substantially increases the mean iocharged lead ions are detected in the charge spectrum of the
charge, and the effect of the beam action is more proplasmaupper tracg An electron beam provides a substan-
nounced than that of a strong magnetic field applied for thdial increase in the fraction of higher charge statesver
same purpose. The effect of an electron beam on the iotrace. With an electron beam, sevenfold ionization of lead
charge state for a lead cathode is presented in Figure 19as attained. As this took place, the mean charge of the ion
Under conventional conditions of a vacuum arc operatingpeam increased twice: from 1.7 to 3.4. The degree of rise of
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Fig. 20. Pressure dependence of the fraction of cathode materialip8)s
and gas ion§2, 4) in the beam. Aluminun(l), oxygen(2), yttrium (3), and
nitrogen iong4).B=0.1T.

Fig. 19. Spectra of alead ion beam: upper trace: without an electron beam;
lower trace: with an electron beam injected into the plasma of the vacuum ) ) o ] )
arc discharge. vacuum arc discharge in a magnetic field is wider than that

in the previously considered case. Figure 20 presents plots
of the pressure dependence of the ion content for two
cathode material-working gas pairs: aluminum—-oxygen and

the multiply charged ion fraction is determined by the cath- ttrium—nitrogen. From these plots it follows that by vary-

ode material, the electron beam current and current density, . .. gas pressure from 19to 10-3 Torr with the ampli-

dth fthe residual he gas desorbed frq[iy
and the pressure of the residualgas ort_ € gas desorbed Irqthe of the pulsed magnetic field kept constant, itis possible
the electrodes. To further increase the ion charge, it is NeGy control the oxygen ion content in the ion beam from 0 to

essary to increase the electron beam density and the I|fet|m§6% and the aluminum ion content, accordingly, from 100

gf the |on§ n ;he Leglondofthe;]r |r(1jterqct|on v;nt?fthe e]!eﬁtronto 4%. For the yttrium cathode and nitrogen, the same vari-
eam and to further reduce the detrimental effect of the gag,; ., jp, pressure controls the nitrogen ion content in the

impurities by decreasing the pressure in the region of imerfange 0-97% and the yttrium ion content in the range 100—
action of the beam with the ion component of the discharg

| %9%. Another way of controlling the proportion between the
plasma. gas ion and metal ion contents is to vary the magnetic field

Forced supply of the working gas into the discharge SYS3tafixed pressure of the working gas. Figure 21 presents the

tem of a;_vacu]ym-ar_c lon sogrce Vé'tht’c_l magfntetlc field aIIOWsmagnetic field dependence of the gas and metal ion contents
generation of gas lons and production of two-Component, . oo q4es made of yttrium and zirconium and oxygen as

ga;—metal k'.on beams. In(\j/esu%atéons were |Ioer:]ormed for[he fillgas. By varying the magnetic field from 20 to 200 mT
various working gases and cathode materials that enco ne can control the oxygen ion content in the beam from 5 to

passed most of the elements of the periodical table. For ally_aco, 2nd the yttrium or zirconium ion content from
gases and cathode materials used in the experiments, Y504 to 15%.

increase in pressure resulted in a decrease in metal ion cur-

rent and in multiply charged metal ion fraction in the beam.

If a magnetic field was created in the discharge gap, this also

gave rise to the appearance in the beam of a considerable 0or
fraction of fill gas ions. The process most probably respon-
sible for the variations in the charge of metal ions is the 80t
charge exchange of these ions with gas neutrals in the dis-
charge gap. This supposition is supported by numerical §60_
estimates based on the relative cross sections of this process
: . ) . T 40t
determined in the adiabatic approximation. In the presence
of a magnetic field and under an elevated pressure, the spec-
trum of the charge states of metal ions is largely the result w1
of two competing processes: the charge exchange between . . 1 ]
the ions and residual gas neutrals reducing the mean ion 0 0.05 0.10 0.15 0.20
charge and the additional ionization in the magnetic field B(T)

mcreasmg the fraction of mult|.ply charged '9”5- The IFa‘ng“:’Fig. 21. Magnetic field dependence of the fraction of cathode material
over which the gas and metal ion fractions in the beam cagyns(1, 3) and gas ion€2, 4) in the beam. Zirconiunil) and oxygen ions

