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Abstract

This article reviews experiments on the production of low-energy, high-current electron beams~LEHCEB! and their use
for surface modification of materials. It is shown that electron guns with a plasma anode and an explosive emission
cathode are most promising for the production of this type of beams. The problems related to the initiation of explosive
emission and the production and transportation of LEHCEBs in plasma-filled diodes are considered. It has been shown
that if the rise time of the accelerating voltage is comparable to or shorter than the time it takes for an ion to fly through
the space charge layer, the electric field strength at the cathode and the electron current density in the layer are increased.
Experimentally, it has been established that the current of the beam transported in the plasma channel is 1–2 orders of
magnitude greater than the critical Pierce current and several times greater than the chaotic current of the anode plasma
electrons. Methods for improving the uniformity of the energy density distribution over the beam cross section are
described. The nonstationary temperature and stress fields formed in metal targets have been calculated. The features of
the structure-phase transformations in the surface layers of materials irradiated with LEHCEBs have been considered.
It has been demonstrated that in the surface layers quenched from the liquid state, nonequilibrium structure-phase states
are formed. These states, together with the surface smoothing and cleaning, improve some surface-sensitive properties
of the irradiated materials, such as the electric strength of metal-electrode vacuum gaps, the fatigue properties of
titanium alloys, and the wear resistance of cutting tools made of high-speed steels and hard alloys. It has also been
demonstrated that the pulsed melting of film–substrate systems makes it possible to execute efficient surface alloying.
A description of an LEHCEB source with a plasma anode based on a high-current reflected discharge is given and the
results of its testing and application are presented.

Keywords: Double layer; Electron-beam irradiation; High current electron beams; Plasma-filled diodes; Surface
modification of materials

1. INTRODUCTION

The generators of wide-aperture~S. 10 cm2! low-energy
~20–40 keV!, high-current~10–30 kA! electron beams
~LEHCEBs! of microsecond duration are of considerable
interest primarily as candidates for surface treatment of
materials~Proskurovskyet al., 1996, 1998!. Other fields of
possible use of LEHCEBs are the production of high-power
X-radiation pulses with a photon energy of 1–10 keV and
physics of high energy densities in matter.

The most promising systems for the production of
LEHCEBs are electron guns with a plasma anode and an
explosive-emission cathode~Nazarovet al., 1994, 1997!.
Plasma-filled diodes~PFDs! are more advantageous than

vacuum diodes in almost all characteristics such as the emis-
sive properties of the cathode and its lifetime, the current
density in the acceleration gap, the magnitude of the trans-
portable current, the length of the transportation channel,
and the cross-sectional uniformity of the electron flow. The
development of an additional system for the formation and
power supply of a plasma anode is not a complicated engi-
neering problem and, in view of the mentioned advantages,
is quite rewarding.

This article considers the principle of formation of a high-
current electron beam in a PFD~Section 2! and some phys-
ical aspects of the formation of a plasma anode~Section 3!,
excitation of explosive emission at the cathode of a PFD
~Section 4!, and formation~Section 5! and transportation
~Section 6! of a magnetized LEHCEB in a plasma channel.
Some data are reported on the limitations of the beam pulse
duration in plasma-filled systems~breakdown transverse to
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the guide magnetic field lines, excitation of a plasma-beam
discharge!. The factors that determine the cross-sectional
uniformity of the electron flow are considered. Section 7
presents the results of calculations of the nonstationary tem-
perature and stress fields that are induced in a metal target.
Features of the nonequilibrium structure-phase transforma-
tions realized on pulsed melting are also considered. Exam-
ples of the use of LEHCEBs for improving some material
properties~the electric strength of the vacuum insulation,
the resistance to wear, fatigue strength, etc.! are given. In
Section 8, an LEHCEB source with a plasma anode based on
a reflected discharge is described, which is used for the
modification of the surface layers of various materials, and
some data obtained in operating this system are reported.

2. THE PRINCIPLE OF PRODUCTION OF
HIGH-CURRENT ELECTRON BEAMS
IN PLASMA-FILLED DIODES

The idea to produce high-current electron beams in plasma-
filled systems goes back to the works of Plyuttoet al.~1969!
performed in the 1960s. In the 1970s, Iremashviliet al.
~1975! embodied this idea in high-current electron guns
“with a cold cathode and a plasma anode.” A considerable
contribution to the understanding of the processes involved
in the generation of high-current electron beams in plasma-
filled systems was the study of high-current “direct
discharges” that was carried out in the 1970–1980s by re-
searchers of the Kharkov Physicotechnical Institute~Lut-
senkoet al., 1976, 1988!. All these studies have made it
possible to reveal the principal features of the behavior of
plasmas with a particle density of 1011–1014 cm23 in the
strong pulsed electric fields and demonstrate the dominant
role of the double space charge layers appearing in plasmas
in the production of high-current electron beams.

In general, the mechanism for the generation of an elec-
tron beam in a PFD is as follows. The acceleration gap and
the beam drift space are preliminarily filled with plasma of
moderate density~1012–1013 cm23!. The plasma column
can be produced either by injecting plasma from point gen-
erators~e.g., spark generators, Fig. 1a! or by bulk ionization
of the working gas in a high current reflected discharge
~Fig. 1b!. Owing to its high conductivity, the plasma has a
potential close to the ground~anode! potential. Once the
plasma column has been formed, an accelerating pulsed
voltage is applied to the cathode of the electron gun. The
electric field is localized within the cathode layer of ion
space charge, whose thickness is generally much less than
the cathode–anode gap spacing.As a result, the electric field
at the cathode,Ek, reaches a high value~generally, no less
than 100 kV0cm!, and explosive electron emission is initi-
ated at the cathode, resulting in the formation of dense plasma
blobs that constitute an electron emitter. After a time~gen-
erally, about 100 ns!, these individual cathode plasma blobs
merge to form a solid emitting surface. Once explosive
emission has been initiated, the accelerating voltage is lo-

calized within the double layer~DL! between the cathode
and anode plasmas that carries a bipolar flow of charged
particles.

The electron and ion current densities in the DL~we
assume it to be one-dimensional! are generally related by
the classical Langmuir formula

Je 5 Ji ~M0m!102 5 1.853 2.333 1026V 3020d2, ~1!

whereM andm are the ion and the electron mass, respec-
tively, V is the fall voltage across the layer, andd is the layer
thickness. The ion current density in turn is the sum of two
components: the Bohm term and the drift term, which is
determined by the velocity of the mutual motion of the
cathode and anode plasmas~including the layer expansion
velocity!, vd:

Ji 5 0.4ena~2kTe0M !102 1 enavd . ~2!

Here,na andTe are the anode plasma density and tempera-
ture, respectively,k is Boltzmann’s constant, ande is the
electron charge.

The electron beam accelerated in the DL is transported
through the anode plasma to a collector, which can serve as
a support for samples and articles to be treated. To prevent
the beam from pinching, an external guide magnetic field is
used. In the case where a plasma anode is formed with the
help of a reflected discharge, the guide magnetic field plays
one more role, providing the initiation and operation of the
discharge.

