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Abstract. The article presents the results of studies of pulse-periodic formation of aluminum,
chromium and titanium ion beams of submillisecond duration based on a source with plasma
generation by a continuous vacuum arc discharge. High pulse power density in the ion beam is
achieved due to ballistic focusing of ions using a single-electrode grid extractor in the form of a part
of a sphere. A method based on the solar eclipse effect is used to clean the ion beam in the area of its
crossover from the microdroplet fraction of the vacuum arc plasma. The features and patterns of
generation of ion beams of three metals are studied atpulse duration of 450 us, accelerating voltage
up to 40 kV, with a power density in a pulse exceeding 105 W/cm2. It was established that stable
formation of pulse-periodic beams of high-intensity metal ions with a submillisecond duration based
on vacuum arc plasma is achieved due to ion-electron emission, compensating for the escape of
plasma electrons into the accelerating gap.
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1. INTRODUCTION

Pulsed-periodic beams of charged particles and plasma flows, as well as laser radiation of high
pulsed power density, find application in scientific research and technologies of modification of
properties of various materials and coatings [1-16]. Their modifying effect is based on the
peculiarities of pulsed action of energy clots on microstructure and properties of near-surface layers
of various materials. Heating during the pulse to high temperatures, sometimes up to melting of the
near-surface layer, followed by ultra-fast cooling, due to heat removal into the depth of the material
due to thermal conductivity, provides ultra-high hardening rates, not achievable in conventional
metallurgy. Powerful energy impact in itself does not provide additional alloying of the material, but

can change the microstructure and properties of the near-surface layers due to redistribution of



elements in the impact zone and formation of new phases. A distinctive feature of ion implantation is
based on the change in the elemental composition of the near-surface layer with formation of new
phases, including due to thermal peaks near ion tracks [17-28].

The limitation of large-scale application of ion implantation for directed improvement of
performance properties of metals and alloys is associated with the small range of ions in solid matter.
In works [29, 30], it was shown that to increase the thickness of the ion-doped layer, it is necessary to
implement a high-current implantation mode with an increase in the ion current density to several
milliamperes per square centimeter. This approach was further developed in works [31, 32]. With a
relatively low ion energy, usually not exceeding several keV, the ion current density in metal and gas
ion beams of microsecond duration was increased to several hundred milliamperes per square
centimeter. The increase in ion current density and significant heating of the irradiated target
contributed to the enhancement of radiation-stimulated diffusion of implanted atoms. New methods
of high-intensity low-energy ion implantation at high average ion beam power have demonstrated the
possibility of ion doping of materials at depths of tens and hundreds of micrometers. These methods
are effective for ion-diffusion doping of metals and alloys with nitrogen and other elements of the
periodic table having a small atomic radius. Their radiation-stimulated diffusion is realized in many
cases at low temperatures, when no significant grain growth of the crystalline structure of materials is
observed.

The advantages of high-intensity implantation methods in many promising applications are
limited by the necessity to heat the entire volume of the product to temperatures at which degradation
of the microstructure of metals and alloys occurs due to rapid grain growth. A new method proposing
a solution to this problem is presented in reference [33]. The method is based on using high-intensity
ion beams with submillisecond pulse duration and power density from several tens to several hundreds
of kW/cm 2for deep ion doping of metals. The impact of such an ion beam on the surface leads to its
heating during the pulse to high temperatures, up to melting. The high ion current density combined
with high temperature promotes a significant increase in the coefficient of radiation-enhanced
diffusion. Ultra-rapid cooling of the near-surface layer due to heat transfer into the target provides the
possibility of preventing overheating of the material beyond the ion doping region, while
simultaneously improving the microstructure of the implanted layer.

The high ion current density, significant pulse duration combined with its frequency should
provide a high accumulation rate of ion irradiation fluence necessary for deep ion doping of various

materials.



The present work is devoted to studying the features and patterns of formation and diagnostics
of metal ion beams, using titanium, chromium, and aluminum ions with submillisecond duration in a
source using continuous vacuum arc discharge plasma, achieving pulsed power density in the ion

beam of tens and hundreds of kilowatts per square centimeter.

2. ION SOURCE SCHEME AND RESEARCH METHODOLOGY

The studies were conducted using a modified pulse-periodic source of metal ion beams and

plasma flows "Raduga SM" [34]. The scheme of the experimental setup is shown in Fig. 1.