be controlled in the case of its generation based only &) and yttrium(3) and oxygen iong4). p = 6-107° Torr.
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In contrast to the arc-discharge-based ion sources, which
generally operate in the pulsed mode, the glow-discharge-
based ion sources are best suited to the generation of con-
tinuous beams of gas ions. A glow discharge features highly
stable and uniformly distributed parameters of the plasma
and a high ion component of the cathode current; therefore,
it is workable in various plasma-ion devices. With all its
good points, a glow discharge has, however, the disadvan-
tage that its comparatively higltcompared, e.g., to an arc
discharge¢operating voltage, and, hence, intense sputtering
of the cathode, reduces the device lifetime and “pollutes”
the gas plasma with metal ions of the cathode material.
Another factor that limits the use of this type discharge is the

rather high operating pressure and its relatively narrow rangesig. 22. Schematic of the electrode system of the device based on a glow

In a glow-type discharge, the principal mechanism ofdi_scharge v_vith _electron injection: auxi_liary_ discharge cathodg; m_etal
currenttransfer at the cathode is ion-electron emission. Whe${'d: 3- main discharge cathodd, main discharge anodé; auxiliary
the mode of a self-sustained low-voltage discharge is realc-j'SCharge plasméi: main discharge plasma; gas supply, & power
. . . .g o 9 supplies for the main and auxiliary discharges.
ized, the coefficient of ion-electron emissigrns generally
not above 0.1. It follows that even a smalbmpared to the
discharge curreptvariation in electronic component of the

cathode current may substantially vary the glow discharg@etron discharge in the magnetic field created by a ring-

parameters, in particular, its operating voltage. This variaShaped permanent magnet were used.

tion can be executed “artificially” by injecting electronsinto ~The working gas flow is supplied into the cathode cavity
the discharge system. If conditions for the acceleration off the auxiliary discharge. Estimates show that the pressures
these electrons in the cathode fall of the glow discharge ar#! the auxiliary discharge region and in the main discharge
created, they will be in fact indistinguishable from the elec-région differ by no less than an order of magnitude. The
trons emitted by the cathode in the course of ion-electroffPerating pressure is controlled by varying the working gas

emission, and this injection of electrons is in effect tanta-flow rate.

mount to increasing the coefficient of ion-electron emis- 1he shape of the anode(Fig. 22) and its position, in
siony. contrast to the surface area, have no effect on the discharge

The possibility to vary the quantity allows either a Parameters. Measurements have sho\iair et al, 2000
substantial extension of the operating pressure range of fgat thereis an optimum anode-to-cathode area (@3-

glow discharge toward the lower pressures or an appreciab@004 at which the discharge operation pressure and the

decrease in discharge operating voltage under convention@Perating pressure are minimum.

conditions of its realization. Injection of electrons into the cathode cavity reduces the
To inject electrons into the cathode region of the maindischarge operation voltageand makes possible the oper-
glow discharge, an auxiliary discharge with hollow cathode@tion of a low-voltage discharge at lower operating pres-

1 (Fig. 22 is used whose outlet aperture is arranged oppoSuresp (Fig. 23; Okset al, 1998. For a self-sustained
site the anode, which is made as metal gidrhe main dischargdcurvel), a reduction of the operating pressure to

discharge with cathod8 and anodet serves to generate
plasma from which ions are extracted. The design features

of the main discharge gap, depending on the device purpose, U (V)

allow one to produce eitherion beam or gas-discharge plasma

in the volume of the discharge chamber. Geidovers the 800

aperture in the wall of the main discharge cath8dmnd is

electrically connected to this cathode. Some electrons, which 600 ]

close the auxiliary discharge current, enter the main dis- 4001

charge region through the grid and are accelerated in the 2

cathode fall potential region of this discharge. The acceler- 200k 3

ated electrons chaotically oscillate between the cavity walls, 4

ionizing the working gas until they are thermalized or get on s - . .

the discharge anode. 0 L2 3004
The auxiliary discharge ensures stable initiation of the p. 10" (Torr)

main discharge with the voltage at its electrodes almos

equal to the opergting \{Oltage- To initiate the aU'X_”iary dis-for different currents of the auxiliary discharge(D, 20 (2), 50 (3), and
charge, surface dielectric breakdown and an additional mag00 mA(4). Main discharge current: 100 mA. Working gas: argon.
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below 2104 Torr results in an abrupt increaselnAs can  BUGAEV, A.S., GUSHENETS, V.1, KHUZEEYV, YU.A., Oks, EM. &

be seen from the data presented, the electron injection shifts Yusukov, G.Yu. (200Ga). High-density plasma low energy

the curves into the region of the lowdrandp, and the shift electron gun based on vacuum arc in a strong magnetic fields.