Fig. 1. Schematic diagrams of high-current diodes with a plasma anode
based on spark plasma generators~a! and a high current reflected discharge
~b!. 1: explosive-emission cathode; 2: diaphragm; 3: collector; 4: case;
5: cathode plasma; 6: anode plasma; 7: solenoid; 8: spark plasma generator
~a! and anode of reflected-discharge~b!.
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3. FORMATION OF A PLASMA ANODE

There are two methods generally used for the creation of the
column of plasma filling the acceleration gap and the drift
space. The first method is based on the use of the plasma of
vacuum sparks~arcs! that issues from the region of its gen-
eration into the fill space. The small dimensions of the spark
and arc gaps allow one to consider them point plasma sources.
There exist a variety of designs of this type of plasma source:
Bostik end-face guns, coaxial plasma guns, capillary-type
plasma guns, and so forth.

The second method is to realize bulk ionization of the
working ~or residual! gas with the help of an auxiliary hot-
cathode gun~Lutsenkoet al., 1976; Krastelevet al., 2000!
or by initiating a gas discharge of high ionizing ability, for
example, a high-current reflected~Penning’s! discharge~RD;
Nazarovet al., 1997!. If the rate at which the plasma column
loses ions is less than or of the order of the ion production
rate, a rather high degree of ionization of the working gas
and, hence, a correspondingly high plasma density can be
achieved. For instance, in the experiments described in Lut-
senkoet al.~1976, 1988!, the plasma density could be varied
in the range 1012–1013 cm23 and the ionization degree ap-
proached 100%. However, auxiliary electron guns are inef-
ficient to employ because they add complexity to the system
design and, moreover, hot cathodes used in them have short
lifetimes. Therefore, high-current reflected discharges are
more promising as a means for creating the plasma anode.

In this connection, an important note should be made. It is
generally believed~Kreindel, 1977! that the high-current
~i.e., arc! reflected discharge is unsuitable for producing a
stable plasma column with an appropriately uniform density
distribution because of the chaotic behavior of cathode spots.
Broadly speaking, this doubt is reasonable. However, our
experience in developing electron guns with a plasma anode
based on a high-current RD has shown that they are capable
of producing electron beams with a quite acceptable cross-
sectional energy density distribution~beam autographs do
not show pronounced microirregularities!.

It should also be noted that the high-current RD has not
been adequately investigated since it was not considered a
candidate for use in charged particle beam sources. An ex-
ception was the work of Arzhannikovet al. ~1978, 1984!,
who utilized this type of discharge to create a long~240 cm!
plasma column in experiments on studying the processes
involved in the transportation and relaxation of high-power
relativistic electron beams. Rather uniform radial plasma
density distributions have been obtained for plasma col-
umns produced at comparatively high pressures of the work-
ing gas ~hydrogen, 0.01–0.1 Torr! for a magnetic field
strength of 25 kOe and currents of up to 60 kA. The degree
of gas ionization approached 100%.

Below we discuss the principal results of our experiments
on the production of plasma anodes with the use of a set of
arc plasma sources and with the help of a high-current re-
flected discharge.

3.1. Production of a plasma anode with the use
of arc plasma sources

The probe method was used to investigate the saturation ion
current density distribution and other parameters of the
plasma anode produced by 12 spark~arc! sources arranged
in a circle around the hole in the anode electrode~Fig. 1a;
Nazarovet al., 1994; Ozur & Proskurovsky, 1989, 1990!.
The circle ~plasma anode! diameter was 3.4 or 7 cm.
Structurally the plasma sources were TVO resistors with
grinded-off end faces. The cathodes were the~graphite! in-
ner conductors of the resistors. The arc ignition in the plasma
generators was realized by initiating breakdown over the
surface of the ceramic envelope of a resistor. The current
amplitude was varied in the range 0.4–4 kA and its duration
in the range 2–5ms. The resistive decoupling of the plasma
sources ensured their stable simultaneous operation begin-
ning from a voltage of 6–7 kV. A set of four Langmuir
probes arranged in a line at different radial positions was
placed behind a diaphragm and could be displaced along the
system axis without deterioration of vacuum. Probe signals
were recorded with an oscilloscope with a bandwidth of
50 MHz.

The principal measurement results are as follows:

1. The plasma density increases approximately linearly
with current and agrees in value with its estimates by
the erosion rate of the cathode material~carbon! of the
plasma generators. As the distance between the probe
and the plane of location of the plasma sources,l a-p,
increases, the plasma density decreases as~l a-p!21.

2. The ion current density and its radial profile may be
varied by varying the diameter of a diaphragm mounted
on the anode holder~Fig. 2!.

3. The pulse-to-pulse reproducibility of the probe signals
made up about 20%, which is quite acceptable.

4. The velocity of expansion of the anode plasma along
and transverse to the magnetic field lines was~5–10!
3104 and~1–2! 3104 m0s, respectively. These high

Fig. 2. Typical anode plasma density distributions for different values of
the diaphragm hole: 2~1!, 2.7~2!, and 3.4 cm~3!, respectively.H 5 2 kOe,
l a-p 5 3 cm.
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velocity values are due to the pressure of the self mag-
netic field of the current flowing in the spark plasma
sources, that is, these sources are, in fact, end-face-
type plasma guns.As follows from~1! and~2!, for high
velocities of the plasma motion in the axial direction,
one should choose the lower values of the plasma
density; otherwise, the plasma current, given byI 5
Ji ~M0m!102S, may appear to be greater than the current
of the generator powering the electron gun.

5. The electron temperature determined by the floating
potential was 2–3 eV, which is in a good agreement
with the data available in the literature.

Thus, it has been shown that there exists a conceptual
possibility to create a quasi-uniform plasma column by in-
jecting plasma in the transverse direction. Similar plasma
density values andJi ~r ! profiles have been obtained for the
plasma anode diameter equal to 7 cm~of course, at a higher
current!.

3.2. Production of a plasma anode
by bulk ionization

The use of the plasma of vacuum arcs in LEHCEB sources is
quite reasonable for the treatment of widely used metal
articles and tools. In special cases, for instance, when treat-
ing the surfaces of the electrodes of accelerator tubes, slow-
down electrodynamic systems of microwave devices, and
medical articles, not only is oil-free evacuation needed, but
it is also required to prevent the surface under treatment
from being contaminated with the cathode and anode ero-
sion products. Arc~spark! anode plasma sources are one of
the major contributors of contaminants. Another disadvan-
tage of the arc plasma sources is the very great energy going
for plasma production, since their current makes up 10–
20% of the beam current, while to form a beam in DL, only
the ion component of the anode plasma current is used which
makes up only'5% of the total current of the arc sources.
Finally, the use of arc plasma sources for the production of a
long plasma anode is inefficient for structural reasons.

To overcome these disadvantages, we pioneered the pro-
duction of a plasma anode with the use of a low-pressure~0.1–
1 mTorr! high-current reflected discharge~Proskurovsky
et al., 1996; Nazarovet al., 1997!. The reflected discharge
cathodes~Fig. 1b! are the~grounded! beam collector and the
explosive-emission cathode of an electron gun. The cathode
is grounded through the decoupling inductor of a voltage
pulse generator~VPG!. Since the pulse duration of the dis-
charge current was much longer than that of the VPG, we
could choose the VPG inductance so that the portion
of the discharge current that flowed in the circuit of the
explosive-emission cathode was not too low. The total dis-
charge current was controlled over the range 4–400 A with
the help of a ballast resistor connected in series with the anode.

Once a pulsed voltage is applied to the anode~Fig. 3!, the
discharge goes through two main stages: the low-current

~high-voltage! stage and the high-current~low-voltage! stage.
The low-current stage of RDs has been investigated rather
well, although mainly for dc discharges~Babertsyanet al.,
2000!. As for the high-current stage, it, as mentioned, has
been studied inadequately; therefore, we have performed a
series of experiments to elucidate the processes involved in
this stage of RD discharges.

