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In modern medicine, accelerator technology, semiconductor production, there is a need to develop ion
sources of various elements capable of generating currents in a wide range of values from 1 pA to 100 mA.
Before using the created ion sources in specific applied cases, it is necessary to study them in detail, optimize
the operating parameters and study the main characteristics of the ion beam. Current, emittance, bright-
ness, energy distribution and mass composition, stability of the beam output signal are important for ob-
taining a quality result. The article presents a stand for testing ion sources developed at the IAP of NASU.
The developed installation allows researching various sources of metal and gas ions, both negative and pos-
itive ions. The installation has all the tools for a detailed study of such parameters of the ion current as the
distribution of ions by energy, by mass, emittance, beam profile, working gas consumption. The developed
device for measuring the distribution of ions by mass allows studying the elemental composition of the beam.
Measurement of the distribution of particles by energy is necessary to study the source for the possibility of
its use with specific accelerators of charged particles and implantation technologies. The emittance meter
allows you to study the emittance of the beam and obtain its profile. At the installation, a series of studies
of the sputtering source of metal ions, the duoplasmatron, and the source of negative ions were carried out,
the characteristics of the ion beams created by them were studied in detail, and the values of emittance and
mass distribution of particles were determined. The developed facility allows for detailed research of almost
any type of ion sources for ion implantation technologies.

Keywords: Ion sources, Experimental setup, Ion beam, Emittance, Particle mass and energy distribution.

DOL: 10.21272/inep.16(4).04035

1. INTRODUCTION

Ion sources are a key part of the experimental base
of charged particle beam physics. These are devices ca-
pable of generating beams of positive and negative gas
and metal ions, which are used:

e in radiation materials science [1] to modify the
structure of structural steels in order to increase
their resistance to negative processes (increased
brittleness, swelling, loss of strength, etc.) that de-
velop under the influence of constant neutron irra-
diation;

e in the production of multicomponent semiconduc-
tors [2] to create various types of modern materials
for electronics;

e in medicine [3] for proton and carbon therapy, bo-
ron-neutron therapy, for the production of a wide
range of isotopes;

e atresearch accelerator complexes and etc.

For their launch, testing and optimization of operating
parameters, special equipment is required, which allows
safe operation with high voltage, obtaining a high operat-
ing vacuum, forming, focusing and conducting ion beams,
performing various measurements of operating parame-
ters of both the sources and the beams created by them.

In the Institute of Applied Physics of the National
Academy of Sciences of Ukraine in Sumy has developed
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a setup for testing various types of ion sources. The vac-
uum system of the installation is capable of creating a
vacuum at the level of 10-3-10 -4 Pa, which is sufficient
for working with ion beams with minimal probability of
parasitic breakdowns in the working chamber.

The development of this setup is an urgent task, as
the demand for ion beam technologies in Ukraine and
the world is high and constantly growing. The created
stand has a number of advantages, among which it is im-
portant to note the possibility of working with sources of
both positive and negative ions. It has the possibility of
easy control of all necessary operating parameters of the
ion source, such as operating voltage, current on system
electrodes thanks to the use of Rogowski coils and meas-
uring transformers. The setup also has all the necessary
diagnostic tools for monitoring the size and parameters of
the ion beam and accompanying particle beams, such as
electrons. For Ukraine, this stand is unique and has no
analogues, it opens up wide opportunities for testing new
ion sources created for various tasks.

2. GENERAL DESCRIPTION OF THE SETUP

The main goal of the development was to create a sim-
ple and functional setup capable of working with the wid-
est possible range of ion sources of different types.

Wide possibilities for obtaining experimental data are
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provided: a differential manometer for estimating the con-
sumption of working gas, an energy and mass analyzer for
studying the elemental composition of the beam, an emit-
tance-meter, which can be used to measure the profile of
the beam. In addition, the installation has the possibility
of measuring various operating currents in a wide range
of values: 0.001-100 A using Rogowski coils, a Faraday
cup, a measuring transformer, and an oscilloscope. The
system includes high-voltage voltage sources for powering
the discharge voltage Udis < 1 kV, the extraction voltage
Uextr < 30 kV, the focusing lens Ur< 20 kV.

