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ABSTRACT

In this work, we show the possibility of forming titanium ion beams of submillisecond duration
in the average ion energy range from 20 to 60 keV with a maximum ion current density
of 3.3 A/em? at a pulsed power density of 132 kW/cm? in individual pulses. The dependence of the
ion-electron emission coefficient on the average energy and current of the arc discharge is presented.
It has been established that the ion-electron emission coefficient in the case of irradiation of a stainless
steel target with a beam of titanium ions reaches a value of 1.6 at an average ion energy of 60 keV.
The dependences of the radial distribution of the ion current density on the average ion energy are
obtained for different positions of the collector relative to the geometric focus of the ballistic system
for focusing the ion beam. Taking into account ion-electron emission, it has been experimentally
shown that with an increase in the average ion energy from 20 keV to 40 keV, an increase in the density
of the measured ion current is observed, while in the range from 40 to 60 keV, the ion current density
decreases. Using nineteen collector sensors, it was shown that due to the influence of the partially
uncompensated space charge of the ion beam, the best conditions for its focusing are achieved at a
distance of 20 mm behind the geometric focus of the system.
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AHHOTALIUS

B nanHoit pabote nokasaHa BO3MOXXHOCTh (POPMUPOBAHMSI TyYKOB MOHOB TUTAHA CYOMUIITUCEKYH/I-
HOM JJINTENBHOCTU B AMAIIA30HE CPEIHUX AHEPruil HoHOB OT 20 1o 60 k3B ¢ MakcMManbHOM IUIOT-
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HOCTBIO HOHHOTO TOKa 3,3 A/CM? IIpH IIOTHOCTH UMITYJILCHOUM MotTHOCTH 132 KBT/cM? B OT/IEBHBIX
umnyibcax. [Ipencrasiena 3aBuCUMOCTb KOA(pGUIIUEHTa HOHHO-JIEKTPOHHON SMUCCHH OT CpeaHeH
SHEPI'UU U TOKa JYTOBOTO pa3psia. YCTaHOBIEHO, YTO KOA(PPHUINEHT HOHHO-3JIEKTPOHHON SMUCCUN
pu OOMyYEeHUH MHILICHH U3 HEP)KaBEIOLIeH CTalu IMyYKOM MOHOB THTaHA JOCTUTAET 3Ha4deHus 1,6
1pu cpeaneit aueprun noHoB 60 k3B. [lomydeHbl 3aBUCHMOCTH pauaIbHOTIO paclpeaeIeHUs TUI0T-
HOCTH MOHHOT'O TOKa OT CpeJHEHl PHEPruu MOHOB Ul Pa3IMYHBIX MOJOKEHHH KOJIJIEKTOpa OTHO-
CUTEJIBbHO T€OMETPHUECKOro (poKyca OauIMCTHUECKON CUCTEMBI Il (POKYCHUPOBKH MOHHOTO ITyYKa.
C y4eToM MOHHO-3JIEKTPOHHON SMHUCCHH SKCIIEPUMEHTAIBHO MOKa3aHO, YTO MPU YBEJIUYEHUU CPEJI-
Hel ’Heprun HoHoB ¢ 20 k3B 10 40 k3B HabmogaeTcsl yBenIuueHHEe TUIOTHOCTH U3MEPSIEMOTO HOH-
HOTO TOKa, a B nuamnaszone ot 40 1o 60 k3B mioTHOCTH MOHHOTO TOKa yMeHblnaeTcsi. C MOMOIIbIO
JeBSTHA/ILIATH JaTYUKOB-KOJUIEKTOPOB ObLIO IMOKA3aHO, YTO 32 CYET BIMSIHUS YACTUYHO HEKOMIIEHCH-
POBaHHOTIO OOBEMHOT0 3apsiia HOHHOTO MyYKa HaWIy4Ilnue YCJIOBUS Ui ero (POKYCUPOBKHU JI0CTHUTa-

10TCS Ha paccTossHUM 20 MM 332 TEOMETPHUYECKUM (POKYCOM CHCTEMBI.

KIJIFOYEBBIE CJIOBA

Honno -3JICKTpOHHAasA
MHTCHCHUBHOCTU.