The principal results of our investigations are as follows:

1. For the mentioned range of working gas~argon! pres-
sures, the RD current in the high-current stage shows a
very weak dependence on both the gas pressure and
the magnetic field strength~in the range from 300 to
4000 Oe!. The operating voltage of the discharge is
150–200 V, and it is almost equally distributed among
the cathode and anode space charge layers. The elec-
tron temperature, estimated from the probe character-
istic, lies in the range 5–7 eV, which is typical of
low-pressure discharges.

2. An increase in discharge current leads to an~substan-
tially slower! increase in the density of the ion current
onto the cathodes. For instance, as the discharge cur-
rent was increased from 4 to 300 A, the ion current
density increased only five times~from 0.03 to 0.15
A 0cm2!. This result suggests that the current of an arc
RD is carried in the main by the cathode spots. Pho-
tography of the discharge glow has shown that the
number of cathode spots is roughly proportional to the
current.

3. The rise time of the discharge current, as the discharge
goes into the high-current stage, is in about inverse
proportion to the gas pressure.

4. The threshold gas pressure at which the RD is still able
to go into its high-current stage decreases with increas-
ing anode area.

Fig. 3. Waveforms of the voltage in the discharge power supply circuit
~upper trace, 2 kV0div! and the discharge current~lower trace, 46A0div!.A
Rogowski coil was used as a current gauge. The signal is inverted. Argon
pressure5 0.5 mTorr.H 5 450 Oe.
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5. The delay times for the transition of an RD into the
high-current stage have a small~not over 6–8%! pulse-
to-pulse spread. These times are less than those esti-
mated by the well-known formula~Expression 4! for
the glow-to-arc transition by 1–2 orders of magnitude.
The mechanism for this transition is related to the
formation of cathode spots due to the charging of the
cathode dielectric inclusions and films by the ion cur-
rent that is followed by their breakdown~Lutz, 1974!.
Actually, the ion current density that we measured in
the high-voltage stage of a discharge was about 1 mA0
cm2, which should give a transition time of the order of
1 ms, whereas these times are actually no longer than
20–40ms.

6. The transition times did not depend on the method of
evacuation~oil or oil-free vacuum!, but were deter-
mined in the main by the state of the near-surface layer
of the collector. For instance, as the collector was ex-
posed to 10 pulses of an electron beam with an energy
density of 10 J0cm2, the transition time increased about
twofold for oil-free vacuum.

7. Plasma was detected in the space between the anode
and the electron gun wall, which formed a system of
the “inverted magnetron” type. Although the density
of this plasma is 4–5 times lower than that in the main
discharge column, it may substantially influence the
operation of the electron gun~Karlik et al., 2002!.

4. EXCITATION OF EXPLOSIVE EMISSION
AT THE CATHODE OF A
PLASMA-FILLED DIODE

The excitation of explosive emission in a PFD is substan-
tially different from that in a vacuum diode. For a PFD, the
electric fieldEk depends not only on the applied voltage and
electrode geometry, but also on the rise time of the pulsed
accelerating voltage,trt : the shortertrt , the higherEk. The
difference inEk values between the case of an accelerating
voltage with a long rise time~trt .. tf , tf is the characteristic

time it takes for an ion to fly through the cathode layer of
space charge! and the case of a stepped accelerating voltage
~trt 5 0! may be very significant. An estimation of this
difference can be performed from the relation

E10E2 5 ~eV0Wi !
104, ~3!

whereE1 andE2 are the values ofEk for trt ,, tf andtrt ..
tf , respectively,V is the accelerating voltage, andWi is the
kinetic energy of the anode plasma ion at the entrance into
the layer.

For the casetrt ' tf , the system of equations for the layer
should be solved by numerical methods, and this was done
by Kreindel’ et al. ~1991!. As expected, for this case, the
values ofEk lie in the range between the limiting valuesE1

andE2. Typical calculated waveforms ofEk~t ! are given in
Figure 4. The calculation results are in satisfactory agree-
ment ~to within 30%! with the data of an experiment on
measuring the dependence of the probability of appearance
of an explosive emission center on the electric field for a
pulsed voltage of nanosecond~40 ns! duration.

Another important distinguishing feature of PFDs com-
pared to vacuum diodes is the ion bombardment of the cath-
ode that stimulates the formation of explosive emission
centers through the charging and breakdown of nonmetal
inclusions and films~Lutz, 1974!. Experience shows that
the latter circumstance provides for a better uniformity of
explosive emission over large-area cathodes, the opportu-
nity of operation at lower~2–5 times! Ek, and substantially
longer lifetimes of cathodes~Nazarovet al., 1994!.

However, the experimentally observed almost inertia-
less operation of the cathode~with a time lag in general not
over 10 ns! in a PFD has not yet been explained adequately.
Actually, in our experiments, the density of the ion current
onto the cathode were typicallyJi ' 1 A0cm2; that is, the
breakdown delay timest# should be about 1ms, in accor-
dance with the well-known relation~Pfeil & Griffiths, 1959!

j i t# 5 ««0 Ebr , ~4!

Fig. 4. The electric field at the cathode calculated for different values of the plasma density~a!: 5 3 1012 ~1!, 1012 ~2!, and
531011 cm23 ~3! ~for trt 5 8 ns! and for different values oftrt ~b!: 1 ~1!, 4 ~2!, 8 ~3!, and 16 ns~4! ~for na. 51012 cm23!. Ion species:
C1; peak voltage5 20 kV.
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where« andEbr are, respectively, the dielectric permitivity
and the breakdown electric field for the film material.

5. GENERATION OF AN ELECTRON BEAM
IN A PLASMA-FILLED DIODE

As mentioned in Section 2, the current density of an LEHCEB
is specified, first of all, by the ion current density of the
anode plasma. Departures from the value determined by
relation~1! appear during a rapid rise of the voltage across
the DL, for instance, within the voltage pulse rise time. If the
ions, because of their inertia, do not manage to react to a
change in the field in the DL, the layer thickness may be
substantially smaller than that in the steady-state case. It
follows that Je may substantially exceed~for a time! the
Langmuir limit ~Kreindel’ et al., 1991!. The limiting value
of the electron current density that is achieved for a voltage
pulse with a perfect leading edge~trt 5 0! is determined
from the relation obtained by Kreindel’et al. ~1991!:

Je 5 ena~eV02m!102. ~5!

Typical waveforms of the electron current density calcu-
lated for different values oftrt are given in Figure 5. The
calculation results are in satisfactory agreement with exper-
imental data both in the shape of waveforms and in magni-
tudes of the current density.

These results suggest that during the non-steady-state stage
the current density in the DL, for a certain time~of the order
of several times of flight of the ion through the DL!, may
substantially exceed the Langmuir limit. This is due to the
lesser thickness of the non-steady-state layer and the greater
degree of neutralization of the electron space charge in the
layer. Thereafter, the thickness of the DL increases and the
ion space charge distribution and the electron current den-
sity approach the value determined by relation~1!.

Relation ~1! also indicates that the distribution of the
LEHCEB current density over the beam cross section is
determined by the density distribution of the ion current
from the anode plasma. Of course, this is true if the cathode
plasma has a density greater than the anode plasma density.

It follows that to provide a uniform LEHCEB in its cross
section, it is necessary to have a uniform plasma anode.
Some methods of attack of this problem are discussed in
Ozuret al. ~2000a,b!.