Fig. 1. Experimental Setup Scheme

The experiments were conducted with pulse durations of 450 ps, accelerating voltage
amplitudes ranging from 5 kV to 40 kV, and pulse frequencies up to 40 pulses/s. In experiments
measuring ion saturation current from vacuum arc plasma, a pulse-periodic generator with pulse
durations of 100 ps, pulse frequency of 10 :pulses/s, and voltage pulse amplitudes up to 1.8 kV was
also used. Plasma generation by vacuum arc discharge was carried out at a residual atmosphere
pressure of 10 2 Pa in the experimental chamber. The plasma flow was formed by a continuous vacuum
arc discharge with arc currents of 130 and 170 A. Instead of a louvre-type plasma filter, a "solar
eclipse" system was used for cleaning the plasma from the microdroplet fraction, first proposed in
work [35].

To form an ion beam with high pulse power density, a single-electrode focusing system was
used, consisting of a grid electrode in the form of a sphere section with a radius of 130 mm and an
equipotential space for transporting and focusing the ion beam. In the experiments, a grid electrode
with cell dimensions of 1.1x1.25 mm 2and 60% transparency was used. A disc electrode, preventing
direct flight of microparticles and explosive emission products from the cathode working surface to
the beam focusing area, was installed at the center of the focusing electrode. lon extraction was carried
out in a pulse-periodic mode from the free boundary of metallic plasma generated by vacuum arc
discharge.

During the experiments, measurements of accelerating voltage and ion beam current were taken.
To study the ion current density distribution across the cross-section of the focused ion beam, a
sectioned detector with 19 rod-shaped electrodes of 2 mm diameter was used. A photograph of the

detector's external appearance is shown in Fig. 2.

Fig. 2. Photograph of the detector with 19 collectors




The ion current pulse of the beam, due to the peculiarities of plasma generation by a vacuum
arc discharge, was characterized by significant high-frequency modulation. This made it difficult to
estimate the actual current amplitude and its density and, consequently, the achieved power density in
the ion beam. To increase the accuracy of current amplitude measurement, averaging of current and
voltage pulses was performed over 16 oscillograms using the mathematical apparatus of the Rigol
MSO05000 oscilloscope. When using a high-frequency pulse generator, averaging was performed over

1024 pulses.

3. EXPERIMENTAL RESULTS AND DISCUSSION

Experimental studies and numerical modeling of the dynamics of formation of pulsed-periodic
titanium ion beams at a pulse frequency of 10 *pulses/s and bias potential amplitudes up to 2 kV,
described in works [35, 36], revealed a problem of limiting the pulse duration due to decompensation
of the space charge of the ballistically focused ion beam caused by the escape of plasma electrons into
the accelerating gap through the grid structure cells. In further studies, the authors showed the
possibility of overcoming the problem of virtual anode formation both by increasing the gas pressure
in the experimental chamber and by using an additional thermionic electron source. In work [37],
through numerical modeling, it was established that with an increase in ion energy to several tens of
keV, stable formation and transportation of a high-current density ion beam can be realized due to a
significant increase in ion-electron emission. In the present studies, attention is paid to the formation
of ion beams with high power density in a source based on continuous vacuum arc discharge plasma
under conditions of increased ion-electron emission.

In order to determine the contribution of ion-electron emission to the total current measured by
the collector during the formation of a titanium ion beam, experiments were conducted with a solid
collector installed near the end surface of a vacuum arc plasma generator. The collector completely
blocked the plasma flow coming from the arc evaporator. Measurements were carried out in a wide
range of accelerating voltages from 100 V to 40 kV. Titanium ions in the vacuum arc discharge plasma
have an average charge state of about Z =2 [38]. This means that under the experimental conditions,
the average ion energy varied from 200 eV to 80 keV. The dependences of the measured current on

the accelerating voltage at arc discharge currents of 130 and 170 A are presented in Fig. 3.