magnitude is determined by the injection current. Proc. XIXth Int. Symp. on Discharges and Electrical Insulation
The injection of electrons is tantamount to increasing the N VacuumVol. 2, pp. 629-632. Xran, China: Xi'an Jiaotong

o : «_ University.
emissive power of the cathode. For an ordinary glow dIS.BUGAEV, AS.. GUSHENETS. V.I. NIKOLAEY. A.G.. OKs. E.M. &

charge, the coefficient of secondgry |on-electroq em|SS|on.|s Yuskov, G.YU. (2000h). Future development of gas and metal
a}few percent; tr_\erefo_re_, a relatively small fract_|on of add_|— ion sources based on arc discharge with cold cathBeec.
tional electrons is sufficient to change substantially the dis- gt int. Congress on Radiation Physics, High Current Elec-
charge parameters. Despite the fact that an additional energy tronics and Modification of Materialsvol. I1I, pp. 204—207.
should be expended to sustain the auxiliary discharge, the Tomsk, Russia. Novosibirsk: Nauka.
injection of electrons significantly reduces the energy inputBucakev, S.P., GUSHENETS, V.I. & SCHANIN, PM. (19923). Con-
per ion. trolling the emission current from a plasma cathd@i®c. IXth

Based on this type of discharge, ion sources has been Int. Conf. on High-Power Particle Beams (BEAMS'9%)I. 2,
developed and built that are capable of producing, with an  PP-1099-1105. Washington, DC, USA: University of Maryland.
acceleration voltage of up to 30 kV, beams of mgen BUGAEV, S.P.,, NIKOLAEV, A.G., Oks, E.M., SCHANIN, PM &
inclusive ions of a cross-sectional area of about 100cm ~ YUSHKOV. G.Yu. (1992). The 100 kv gas and metal ion source

. . . for a high current ion implantatiorRev. Sci. Instrum63,
with a current ranging from 1 mAto 2 AVizir et al., 2000 24992494
as well as plasma generators capable of filling vacuum VOIBUGAEV, SP. NIKOLAEV’ A.G.. Oks, EM.. SCHANIN, PM. &
umes of about 1 fwith homogeneous and low-noise gas-  yysuxov, G.Yu. (1992). Improvement of the emission pa-
discharge plasma of density ' cm® with an electron rameters in the “TITAN” vacuum-arc ion sourceroc. XVth
temperature of, = 5-10 eV. Int. Symp. on Discharges and Electrical Insulation in Vacyum

pp. 686—689. Darmstadt, Germany.
BUGAEvV, S.P., NIKOLAEV, A.G., Oks, E.M., SCHANIN, PM. &
4. CONCLUSION Yusnkov, G.Yu. (1994. The “TITAN” lon Source.Rev. Sci.
. Instrum.65, 3119-3125.

At t_he_present moment,_ electron and ion sources based %RDOVITSIN, V. & Oks, E. (1999. Hollow cathode plasma elec-
emission of charge particles from plasma have been devel- {4, gun for beam generational forepump gas pres&ee. Sci.
oped at many laboratories around the world for electron- |nstrum.70, 2975-2978.
beam welding, annealing, surface heating of materialSBurbovitsiN, V.A., BURACHEVSKY, YU.A., FEDOROV, MV. &
realizing plasmochemical reactions, ion implantation, orion-  Oks, E.M. (2002. Plasma electron source of linear beam for
assisted deposition processes. Among the distinctive fea- forvacuum pressure rangeroc. 6th Int. Conf. on Modification
tures of the sources are simplicity, high beam current, and of Materials with Particle Beams and Plasma Flovap. 57—

efficiency in producing beams. Since inception, the sources 60- Tomsk, Russia: Tomsk Polytechnic University.

have experienced much improvement in a number of differGALANSKY, V.L.. GRUZDEV, V.A., Osipov, LV. & RemPE, N.G.
(1994). Physical processes in plasma electron emitters based on

entways, e_xtendlng their potential applications. Further m- a hollow-cathode reflected discharge.Phys. D: Appl. Phys.
provementin sources technology and an expanding province 27 953-961
of novel applications can be expected to be seen in fUture'GAVRILOV, NV.. GUSHENETS, V.I. KovaL, N.N.. Oks, E.M.,

TOLKACHEV, V.S. & SCHANIN, PM. (1993. Large cross sec-
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