Analysis of relation~1! allows one more conclusion. With
a sufficiently high power of the external power supply cir-
cuit ~which provides a comparatively slow variation of the
voltage across the DL! the DL thickness is established self-
consistently in accordance with the density of plasma hav-
ing a lower emissive power~more often this is the anode
plasma!. It follows that in PFDs, in contrast to vacuum
diodes, there takes place suppression of the development of
the so-called leaders—explosive emission centers, having
appeared earlier than the other ones, which expand with a
higher velocity and, therefore, carry a higher current~Me-
syats & Proskurovsky, 1989!. As a result, the microirregu-
larities of the electron flow that appear due to the discrete
character of the emission from the cathode are suppressed to
a large extent even in the beam formation region.

The mechanism for the limitation of the beam pulse du-
ration in a PFD is different for the methods of production of
a plasma anode presented in Figure 1. In the gun with a
plasma cathode based on arc sources, the breakdown of the
diode is due to the plasma appearing at the anode diaphragm
edge and at the collector as they are bombarded with the
beam electrons~Nazarovet al., 1994!. For a plasma cathode
based on a high-current reflected discharge, the mechanism
of the breakdown of the diode is more complicated. In our
opinion, there are two principal reasons for the breakdown:
the increase in anode plasma density resulting from the
development of a beam-plasma discharge~BPD! and the
expansion of the cathode plasma transverse to the lines of
force of the magnetic field as a consequence of the centrif-
ugal instability developing in the cathode plasma, as ob-
served in magnetically insulated vacuum diodes~Bugaev
et al., 1982!.

As to the development of the BPD, it is supported by the
following data.As follow from our probe measurements, the
degree of ionization of the working gas for the investigated
ranges of discharge currents and working gas pressures is
not over 20–30%~Nazarovet al., 1997!. Hence, the stored
neutrals, as they are ionized, are capable of providing a
considerable increase in current in the DL. In our case, the
criterion for BPD ignition~Lebedevet al., 1976! is readily
fulfilled, and the estimates of the rate of ionization of neu-
trals in the BPD give, in the end, the rate of current rise
observed in experiment~typical waveforms are given in
Fig. 6!.

The fact that breakdown occurred transverse to the mag-
netic field lines is supported by the traces of intense erosion
on the wall of the electron gun that lie roughly in the plane of
the cathode emitting surface. The breakdown in the radial
direction is enhanced by the plasma presence in the space
behind the anode~in radius, Section 3.2!. An increase in
internal diameter of the case~which is equivalent to an
increase in cathode–wall gap spacing! leads to a certain

Fig. 5. Waveforms of the current density in the DL calculated for different
values oftrt : 1 ~1!, 3 ~2!, 8 ~3!, and 16 ns~4!. na 51012 cm23; V5 20 kV;
ion species: C1.
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increase in pulse duration. For instance, for diameters of
15.8 and 20.9 cm at an argon pressure of 0.5 mTorr, the
average pulse durations were 2.3 and 3ms, respectively.

6. TRANSPORTATION OF AN LEHCEB
IN A PLASMA CHANNEL

The transportation of a beam for considerable distances
~10 cm and more! makes it possible to solve some problems.
First, it becomes possible to additionally smooth over the
beam microirregularities associated with the discrete char-
acter of the electron emission from the cathode~especially,
early in the pulse!. Second, the beam energy at the collector
can be changed by varying the beam transportation length
~Nazarovet al., 1994!. Third, placing the collector at a
longer distance from the acceleration gap allows one to
avoid purely structural complications if the articles under
treatment need to be moved and rotated in the irradiation
zone.

When a magnetized LEHCEB is transported in plasma
under the conditions of complete charge neutralization, one
must, however, take into account the possibility of growth
of aperiodic~Pierce and beam-drift! instabilities that lead to
the appearance of a virtual cathode in the beam and to a
limitation of the beam current~Nezlin, 1982!. Nevertheless,
our experiments have shown that the transportation of an
LEHCEB with a current exceeded the thresholds of these
instabilities by 1–2 orders of magnitude is realizable, and
this is illustrated by the waveforms given in Figure 7. It can
be seen that the beam current reaches 20 kA as early as
within 250–300 ns after the beginning of the pulse with the
Pierce current equal to only 160 A for the given electron
energy~20 keV!. Taking into account the final value of the
guide magnetic field, according to Ignatov and Rukhadze
~1984!, increases the calculated Pierce current no more than
2–3 times. Hence, this substantial~30–50-fold! excess of
the beam current over the Pierce current is due to the corre-

sponding excess of the plasma density in the transportation
channel over the beam electron density, that is, due to the
“plasma stabilization” of the beam~Nezlin, 1982!. It is not
improbable that some overcompensation of the beam space
charge also plays some part, and this abruptly increases the
Pierce current~Vybornovet al., 1988!.

Simple estimates also show that the beam current onto the
collector is greater than the chaotic electron current from the
anode plasma,Iea5 ena~8kTe0pm!102S04, by about an order
of magnitude. This argues against the statement~Nezlin,
1982! that this current is the threshold current that still may
propagate through the plasma without a virtual cathode form-
ing in the plasma. In this case, it is implied that the appear-
ance of a virtual cathode limits the beam current at a level
not exceeding the chaotic current of the plasma electrons. A
considerable portion of the excess of the beam current over
Iea that we observed in our experiments is associated with
the drift term in~2! ~which was absent in the conditions of
Nezlin, 1982!, while the other portion is due to the non-
steady state of the DL at the early stage of beam formation
~t , 500 ns!.

In our experiments, a noticeable decrease in beam current
compared to the injection current was observed only for
rather long transportation channels~l ch 5 20–50 cm!. The
decrease in beam current and energy density with increasing
l ch was gradual~Fig. 8!. In our opinion, a virtual cathode
appeared in the channel, but its potential, established self-
consistently, was such that a considerable portion of the
beam passed to the collector due to the spread in longitudi-
nal velocities of the electrons.

Another phenomenon that limits the beam energy is the
relaxation of its kinetic energy due to the collective inter-
action of the beam electrons with plasma. The energy trans-
ferred from the beam to the plasma may go into heating the
plasma, excitation of microwave oscillations, and accelera-

Fig. 6. Typical waveforms of the accelerating voltage~upper trace,
10.5 kV0div! and the total cathode current~lower trace, 15 kA0div!. H 5
2 kOe; generator charge voltage5 30 kV; argon pressure5 0.6 mTorr.
Diameter of the cathode emitting surface5 6 cm.

Fig. 7. Typical waveforms of the accelerating voltage~upper trace, 10.5
kV0div! and the beam current onto the collector~lower trace, 6.3 kA0div!.
H 5 2 kOe; generator charge voltage5 28 kV; argon pressure in the
transportation channel: 0.6 mTorr. Diameter of the cathode emitting sur-
face: 6 cm.
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tion of the plasma ions~Lutsenkoet al., 1976; Nezlin, 1982!.
However, for microsecond LEHCEBs, the percentage of the
beam energy lost in the plasma has appeared, in the average,
relatively small~10–15%!, and these losses are observed in
the main early~,1 ms! in the pulse~Nazarovet al., 1995!.

In the course of transportation of an LEHCEB, not only
are a decrease in current with increasing drift channel length
and the losses of the beam kinetic energy possible, but also
the radial current~energy! density distribution may transform.