SOMUCCHSL;

Introduction

With the development of production, the
requirements for modern materials increase.
The main factor limiting the service life of
complex science-intensive products, today,
is the destruction of the surface layers of
materials. In this regard, methods of modifying
the surface of materials are of interest. Such
methods include the application of wear-
resistant coatings, for example, by plasma or arc
spraying [1-3]. At the same time, it is possible
to spray both metal [4] and composite [5] and
even ceramic coatings [6]. However, the quality
of the resulting coatings (adhesion strength,
wear resistance of the coating) is affected by a
number of factors, for example, the state of the
substrate surface or the reaction of elements at
the interface between the coating and substrate
materials, which limit the scope of the method
of applying wear-resistant coatings [7]. To date,
there are also a large number of promising
methods of beam and plasma technologies
for modifying the surface layers of materials,
such as electron beam processing [8—10], laser
irradiation [11-15], exposure to compression
plasma flows [16-20]. The common advantage
of such methods is the ultra-high rate of surface
heating up to the melting temperature and

OHCPICTUICCKOC
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subsequent cooling of the surface layer of the
material due to heat removal to the main volume
of the material at a cooling rate of up to 10° K/s,
which contributes to the effect of material
hardening and the formation of a submicro- and
nanosized homogeneous structure. A common
disadvantage of such methods is the dissolution
of the functional structures of heterogeneous
systems that provide certain properties, which
leads to a deterioration in the properties of the
system itself [21, 22].

An alternative method for modifying the
surface of materials is the ion implantation
method. The advantage of the method is the
possibility of modifying a wide range of
materials, such as metals, semiconductors and
even dielectrics, and the modification occurs
due to changes in the elemental and phase
composition of the material being processed. The
main problem of the ion implantation method
associated with small impurity doping depths
was solved for semiconductor materials in the
framework of high-energy ion implantation
with an ion energy of tens to hundreds of
meV [23]. From the point of view of metal
processing, the low sensitivity to the presence
of impurities predetermined the need to increase
the dose of ion irradiation by several orders
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of magnitude compared to semiconductors to
levels of 10"-10" ion/cm?. The possibilities
of conventional ion implantation are limited
by the projective ranges of ions in the material
at the level of tens of nanometers. To solve
this problem, a method of high-intensity ion
implantation was proposed, aimed at stimulating
radiation diffusion, which makes it possible to
obtain doped layers with a thickness of tens to
hundreds of micrometers [24]. At the same time,
a set of studies performed showed that in some
cases, significant heating of the entire matrix
layer during irradiation is required, which
leads to the growth of the grain structure [25,
26]. In this regard, in [27, 28], a method was
proposed based on the synergy of high-intensity
ion implantation and pulsed energy impact on
the material surface by submillisecond ion
beams. Simultaneous implantation of ions and
their energy impact on the surface layer will
provide not only deep ion doping, but also an
improvement in the microstructure due to the
repetitively pulsed effect of superhardening of
the ion-doped layer. This approach will make
it possible to exclude the heating of the entire
matrix layer to high temperatures, at which the
deterioration of the microstructure of materials
occurs. To implement the method, beams with a
pulsed power density of hundreds of kilowatts
per square centimeter are required.

This work is devoted to the features of
the formation of repetitively pulsed beams of
submillisecond titanium ions with a high power
density. Particular attention is paid to the study
of ion-electron emission, which affects both the
neutralization of the space charge of long-pulse
beams and the accuracy of measuring the ion
current density and the power density of the ion
beam.

1. Research methodology

The study on the formation of titanium ion
beams consisted of several stages: 1) measuring
the current near the output of the plasma
generator with a collector diameter of 285 mm;
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2) measurement of the ion current density near
the geometric focus of the ion beam formation
system, the area of which was about 7 mm?, by
nineteen sensors. The first stage was carried
out to evaluate the ion-electron emission from
the collector surface. The second stage made
it possible to determine the distribution profile
of the ion current density over the beam cross
section.