Fig. 3. Dependence of the amplitude of the measured current on a stainless steel collector

on the average energy of titanium ions at arc discharge currents of 130 and 170 A




In the ion energy range from 200 eV to 1 keV, the amplitude of the measured currents remains
constant. These are saturation ion currents from the plasma. When the arc discharge current increases
from 130 to 170 A, the saturation ion current from the plasma increases from 1.5 to 3 A. The growth
of the ion current by almost a factor of two, disproportionate to the increase in the arc discharge
current, is due to the design of the arc evaporator of the "Raduga SM" ion and plasma source. The arc
discharge current passes through the turns of the coil that creates the longitudinal magnetic field.
Accordingly, when the arc current increases, the magnitude of the magnetic field also increases, which
leads to the focusing of the plasma flow and an increase in the density of the saturation ion current
from the plasma. As the ion energy increases from 1 keV to 80 keV, the amplitude of the currents
measured by the collector increases to almost 4 A at an arc current of 130 A and to 8.5 A at a discharge
current of 170 A. Since the saturation ion current from the plasma should not depend on the amplitude
of the accelerating voltage, the current growth is explained by the growth of ion-electron emission
from the collector. The current measured by the collector is equal to the sum of the saturation ion
current from the plasma and the ion-electron emission current. The data in Fig. 3 provide a basis for
constructing the dependence of ion-electron emission coefficients on the amplitude of the accelerating

voltage (Fig. 4).

Fig. 4. Dependencies of the ion-electron emission coefficient on ion energy at arc discharge

currents of 130 and 170 A

Figure 4 shows that the ion-electron emission coefficient increases from zero to almost two as
the ion energy increases from 1 to 80 keV. Increasing the vacuum arc discharge current from 130 to
170 A did not fundamentally change the nature of the dependence of the ion-electron emission
coefficient on the average ion energy in the beam.

When forming an ion beam using a grid focusing electrode, ballistic focusing of ions increases
the current density by more than two orders of magnitude. During transport of a high-intensity ion
beam with different energies in the drift space, its charge neutralization conditions and, consequently,
focusing will change. To determine the effect of ion current density on the ion-electron emission
coefficient, experiments were conducted with energy measurements in the ion beam. Direct
measurements were performed using a thermocouple embedded in a thermally insulated target with a
diameter of 15 mm and a thickness of 3 mm. Indirect measurement of the ion beam energy was carried
out using averaged oscillograms of the ion current (taking into account the ion-electron emission
coefficient), accelerating voltage, pulse frequency, and target irradiation time. To reduce the energy

loss accumulated in the sample due to radiation, experiments were conducted with a pulse frequency



in the range of 10—40 pulses/s with a total irradiation time of 20 s. The calorimetric study data provided
an estimate of the ion current amplitude approximately 10% lower than when determining energy by
the indirect method. This difference may be related to the dynamics of temperature change on the
irradiated surface during the ion beam pulse. During the pulse, the surface temperature increased more
than 2 times compared to the average temperature measured by the thermocouple. Therefore, radiation
losses were caused not only by the sample's radiation with a temperature not exceeding 700 K during
the 20 s irradiation time but also by more intense radiation from the surface during its pulse heating
to temperatures exceeding 1100 K. Overall, comparison of the obtained data on energy in the ion
beam confirmed that increasing the current density in the ion beam during its focusing to values
exceeding 1 A/cm 2does not change the ion-electron emission coefficient.

The presence of ion-electron emission plays a dual role. On the one hand, it complicates the
evaluation of the ion current and requires determining the overestimation of current and, accordingly,
the power density and energy of the ion beam in each specific case of ion irradiation of samples. On
the other hand, it is the ion-electron emission that serves as a continuous supplier of electrons,
providing compensation for the space charge of the focused ion beam.

The study of the dynamics of spatial focusing of the titanium ion beam was carried out using a
system of 19 collectors. The multi-collector system was moved along the axis of the arc evaporator to
measure the distribution of the detected current density at different distances. Figure 5 shows the
current density distributions in the beam, measured at different distances relative to the geometric

focus of the system, with an accelerating voltage of 20 kV and an arc discharge current of 130 A.

Fig. 5. Superposition of distribution profiles of current density detected by collectors across

the beam section

The presented data demonstrate the change in the maximum amplitude of the measured current
depending on the geometric arrangement of the collectors. Sequential movement of the multi-collector
system from the position of -10 mm to +10 mm relative to the geometric focus of the system is
accompanied by improved focusing. There is a decrease in FWHM and an increase in the amplitude
of the measured current density up to the position F+10 mm. Further displacement to the position
F+20 leads to an increase in the measured current density, but with its simultaneous broadening, and
in the position F+30, a decrease in the amplitude of the current density is already observed due to
defocusing of the ion beam. Increasing the arc discharge current to 170 A led to an increase in the
maximum current density, as shown in Fig. 6, by almost two times. The maximum current density

along the beam axis reached 3.25 A/cm 2.