For instance, an increase in beam energy density in the
near-axis region~Fig. 9, curve 1! was observed by Nazarov
et al. ~1996! for a beam transported in a system with a
plasma anode based on arc plasma sources. This “focusing”
of the electron beam was due to the accumulation of ions in

the near-axis region of the beam drift channel, resulting
from the radial electric field present in the beam. The ap-
pearance of this field was related to the fact that the anode
plasma density in this system was comparable to the beam
electron density and, near the collector, could be even lower
than this quantity, sincena is in roughly inverse proportion
to the anode–collector distance. To compensate this effect,
the plane cathode has been replaced with a hollow one to
reduce the density of the injected beam in the near-axis
region. As a result, the radial distribution of the energy
density became more uniform~Fig. 9, curve 2!.

A system with a plasma anode based on a high-current
reflected discharge allows one to preclude the above beam
focusing owing to an increased~generally 3–5 times! den-
sity of the anode plasma and its uniform distribution along
the beam axis. As a result, the plasma density exceeds the
beam electron density throughout the drift channel and the
beam space charge appears to be completely neutralized.
Thus, the energy distribution over the beam cross section is
specified by the initial distribution of the plasma density in
the discharge column.

Experiments on controlling the beam radial profile are
described in Ozuret al.~2000a, 2000b!. Since a high current
reflected discharge operates with cathode spots, the distri-
bution of the latter over the cathode surface substantially
affects the radial profilena~r !. With the help of probe mea-
surements of the ion current density and photographing the
discharge glow, it has been established that an increase in
discharge current increases the number of cathode spots in
the peripheral~in radius! discharge region and, as a conse-
quence, improves the uniformity of the distributionna~r !.
This has the result that the energy density distribution over
the beam cross section becomes more uniform as well
~Fig. 10!.

The increase in number of cathode spots in the discharge
peripheral region can be explained in a rather simple way.
Since cathode spots are sources of intense electron emis-
sion, their operation is governed by the closing of the elec-
tron current onto the anode. Obviously, the spots operating
at a radial distance close to the anode radius are, from this
point of view, in a more profitable situation~Nazarovet al.,
1997!.

7. APPLICATIONS OF LEHCEBs FOR SURFACE
TREATMENT OF MATERIALS

Metallic alloys of commercial use are known to show a
special combination of physicochemical properties. This
cannot be generally attained by conventional metallurgical
methods since some requirements contradict one another.
For instance, to achieve high strength, it is necessary to form
second-phase disperse particles in the material bulk that
retard the motion of dislocations. However, the presence of
dispersed particles on the surface leads to the development
of pitting corrosion. This problem can be resolved for many
applications by deposition of type TiN coatings using PVD

Fig. 8. The beam energy density at the collector as a function of the trans-
portation channel length.H 5 2 kOe, generator charge voltage5 28 kV;
argon pressure in the transportation channel: 0.4 mTorr. Diameter of the
cathode emitting surface: 6 cm.

Fig. 9. Typical radial distributions of the beam energy obtained for dif-
ferent cathode geometries:1: plane cathode;2: hollow cathode.Hz 5
4.5 kOe.
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and CVD processes. This approach, however, has some lim-
itations. For instance, as for medical implants and surgical
instruments, there is a risk of delamination of the TiN coat-
ing, which is associated with the presence of a coating–
substrate interface. Ion implantation is also inapplicable in
this case, and this is mainly associated with the small thick-
ness~100–200 nm! of the implanted layer.

The LEHCEB treatment is highly attractive both from the
viewpoint of materials science and for applications~Prosku-
rovsky et al., 1997, 1998, 2000!. First, the pulsed melting
realized in this case makes it possible to dissolve second-
phase particles and the superfast quenching from liquid
state results in the formation of nonequilibrium structure-
phase states in thin surface layers, which gradually go to the
matrix. Second, this type of treatment makes it possible to
produce highly concentrated surface alloys by pulsed melt-
ing of film–substrate systems. Third, the above factors pro-
vide for improving some surface-sensitive properties of the
material.

7.1. Characteristics of the temperature
and stress fields

The nonstationary fields of temperatures and thermomechan-
ical stresses that appear as a result of the energy transfer
from the beam to the target are the main factors responsible
for the structure-phase state and properties of the material.
The temperature field is localized in the heat-affected zone,
whose thickness, in the case of LEHCEB irradiation, is not
greater than a few tens of micrometers. The stress field
consists of two components: an elastic or elastic-plastic stress
wave, which propagates from the surface into the bulk of the
target, and quasi-static stresses, which, in the case of a thick
target, are localized in the heat-affected zone. Since it is
difficult to measure temperature and stress fields in an ir-
radiated target, they are generally determined theoretically.
The temperature can be calculated by solving the heat equa-
tion ~Ivanovet al., 1993; Markov & Rotshtein, 1997!. The

parameters of the elastic stress wave can be found by solv-
ing a system of noncoupled equations of thermoelasticity
with the assumption that there are no phase transformations
in the material on heating~Markovet al., 1999!. For a plane
stress state, the quasi-static stresses can be calculated by
solving the equation of motion for a plate~Boley & Weiner,
1960; Bardenshteinet al., 2000!.

Figure 11 presents the temperature at the surface of a Fe
target as a function of time for the modes of initial melting
~4 J0cm2! and noticeable evaporation~12 J0cm2!. It can be
seen that the rates of heating and cooling reach values of the
order of 1010–109 K 0s, respectively. Figure 12a gives the
coordinate of the melt–solid interface as a function of time
for the first irradiation mode. It can be seen that the melt
thickness is>1.3 mm and its lifetime is of the order of the
pulse duration. For the evaporation mode, the thickness of
the evaporated layer is>0.4 mm and the melt thickness
increases to>5 mm ~Fig. 12b!. For premelting modes, the
stress wave amplitude is not over;1 MPa. The evolution of
the quasi-static stresses at different depths is shown in Fig-
ure 13. These stresses are compressive in the surface plane
and their magnitude is far in excess of the yield limit of iron,

Fig. 10. Cross-sectional beam energy density distribution for different values of the reflected discharge current: 80~a! and 150 A~b!.
For case b, the distribution is given for two values of the beam transportation channel length:l 512 cm~1! and 22 cm~2!. H 5 2 kOe,
p 5 6 3 1024 Torr.

Fig. 11. Time dependence of the surface temperature for iron irradiated in
melting~4 J0cm2, 2.5ms;1! and evaporation~12 J0cm2, 2.5ms;2! modes,
respectively.
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which is supported in experiment~Dudarevet al., 1996!. On
complete cooling there are low-intensity~40–80 MPa! re-
sidual tensile stresses in the surface layers of the target
~Dudarevet al., 1996!.

7.2. The effect of pulsed melting on the
microstructure and properties
of metallic materials

7.2.1. Enhancement of the electric strength
of vacuum insulation

It has been demonstrated~Batrakov et al., 1995! that
multiply repeated~N5 20–50! LEHCEB irradiation of me-
tallic electrodes in the modes of surface melting and evap-
oration substantially increases the electric strength of the
vacuum insulation. This was associated with the cleaning of
impurities from the surface layer and by the smoothing of
the surface due to melting. To elucidate the origin of the
mentioned effects, comparative investigations have been
performed~Rotshteinet al., 2002! on the influence of

LEHCEB irradiation~20–30 keV, 2.5mS, 2–12 J0cm2! on
the surface morphology, characteristics of crater formation,
chemical composition, and microstructure of typeAISI 304L
and 316Laustenitic stainless steels~SS!. Samples were made
of rod stock~304L and 316L; the irradiated surface was
normal to axis of stock! and plate stock~304L; the irradiated
surface was parallel to plane of stock!. It has been estab-
lished that the main reason for crater formation is the local
overheating followed by explosive ejection of the material
at the sites of localization of second phases~Fig. 14a!. Ac-
cording to the data of transmission electron microscopy
~TEM!, the seats of microcraters might be associated with
low-melting-point submicron particles of FeS2. It has been
demonstrated that the intensity of cratering for plate stock
samples is substantially lower than for rod stock ones.
Multiply repeated pulsed melting of SS 304L~plate! and
316L ~rod! almost completely suppresses crater formation
~Fig. 14b! and reduces the surface roughness compared to
the original~on cutting! surface condition.