Experimental studies were carried out on a
complex installation equipped with a modified
Raduga-5 1on source, Fig. 1. The vacuum-arc
evaporator (1) generated titanium plasma in a
continuous mode at arc discharge currents of
130 A and 170 A. A grid electrode (3) was used
to extract ions from the plasma in the form of
a part of a sphere with a radius of curvature of
130 mm, located along the axis of the plasma
generator inside the vacuum chamber (4). The
extracting grid electrode had a grid cell size
of 1.1x1.2 mm with a transparency of 60.4%.
To cut off the deposition of the microdroplet
fraction of the vacuum-arc discharge on the
irradiated surface, a disk electrode (2) located
along the axis of the ion source was used.
The formation of ion beams was carried out
in a repetitively pulsed mode using pulsed
voltage generators (6), with an amplitude from
0.1 kV to 30 kV. One of the generators at an
accelerating voltage pulse frequency of 1 kHz
in the amplitude range of 0.1-1.8 kV provided a
pulse duration of 100 pus. The second generator,
at a pulse frequency of 10 Hz, provided an
accelerating voltage amplitude in the range
of 5-30 kV at a pulse duration of 450 ps. In
order to obtain statistically reliable results, the
oscillograms were averaged over 1024 pulses
at an accelerating voltage of 0.1-1.8 kV and
over 384 pulses at an accelerating voltage from
5 to 30 kV. Averaging was carried out using the
mathematical apparatus of the Rigol MSO5000
oscilloscope. The collector unit (5) consisting
of nineteen sensors was installed in different
positions relative to the geometric focus of the
beam formation system.
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Fig. 1. Scheme of the experimental setup

Puc. 1. Cxema 3KCIIepUMEHTATBHON YCTAHOBKA

2. Results and discussion

To estimate the ion-electron emission
during titanium plasma generation at arc
discharge currents of 130 A and 170 A, the
current amplitudes on a solid flat collector
were measured, depending on the accelerating
voltage, Fig. 2. Fig. 2, a shows that the
amplitude ranges of the accelerating voltage are
0.1-1.8 kV corresponds to an initial collector
current of 1.43 A and 2.85 A at arc discharge
currents of 130 A and 170 A, respectively. It
can be noted that an increase in the discharge
current by 30% led to an increase in the
collector current by a factor of two. This fact
is explained by the design features that change
the configuration of the magnetic fields of the
coil depending on the arc discharge current,
Fig. 1. The currents measured at low accelerating
voltages are ion saturation currents from the
vacuum arc plasma.

Increasing the amplitude of the accelerating
voltage from 0.1 kV to 0.4 kV (Fig. 2, a) does
not change the amplitude of the ion current.

A further increase in the accelerating voltage
amplitude leads to a gradual increase in the
current amplitude, which is associated with the
appearance of ion-electron emission.

The ion-electron emission coefficient can
be determined from the dependences of the
collector current on the average ion energy.
The product of the average charge state of
titanium ions (about two) and the amplitude
of the accelerating voltage determines the
average energy of titanium ions in a continuous
plasma of a vacuum arc. Fig. 3 shows a graph
of the dependence of the ion-electron emission
coefficient on the average ion energy at arc
discharge currents of 130 A and 170 A. The data
in the figure show that the ion-electron emission
coefficient in this current range does not depend
on the discharge current of the arc evaporator.
The maximum value of the coefficient of ion-
electron emission of a titanium ion beam on a
stainless steel target reaches 1.6 at an average
ion energy of 60 keV.
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Fig. 2. The current on the collector depending on the accelerating voltage:
a — in the region of 0.1 kV—1.8 kV; b — in the region of 0.1 kV-30 kV at arc discharge currents of 130 A and 170 A
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Fig. 3. Dependence of the ion-electron emission coefficient on the accelerating voltage
at arc currents of 130 A and 170 A

Puc. 3. 3aBucuMocCTh K03 HUIIEHTa HOHHO-JIEKTPOHHOH SMUCCHU OT YCKOPSIOIIETO HAIIPSHKEHUS
TIpH TOKaX ayroBoro paspsina 130 Au 170 A

The next step was to conduct a series of
experiments on focusing the titanium ion beam
using an extracting electrode, Fig. 1. The studies
were aimed at studying the influence of the
average ion energy, the location of the collector
unit relative to the geometric focus of the beam
formation system, and the arc discharge current
on the beam ion current density distribution
profile.
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The studies were carried out using nineteen
sensors located inside a circle with a diameter of
22 mm, Fig. 1. Each of the sensors was isolated
from the others using a dielectric holder.
Fig. 4 shows current density measurements
recorded by nineteen collectors at a distance of
20 mm behind the geometric focus of the beam
focusing system at an average ion energy of
40 keV.
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Fig. 4. Current on the collector node of nineteen isolated sensors