Fig. 6. Current density distribution profiles across the beam section

Curve 7, like most of the data presented in the article, is plotted based on oscilloscope data with
amplitude averaging over 16 pulses. It should be noted that in some single pulses, the value of the
detected current density exceeded 7.5 A/cm 2, as shown in Fig. 6.

A study of the accelerating voltage influence has shown that as it increases from 8 to 20 kV, the
current density along the beam axis increases from 1.5 to 2.25 A/cm 2(Fig. 7). However, further
increase in the accelerating voltage amplitude led to a decrease in the maximum current density to 1.9

A/cm 2. The beam half-width changed insignificantly and was about 10 mm.

Fig. 7. Profiles of ion current density distribution across the beam cross-section

Studies on the formation of high-intensity chromium ion beams with high pulse power density
showed generally the same patterns and features as in the case of the titanium ion beam. The results
of current measurements on a solid collector depending on the ion energy at arc discharge currents of
130 and 170 A are presented in
Fig. 8. As can be seen in the figure, the measured current amplitude changes insignificantly with
increasing average ion energy in this range. The value of this current is determined by the ion
saturation current from the vacuum arc discharge plasma, and at an arc discharge current of 130 A,

under the specific experimental conditions, it was approximately 0.8 A.

Fig. 8. Total current on a solid collector depending on the average energy of chromium

ions

When the arc discharge current increases to 170 A, the current amplitude at accelerating voltage
in the range from 0.1 to 1.8 kV increases to 2.25 A.

Increasing the accelerating voltage amplitude to 35 kV leads to an increase in the measured
current to 1.7 A at an arc current of 130 A and to 5.0 A at an arc discharge with a current of 170 A.
Assuming that the increase in the current measured by the collector depending on the accelerating
voltage and, accordingly, the ion energy is due to ion-electron emission, the data in Fig. 8 allowed
determining the dynamics of changes in the ion-electron emission coefficient. Fig. 9 presents data on
changes in ion-electron emission coefficients for a chromium ion beam formed at arc discharge

currents of 130 and 170 A.

Fig. 9. Dependence of the ion-electron emission coefficient on ion energy for chromium ion

beam

As in the case of titanium ions, changing the arc discharge current does not affect the ion-

electron emission value. Moreover, increasing the ion current density during ballistic focusing of



chromium ions also does not affect the ion-electron emission coefficient. Figure 10 demonstrates the
dependence of the current registered by the collector of the focused beam on the average ion energy

at vacuum arc discharge currents of 130 and 170 A.

Fig. 10. Dependence of the collector current on the average ion energy during

ballistic focusing of the chromium ion beam

The collector registers currents lower than those shown in Fig. 8. This decrease is due to ion
losses on the grid focusing electrode.

Ion-electron emission provided partial compensation for the escape of plasma electrons into the
accelerating gap through the grid electrode cells and, as a result, ensured stable formation of a
chromium ion beam with high pulse power density at pulse durations of 450 ps. This means that when
forming high-intensity beams with ion energies of several tens of keV, a single-electrode focusing
system in the form of a fine-structured grid can also be used to generate a continuous beam with high
average power density.

At the same time, unlike the results obtained with the titanium ion beam, when generating a
chromium ion beam, both the average over 16 pulses and in individual pulses, the maximum power
density was almost two times lower. This may be due to a lower ion-electron emission coefficient.
Reducing the number of electrons generated as a result of ion-electron emission changes the degree
of neutralization of the ion beam space charge. As a consequence, ion focusing conditions deteriorate.
When forming a titanium ion beam, incomplete compensation of the ion beam space charge also took
place. This is evidenced by data on the displacement of the beam crossover beyond the geometric
focus of the focusing system.

The data on changes in the current amplitude on a solid collector versus the average energy of

aluminum ions at vacuum arc discharge currents of 130 and 170 A are presented in Fig. 11.