With the use of Auger electron spectroscopy~AES!, it has
been established that the surface smoothing is accompanied
by removal of O, C, and N impurities from the near-surface
layer ~;50 nm!. According to TEM data, as a result of fast
quenching from liquid state, in the near-surface layer of
thickness;0.5mm, single-phase~g-phase! microstructure
is formed with a grain size of 0.2–0.6mm, which is almost
two orders of magnitude smaller than that in the original
state. The formation of single-phase homogeneous sub-
micron structure with a low density of impurities at inter-
grain boundaries offers the possibility to considerably
enhance the electric strength of vacuum insulation. Fig-
ure 15 presents the results of electric strength~first break-
down voltage! tests of vacuum gaps with electrodes of 8 cm
diameter~316L, rod! in the original state and after multiply
repeated pulsed melting~Proskurovsky, 2002!. It can be
seen that after irradiation, the electric strength increased by
a factor of;1.8. This is in qualitative agreement with the
microstructure evolution.

Fig. 12. Time-varying position of the melt front for iron irradiated in the melting~4 J0cm2, 2.5ms! and evaporation~12 J0cm2, 2.5ms!
mode~curves1, ~a! and~b!, respectively!. Time-varying position of the surface for iron irradiated in the evaporation mode~12 J0cm2,
2.5ms; curve2, b!.

Fig. 13. Time dependence of the quasi-static stresses at the axe of iron
plate 0.4 mm thick irradiated in the premelting mode~2.5 J0cm2, 2 ms! at
the distances 0~1!, 2 ~2!, 5~3!, 10 ~4!, and 20mm ~5! from the surface.
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This approach was used to increase the microwave pulse
duration generated by a high-power relativistic BWO~Batra-
kov et al., 2001!. It has been shown~Korovin et al., 2000!
that the microwave pulse duration in the high-power BWO
is limited due to the microwave breakdown occurring in the
electrodynamic system. Experiments~Batrakovet al., 2001!
have demonstrated that the LEHCEB treatment of the slow-
wave structure surface has increased the pulse duration of
3-GW microwaves from 6 to 30 ns.

7.2.2. Modification of titanium alloys
In experiments performed with samples of alloys VT8M

~Ti-5.8 Al-3.7 Mo! and VT18U~Ti-6.3 Al-4.5 Zr! subjected
to preliminary annealing and aging, it has been established
~Nochovnayaet al., 1998; Proskurovskyet al., 1998! that

pulse melting cleans oxygen and carbon impurities from
the near-surface layers, increases the aluminum content to
;20%, makes the distribution of the components in this
layer more uniform, and reduces the surface roughness to
;0.1 mm. However, in this case, the phase composition
changes to some extent, tensile residual stresses of low in-
tensity are formed, and microcraters appear on the surface.
When irradiation is performed in optimum modes, cratering
can be suppressed. Subsequent annealing recovers the orig-
inal phase composition and substantially increases the per-
formance properties of the material, such as the fatigue
strength~more than by 20%!, the endurance~more than 10
times; Fig. 16!, the resistance to dust erosion at small loads
~more than twice!, and the short-term strength~by up to 8%!
with a substantially improved plasticity. As this takes place,

Fig. 14. Optical micrographs of the surface of the SS 304L samples irradiated with LEHCEB: a: rod~; 3 J0cm2, 2.5ms,N51!; b: plate
~8 J0cm2, 2.5ms,N 5 50!. Microcrater nucleation centers are shown with arrows.

Fig. 15. First breakdown electric field for vacuum gaps with electrodes of 8 cm diameter made of steel 316L~rod! in the original state
and after irradiation with LEHCEB~10 J0cm2, 2.5ms,N 5 30!.
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the surface microhardness and the heat-resistance remain at
the original level.

The enhancement of the strength characteristics of the
material is related to the smoothing of the surface due to its
melting, to its cleaning, and to an increase in aluminum
content in the near-surface layer. Fractography performed
on static loading has shown that pulsed melting changes the
character of fracture from intercrystallite or quasi-viscous
to viscous. On cyclic loading, the fracture of untreated sam-
ples is initiated at the surface, while typical of irradiated
samples is subsurface nucleation of cracks. It is this factor
that is responsible for the improvement of fatigue properties
of irradiated samples.

7.2.3. Enhancement of the wear resistance
of high-speed steels

The structure-phase transformations in the near-surface
layers under LEHCEB irradiation have been investigated
for preliminary quenched high-speed steel~HSS! S6-5-2
~Fe-0.87 C-6.4 W-5.0 Mo-4.3 Cr-1.9 V, wt.%; Ivanovet al.,
2002!. The original structure of this steel consists of crystals
of lamellar a-martensite and globular particles of type
Fe3M3C carbide, where M5 Mo 1 W. The melting thresh-
old for the surface corresponds to 3.2 J0cm2. Further in-
creasing energy density results in gradual dissolving of the
original carbide particles in the near-surface layer. As a
result of quenching from liquid state, a structure consisting
of a-martensite and residual austenite~g-phase! is formed,
theg-phase fraction increasing almost linearly with energy
density and reaching;90% at 15 J0cm2. If carbide particles
are completely dissolved, martensitic transformation is sup-
pressed. At the place of the particles, a structure is formed
which consists predominantly of weakly misoriented sub-
micron cells ofg-phase separated by nanosized carbide in-
terlayers. The formation of this cellular structure is related
to the fact that, in the process of fast resolidification of the

melt enriched in dissolved impurities~W, Mo, C!, these
elements are accumulated in the near-surface layer followed
by their displacement from the solid solution.

To elucidate the effect of pulsed melting on the wear
resistance, cutting tools~drills of 8 mm diameter! were tested
in the original state and after irradiation with 7 J0cm2 when
an abrupt increase in the fraction of M6C carbide particles
was observed. The test results have shown that irradiation
reduced the wear of the cutting edge by a factor of;1.7
compared to unirradiated drills. The enhancement of wear
resistance is related to the following changes in microstruc-
ture in the surface layer: the fixing of comparatively coarse
original carbide particles in the matrix due to their partial
liquid-phase dissolving, the formation of new disperse M3C
carbide particles, the increased percentage of the metastable
g-phase and its provable transformation into martensite in
the course of cutting, and the formation of residual compres-
sive stresses in theg-phase.

7.2.4. Enhancement of the wear resistance
of hard alloys

It has been shown~Proskurovskyet al., 1998; Ivanov
et al., 2000! that irradiation of cutting tools made of hard
alloys WC-Co and WC-TiC-Co in the surface melting modes
increases the wear resistance of the tools operated at high
cutting speeds about threefold. Through the use of TEM, it
has been established that this effect is due to the fact that in
the near-surface layer, as a result of pulsed melting and fast
crystallization, there occurs fragmentation of the cobalt bind-
ing and segregation of nanosized particles of new carbide
phases in this binding. This substructure shows increased
thermal stability in plastic deformation by cutting due to the
fact that dislocations are fixed by nanosized second-phase
segregates formed in the course of cutting.