Puc. 4. Tox Ha KOJUICKTOPHOM Y3JI€ U3 ACBATHAALATH U30JIMPOBAHHBIX JaTYHMKOB

On the basis of experimental data obtained,
a profile of the distribution of the current density
of titanium ions over the beam cross section was
constructed, taking into account ion-electron
emission, depending on the position of the end
part of the collector assembly relative to the
geometric focus of the formation system from
—10 mm to +30 mm with a step of 10 mm,
Fig. 5. In this case, the average ion energy and
the arc discharge current remained fixed and
amounted to 40 keV and 130 A, respectively.
Fig. 5, a shows the 3D distribution of the ion
current density profiles over the beam cross
section in space. It can be estimated qualitatively
that, moving away from the geometric focus of
the beam formation system, the conditions for
its transportation first improve in the region
from F-10 mm to F+20 mm, as indicated by
an increase in the amplitude of the ion current
density. A further shift from the geometric focus
of the system to the region F+30 mm leads to
a decrease in the amplitude of the ion current
density, which indicates beam defocusing.
Previously, a similar effect was observed
in the generation of low-energy silicon ion
beams [29]. Based on the data in Fig. 5, b, the
amplitude of the ion current density can be

quantified. Thus, the smallest amplitude of the
ion current density of 0.29 A/cm? was recorded
at a distance of 10 mm in front of the geometric
focus of the beam formation system. The best
conditions for beam focusing and transport
took place in the F+20 mm region, where the
maximum amplitude of the ion current density
was 0.95 A/cm?, which corresponds to a beam
power density of 38 kW/cm? in each pulse.
The distance of the collector node to the
region F+30 mm contributed to the decrease
in the amplitude of the ion current density to
0.83 A/cm?. An interesting point is the fact that
when the collector unit is dynamically moved
from the F-10 mm region to the F+10 mm
region, the beam width at half-height decreases
with an increase in the ion current density
amplitude. A further shift to the F+20 mm
region leads not only to an increase in the ion
current density, but also to a broadening of
the current density distribution over the beam
cross section, which may indicate the onset
of beam defocusing processes. Thus, it can be
assumed that the best condition for focusing
and transporting the ion beam is in the area of
the collector position between F+10 mm and
F+20 mm.
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Puc. 5. TIpodunb pacnpeneneHns MIOTHOCTH TOKa KOJUIEKTOPOB MO CEYEHHIO MyYKa B 3aBUCHMOCTH OT MOJIOKEHUSI
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The distribution profile of the current density
of the collectors over the beam cross section
depending on the average energy of the ions,
taking into account ion-electron emission, is
shown in Fig. 6. In this case, the position of the
end part of the collector assembly relative to the
geometric focus of the beam formation system
and the arc discharge current remained fixed and
amounted to F+20 mm and 130 A respectively.
It can be seen from the figure that an increase in
the average ion energy from 20 keV to 40 keV
leads to an increase in the amplitude of the ion
current density. A further increase in the average
ion energy leads to a decrease in the amplitude
of the ion current density to a minimum value of
0.76 A/cm?. The decrease in the amplitude of the
ion current density over the beam cross section
upon passing from the average ion energy of
40 keV to 60 keV was first theoretically predicted
in [27]. By simulating the process of passage of
ions through the grid extractor using the KARAT
code, the authors showed the possibility of
violating the conditions of equipotentiality of
the beam drift space due to the possibility of
plasma electrons escaping through the cells of
the grid extractor, entrained by the electric field.
In this case, the space charge neutralization
conditions are violated, which may indicate the
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fact of a decrease in the amplitude of the ion
current density on the collectors.
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Fig. 6. The current density distribution profile of the
collectors over the beam cross section as a function
of the accelerating voltage in the region where the end
part of the collector assembly is located 20 mm behind
the focus and the arc discharge current is 130 A