Fig. 11. Dependence of the collector current amplitude on the average energy of

aluminum ions

At a discharge current of 170 A, the ion saturation current from aluminum plasma, measured at
voltage amplitudes not exceeding 1 kV, is approximately 3 A. When the accelerating voltage increases
to 40 kV and, accordingly, the average ion energy, taking into account the average charge state of ions
Z =1.72 [38], increases to approximately 70 keV, the collector current increases due to ion-electron
emission to 7.8 A. The dependence of the ion-electron emission coefficient on the energy of aluminum

ions is shown in Fig. 12.



Fig. 12. Dependence of the ion-electron emission coefficient on ion energy for an

aluminum ion beam

At the maximum ion energy, the ion-electron emission coefficient approaches 1.6. As in the
cases with titanium and chromium ion beams, the dependence of the ion-electron emission coefficient
does not depend on the ion current density in the range from a few units to hundreds of mA/cm 2.
Throughout the entire range of accelerating voltages, the ion beam was stable without showing

instabilities associated with the decompensation of its space charge.

4. CONCLUSION

As a result of comprehensive studies of the features and patterns of formation, focusing, and
diagnostics of pulsed ion beams with high pulse power density at accelerating voltages up to 40 kV,
with average ion energy considering their charge state up to 80 keV, it has been established that
submillisecond-duration beams of titanium, chromium, and aluminum ions are stable, efficiently
transported, and focused throughout the pulse duration of up to 450 ps. It is shown that, unlike the
case of metal ion beam formation at low accelerating voltages, when the emergence of a virtual anode
leads to a breakdown in ion beam transport, increasing the ion energy leads to ion-electron emission,
which improves the neutralization of the beam space charge and compensates for the escape of
electrons into the accelerating gap through the grid electrode elements. It has been established that the
change in the ion-electron emission coefficient with ion energy does not depend on the ion current
density in a wide range from several units to several hundred mA/cm 2, but is determined by the type
of ions. The maximum ion-electron emission coefficient at an accelerating voltage of 40 kV was 2 for
titanium ions, 1.3 for chromium ions, and 1.6 for aluminum ions. Using the titanium ion beam as an
example, it is shown that as a result of incomplete neutralization of the ion beam space charge, its
crossover is displaced by 20 mm beyond the geometric focus of the system. The maximum power
density for the titanium ion beam averaged over 16 pulses approached 110 kW/cm 2, and in individual
pulses exceeded 200 kW/cm 2. Slightly lower power densities were obtained for aluminum and
chromium ion beams.

Ion beams with such parameters are undoubtedly attractive for implementing the method of deep
ion doping of materials, based on the synergy of high-intensity implantation with simultaneous energy

impact of the ion beam on the surface of the irradiated target.
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FIGURE CAPTIONS

Experimental setup diagram: / — vacuum arc plasma generator, 2 — electrode for
microparticle cutoff, 3 — pulse pyrometer, 4 — grid focusing electrode, 5 — vacuum chamber,
6 — thermocouple, 7 — collector, 8§ — pulse-periodic generator of high-voltage pulses with

positive polarity.
Photo of the detector with 19 collectors.

Dependence of the measured current amplitude on the stainless steel collector on the

average energy of titanium ions at arc discharge currents of 130 and 170 A.

Dependencies of the ion-electron emission coefficient on ion energy at arc discharge

currents of 130 and 170 A.

Superposition of density distribution profiles of current registered by collectors across the
beam cross-section, measured at different distances relative to the geometric focus of the
ballistic focusing system at an arc discharge current of 130 A and accelerating voltage of

20 kV.

Profiles of current density distribution across the beam cross-section at arc discharge

currents of 130 and 170 A at a distance of F+20 mm, with accelerating voltage of 20 kV.

Profiles of ion current density distribution across the beam cross-section at an arc discharge

current of 130 A at a distance of F+20 mm and different accelerating voltage amplitudes.

Total current on the solid collector depending on the average energy of chromium ions at

vacuum arc discharge currents of 130 and 170 A.

Dependence of the ion-electron emission coefficient on ion energy for a chromium ion

beam at vacuum arc discharge currents of 130 and 170 A.

Dependence of the collector current on the average ion energy during ballistic focusing of
a chromium ion beam formed from vacuum arc plasma at discharge currents of 130 and

170 A.

Dependence of the collector current amplitude on the average energy of aluminum ions at

arc discharge currents of 130 and 170 A.

Dependence of the ion-electron emission coefficient on ion energy for an aluminum ion

beam at vacuum-arc discharge currents of 130 and 170 A.
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