An investigation of the action of an LEHCEB on the
microstructure, microhardness, and wear resistance of the
hard alloy WC-30% Gadtfield steel is described in Gnyusov
et al. ~2002!. The binding had theg-lattice ~fcc! and, in
contrast to cobalt, featured rather high structural instability
in deformation. For irradiation withEs# 30 J0cm2, irrespec-
tive of the number of pulses, the microhardness in the sur-
face layer of thickness up to;100mm is observed to increase
by a factor of;1.5 compared to the original state~Fig. 17!.
Wear tests have shown that the surface hardening is accom-
panied by a decrease in coefficient of friction by about a half
~Fig. 18! and by a substantial increase in wear resistance
compared to the original state. It has been demonstrated
that pulsed melting has the result that there occursg r

a-martensitic transformation in the binding phase and the
formation of nanosized and submicron carbides W2C, M12C,
and M23C6. Similar structure-phase transformations are ob-
served on the wear surface of original samples upon steady-
state friction, which is characterized by a minimum wear. It
follows that it is these transformations that are responsible
for the hardening and enhanced wear resistance of the given
material on irradiation.

Fig. 16. Fatigue S-N curves for samples made of Ti alloy VT8M in initial
state~1! and after irradiation~2.5 J0cm2, 2.5 ms, N 5 40! followed by
vacuum annealing~500–5508C, 10 h;2!.
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Experiments~Perryet al., 1999! were performed to in-
vestigate the effect of LEHCEB irradiation~2.5 mS, 3–5
J0cm2! on the microstructure and wear resistance of TiN
coatings deposited by the PVD method on cutting tools
made of the hard alloy WC-TiC-TaC-Co. The upper level of
Es corresponded to initial melting of the coating. The exper-
iments have shown that after irradiation, because of the
intense tensile stresses formed at the stage of cooling, mi-
crocracks appear in the coating. Notwithstanding this, the
coating retains good adherence to the substrate. The stoichi-
ometry and phase constitution of the coating, except for its
surface, remain unchanged. In this case, the compressive
residual stresses vanish and the concentration of vacancies
noticeably decreases, suggesting that pulsed annealing of
defects has occurred. These substructural changes increase
the wear resistance of TiN-coated cemented carbide inserts
almost twofold.

7.2.5. Formation of surface alloys
By surface alloys are implied metastable structures that

are formed in the near-surface layers of materials upon ion

implantation and pulsed melting of film–substrate systems.
Ion implantation following pulsed melting is also used~Poate
et al., 1983!. From the viewpoint of applications, the pulsed
melting of film–substrate systems is, in our opinion, of great-
est interest since it makes possible the forming of highly
concentrated surface alloys whose thickness may be about
an order of magnitude greater than that achievable with
high-dose ion implantation~Poateet al., 1983!. If, because
of thermodynamic limitations, the film component content
is comparatively low, the mode of nonequilibrium liquid-
phase alloying is realized.

In the majority of relevant experiments, nanosecond laser
pulses were used~Poateet al., 1983!. Because of some
circumstances~the comparatively small thickness of the al-
loyed layer, the small cross-sectional area of the beam, the
high coefficient of reflection of the radiation, the low effi-
ciency, etc.!, the method of nanosecond laser alloying still
remains usable only for investigation of the microstructure
evolution. From the practical viewpoint, LEHCEBs seem to
be more promising, and this will be demonstrated below.

The features of the nonequilibrium structure-phase trans-
formations taking place in pulsed melting of single-layer
~Ta-Fe! and multiplayer~Al-Si and Al-C! film–substrate
systems are discussed in Ivanovet al. ~1994! and Prosku-
rovsky et al. ~2000!. These systems are characterized by
limited solvability of the components in the solid state, and
the components of the system Al-C are incompatible in the
liquid state as well. The experiments have demonstrated the
possibility of the formation of metastable phases, including
nanocrystalline and amorphous ones. However, the thick-
ness of the modified layer was generally not over;0.5mm
and was limited, on the one hand, by the thickness of the
melt and, on the other hand, by the transition to the evapo-
ration mode in which the bulk of the coating was evaporated.
Experimental data demonstrating the possibility of increas-
ing the thickness of the modified layer are presented below.

Figure 19a presents concentration profiles obtained after
pulsed melting of a system Ni~3 mm!-Cu. The coating was
electroplated. This system is convenient for study since it
features unlimited solvability in both the solid and the liquid
state. It can be seen that the thickness of the alloyed layer is
;1.5mm, that is, it is about half the thickness of the original
coating. This is associated with the evaporation of some
portion of the coating on multiply repeated irradiation. In
the surface layer of;0.5mm thickness, a single-phase alloy
with nearly the same component concentrations is formed.
To increase the thickness of the alloyed layer, the operations
of coating deposition and pulsed melting were repeated al-
ternately two times. The concentration profiles obtained in
this case are given in Figure 19b. It can be seen that, despite
the losses associated with the evaporation of the coating, it is
possible to form surface alloys with a rather uniform depth
distribution of the components and a graded diffusion tran-
sition from the alloyed layer to the substrate. In this case, the
thickness of the alloyed layer is about an order of magnitude
greater than that attainable on nanosecond laser alloying.

Fig. 17. Microhardness depth profile for hard alloy of WC-30% Gadtfield
steel irradiated with LEHCEB~40 J0cm2, 2.5 ms, N 5 1!. The Vickers
diamond pyramid load is 1 N.

Fig. 18. Friction coefficient versus time for the pin-on-disk system. Pins
are made of hard alloy of WC-30% Gadtfield steel: in initial state~1, 2, 3!;
after irradiation~20 J0cm2, 2.5ms, 10 pulses;4,5!. Disk made of tool steel
~HRC 52!. Dry friction; normal load 175 H; slide speed~m0s!: 0.65~1!, 1.4
~2, 4!, and 2.8~3, 5!.
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If an auxiliary target~e.g., a grid! is placed in front of the
surface under irradiation, it is possible to execute evapora-
tion of the target, transfer of the target material in the form
of vapors and ions to the surface, and pulsed melting of the
surface layer~Proskurovskyet al., 1997!. The concentra-
tion of alloying elements and the thickness of the alloyed
layer can be gradually increased by increasing the number
of irradiation cycles. Figure 20 shows the concentration
profiles obtained by the AES method for samples of Armco
iron alloyed with Al. It can be seen that a layer;4 mm thick
has been formed on the surface which contained, in fact,
100% Al. Then a transitory layer;4 mm thick follows with
the Al concentration gradually decreasing to zero. The re-
sults obtained suggest that LEHCEB sources hold promise
for producing highly alloyed surface layers, including lay-
ers of intermetallic compounds~based on systems of Fe-Al,
Ti-Al, Ni-Al, and the like!.