Puc. 6. [Ipodune pacnpeaencHus IIOTHOCTHA TOKa
KOJUICKTOPOB TI0 CCYCHHUIO ITy4YKa B 3aBUCUMOCTH
OT YCKOPSIIOILIETO HAIPSDKEHUsI B 00JIACTH PaCIIOIOKEHUS
TOPIICBOM YacTH KOJICKTOpHOTO y3ia 20 MM 3a okycom
Y TOKe AyroBoro paspsaa 130 A



The parameter of the full beam width at
the half-maximum height FWHM in the target
irradiation mode at an average ion energy of
40 keV was about 10 mm, which corresponds to
the diameter of the beam imprint on a stainless
steel metal plate, which was irradiated in the
same mode with a long exposure to the beam,
Fig. 7.

Fig. 7. lon beam imprint on stainless steel
after prolonged exposure

Puc. 7. OTneyaTok mydxa HOHOB Ha HEpXKaBeromeit
CTaJIv TOCJIE JITTUTENBHOTO BO3ECHCTBUSA

To study the influence of the arc current on
the ion current density, the arc discharge current
was increased to 170 A. The average ion energy
and the position of the collector relative to the
geometric focus of the beam formation system
remained constant and amounted to 40 keV
and F+20 mm, respectively. Fig. 8 shows the
distribution profiles of the ion current density at
arc discharge currents of 130 A (1) and 170 A (2)
averaged and a single, close to maximum, pulse at
an arc discharge current of 170 A (3), taking into
account ion-electron emission corresponding
to given value of the average ion energy. An
increase in the arc discharge current to 170 A
contributed to an increase in the ion current
density to 1.47 A/cm?, which corresponds to a
beam power density approaching 60 kW/cm?.

MATED

In this case, it is interesting to consider single
pulses, the amplitude of the ion current density
of which reaches 3.3 A/cm? or the impulse beam
power density of 132 kW/cm? which is 2.2 times
higher than the averaged ones. It is important to
focus on the fact that when modifying materials
under conditions of synergy of irradiation with
high-intensity ion beams and energy exposure,
the greatest contribution will be made by pulses
of maximum power density. In this regard, in
further studies, it will be interesting to evaluate
the quantitative distribution of pulses by energy
power density instead of averaged pulses.
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Fig. 8. Collector ion current density distribution profiles
at arc discharge currents of 1) 130 A and 2) 170 A
averaged over sixteen pulses and 3) a single pulse

at an arc discharge current of 170 A

Puc. 8. [Ipodunu pacnpenencHus MIOTHOCTH HOHHOTO
TOKa KOJUIEKTOpa IPH TOKAX yrOBOTO paspsijia
1) 130 Au2) 170 A ¢ ycpeaHEHHEM 10 IIeCTHAAATH
HMITYJIbCaM | 3) OZIMHOYHBIA UMITYJIBC TTPH TOKE
JyroBoro paspsiga 170 A

To estimate the total ion current, the currents
of all collectors were summed, taking into
account ion-electron emission. Thus, for the
case of an arc discharge current of 130 A, an
average ion energy of 40 keV, and the location
of the end part of the collector assembly at
a position of F + 20 mm from the geometric
focus of the beam formation system, the total
ion current was determined to be 0.59 A. It is
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noteworthy that for an arc discharge current of
130 A, the maximum possible current extracted
from the Raduga-5 system is 1.43 A. Taking into
account the transparency of the grid extraction
electrode, the maximum possible current of the
system is 0.86 A. Then, up to 46% is lost during
beam transportation.

Conclusions

In this work, the ion-electron emission
coefficient was experimentally determined
depending on the average ion energy up
to 60 keV. The features of the formation of
titanium ion beams generated by the modified
Raduga-5 ion source at accelerating voltage
amplitudes from 0.1 kV to 30 kV and arc
discharge currents of 130 A and 170 A were
demonstrated for the first time. The dependence
of the amplitude of the ion current density
during dynamic displacement of the collector
unit relative to the geometric focus of the
ion beam formation system is shown. The
possibility of forming submillisecond titanium
ion beams with a maximum ion current density
of 3.3 A/cm? and a beam power density of
132 kW/cm? with allowance for ion-electron
emission is shown.
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