7.2.6. Surface treatment of dental alloys
Experiments~Raharjoet al., 2002! were performed to

investigate the effect of pulsed melting on the surface mor-
phology and properties of metal casting dentures. The need
in these investigations was conditioned by the fact that the
conventional methods for cleaning and smoothing of the
surface of dentures, including grinding and mechanical
polishing, are labor intensive and not very productive. Most
of the experiments were performed with samples and den-
tures made of standard dental materials: commercial tita-
nium and Ti-6Al-4V and 61Co-31Cr-6Mo alloys. For Ti
and the Ti alloy, prior to irradiation, the surface was chem-
ically etched to remove the oxide layer~80–100 mm!
formed after casting. For the Co-Cr-Mo alloy, in some
experiments, the original~after casting! surface was coated
with Ti by the PDV method. Electron-beam treatment was
performed on a specially designed automated electron-
beam setup based on an LEHCEB source, which was fur-
nished with a manipulator that allowed 12 dentures to be
treated in one vacuum cycle.

It has been established that for titanium, the presence of
the residues of the oxide layer not completely removed by
chemical etching gives rise to microtracking of the irradi-
ated surface. Obviously, this is related to the high embrittle-
ment of the titanium oxide. If the oxide layer is removed
completely, there are no microcracks on the irradiated sur-
face. In optimum treatment modes, the surface roughnessRa

decreases to 0.27mm ~compared to 1.62mm in the original
state! and the coefficient of reflection almost doubles. Mea-
surements of the anode polarization characteristics in the
solution 1N HCl have shown that, after irradiation, the cur-
rent density decreased to one-third of its original value. The
increase in corrosion resistance correlates well with the
smoothing of the surface and with its cleaning of oxygen
and carbon impurities, detected earlier~Nochovnayaet al.,
1998; Proskurovskyet al., 1998!.

Fig. 19. AES depth profiles of elements for system Ni~coating!–Cu ~substrate! irradiated with LEHCEB:~a! Ni ~3 mm; 2.5 mS,
4 J0cm2, N 5 30!; ~b! Ni ~5 mm; 2.5mS, 9 J0cm2, N 5 15! followed by Ni ~5 mm; 2.5mS, 9 J0cm2, N 5 30!.

Fig. 20. AES depth profiles of elements for Armco-Fe samples after elec-
tron beam surface alloying with Al.
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When the Co-Cr-Mo alloy was subjected to irradiation,
microcraters formed on its surface, and, in contrast to tita-
nium alloys and stainless steels, crater formation could not
be suppressed even by multiply repeated pulsed melting.
However, if Ti film was previously deposited on the surface,
irradiation in a proper mode made it possible to substantially
reduce the microcrater density and obtain a high-quality
surface~Fig. 21!. Since Co and Cr show comparatively low
solvability ina-Ti ~in contrast to Mo!, the liquid-phase mix-
ing may give rise to the formation a Ti-based surface alloy
containing the substrate components.

The results obtained, in view of the large cross section of
the beam and the high productivity of the electron-beam
setup, can be considered a basis for the development of a
new technology for surface modification of dental materi-
als. On the other hand, since Ti-based alloys and Co-Cr-Mo
alloys are the principal metallic biomaterials~Jones, 2001!,
these methods may appear to be highly promising for
improving corrosion resistance and biocompatibility of
biomedical implants~components of hip and knee joints,
dentures, etc.!. In addition, the data reported by Nochov-
nayaet al. ~1998! and Proskurovskyet al. ~1998! suggest
that there exists the possibility to increase the fatigue strength
of implants made of titanium alloys.

8. DESCRIPTION OF THE LEHCEB SOURCE

As an example, we give a description of a recent version
of the LEHCEB source. The main component of the source
is a gun with a plasma anode based on a high-current
~150 A! reflected discharge in argon. The explosive-
emission cathode of 7 or 9 cm diameter is made of copper
or titanium multiwire plexus pressed in a ring made of
type 12X18H10T stainless steel. The discharge anode is a
ring of 8–10 cm internal diameter and 2–4 cm in length.
An external guide magnetic field of strength up to 2 kOe
is created by Helmholtz coils powered from a capacitor
bank. The electron gun is butt-jointed with the working
chamber, which is furnished with a manipulator to revolve
the articles under treatment.

The high-voltage pulse generator is constructed based on
a type IK-5003 capacitor~50 kV, 3 mF! and a type TDI1-
50k050 pseudospark switch. The series inductance and im-
pedance were, respectively, 200 nH and 0.25V, respectively.
The generator is connected with the electron gun by a trans-
mission line made of six parallel pieces of 50-V coaxial
cable, each about 1 m long.

The working chamber is evacuated with a turbo-molecular
pump to a pressure of 1026 Torr. The working gas is sup-
plied in a steady mode. The transition of the reflected dis-
charge into its high-current stage is provided due to the long
duration of the pulsed voltage applied to the discharge an-
ode~about 800ms!.

The following beam parameters have been attained: av-
erage electron energy 12–15 keV, beam current up to 30 kA,
pulse duration 2–4ms, pulse repetition rate 0.1–0.2 Hz,
beam diameter up to 11 cm, energy density up to 15 J0cm2,
and cross-sectional beam nonuniformity 15–20%. The key
components of the LEHCEB sources that are responsible for
its operability are the explosive-emission cathode and the
VPG. Our experience of operating LEHCEB sources has
shown that the lifetime of the cathode depends mainly on the
vacuum conditions. For the operation under vacuum condi-
tions provided by an oil-vapor diffusion pump, the cathode
lifetime achieved by now is over 105 pulses, and it can
further be increased.Asimilar result has been obtained when
the chamber was evacuated by a turbo-molecular pump to
pressures of 53 1025–1024 Torr. However, in experiments
on increasing the electric strength of vacuum insulation where
a turbo-molecular pump evacuated the chamber to 1026 Torr
and the cathode was substantially dusted with stainless steel,
the cathode lifetime was significantly shorter~1,500 pulses!.
The criterion for failure served the 3% probability of the
beam generation ceasing. However, in view of the low cost
of the cathode and the opportunity of its quick replacement,
this lifetime can be considered satisfactory.

The main components of the VPG have stood up to a total
of about 70,000 pulses, often operated continuously at a
frequency of 0.2 Hz for 8 h. These results suggest that the
VPG is reliable enough for technological applications.

Fig. 21. SEM images of a surface of CoCrMo alloy irradiated with LEHCEB: without~a! and with~b! Ti precoating.
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One LEHCEB source has been used, since April, 2001, in
the Niigata Laboratory of ITAC Ltd.~Japan! in developing a
technology for finish cleaning and smoothing of dentures.

9. CONCLUSION

The results of the investigations and tests performed make it
possible to develop pilot-plant systems for pulsed electron-
beam treatment of materials. The reliability of LEHCEB
sources of this type and their comparatively low cost are
ensured by the moderate parameters of the high-voltage
pulses used that are responsible for the appropriate lifetimes
of key power supply circuit components~pulsed capacitors,
spark gap switches!. A system intended for finish treatment
of dentures produced in 2001 jointly with ITAC Ltd.~Japan!
is currently used to advantage.

Further development of LEHCEB sources is associated
with widening the ranges of the beam parameters~first of
all, increasing the pulse duration!, increasing the efficiency
of conversion of the energy stored in the high-voltage pulse
generator to the beam energy, and lengthening the lifetime
of the cathode operated in oil-free vacuum. We attach par-
ticular significance to refining the methods of the formation
of a plasma anode, and primarily to improving the unifor-
mity of the cross-sectional ion current density distribution.

The characteristics and mechanisms for the modification
of the microstructure and properties of the surface layers of
materials irradiated by LEHCEBs are also discussed. The
results obtained suggest that LEHCEBs are promising for
the development of new methods of surface treatment of
materials. For some applications, such as medical ones, of
considerable interest might be the surface alloying methods
based on liquid-phase mixing of the components of film–
substrate systems.
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