The scheme of the setup in its general form is pre-
sented in Fig. 1.
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Fig. 1 — Scheme of the experimental setup for the study of ion
sources: 1 — vacuum chamber, 2 — turbomolecular pump, 3 —
forevacuum pump, 4 — diffusion pump, 5 — differential manometer,
6 — ion source, 7 — ion-optical system, 8 — Faraday cup, 9 — mass-
analyzer, 10 — emittance-meter, 11 — ionization lamps for vacuum
measurement, 12 — needle inlet valve, 13 — gas cylinder

The results of measurements of all necessary parame-
ters of the ion sources are displayed on the digital oscillo-
scope.

Table 1 presents the main operating parameters of the
experimental setup, allowing for a wide range of studies of
ion sources of various types.

Table 1 — Operating parameters of the setup for studying ion
sources

Setup Subcomponents Operating
compo- Parameters
nents
Vacuum Forevacuum pump 3NVR- | P<10-4Pa
system 1D
Diffusion pump NVDM-
250
Power sup- |Discharge power supply Udais <1 kV
plies Beam extraction system Uextr <30 kV
power supply
Focusing lens power sup- Ur<20 kV
ply
Operating |Rogowski coils I=1-100 A
current Faraday cup I>1mA
measure-
ment
Measuring |Energy analyzer AE>0.1V
instru- Mass-analyzer AM>1u
ments
Pulse gas |Gas pulse length w=02+14
valve ms
Frequency v=1-5 Hz
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2.1 The Vacuum System

The vacuum chamber is pumped in two stages: by a
forevacuum pump and by a vapor-oil diffusion pump
NVDM-250. To increase the working vacuum, an addi-
tional turbomolecular pump can be used, which is con-
nected directly to the ion-optical system of the source.
Different types of working gases are used for plasma ig-
nition in the studied ion sources, most often Ar, H. The
gas 1s supplied using the needle nozzle of the differential
manometer, the possibility of measuring the gas con-
sumption is provided. It is possible to supply gas with a
pulse electromagnetic valve. For example, a valve with
an opening time n = 0.2+1.4 ms is used to work with a
source of negative hydrogen ions. Depending on the needs
of the experiment, the work can be carried out at a vacuum
level of 2+7 x 103 Pa. The vacuum is measured by ioniza-
tion lamps, VIT-3, VMB-14 vacuum gauges.

2.2 The Instruments for Measurements
Operation Currents

When studying any ion source, the ability to control all
discharge parameters, the distribution of operating cur-
rents in the discharge chamber, for example, between the
magnetron anode and the emission electrode, is of great im-
portance. For this purpose, there are 3 Rogowski coils on
the setup, with the help of which it is possible to measure
alternating currents under a high potential in a wide range
of values: 1 mA-100 A. This allows to observe the operating
parameters of the ion source, to study not only the magni-
tude of the current of the formed beam, but also other im-
portant characteristics: currents on the electrodes of the
discharge system, on the ion-optical system, parasitic cur-
rents, for example, of electrons, when working with a
source of negative ions, etc.

In addition, the ion beam current is measured using a
Faraday cup, created in the IAP NASU, the image of which
is shown in Fig. 2.
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Fig. 2 — Faraday cup for measuring ion current: 1 — graphite
bottom of the cylinder, 2 — electrode for trapping electrons

To increase the accuracy of measuring the current of
the received ions in the developed cylinder, a shaped bot-
tom of a toothed shape was specially created from graph-
ite. Due to the small coefficient of secondary emission of
electrons [4], this solution allows to minimize the impact
of secondary electrons on the measurement of the target
current. Electrode (2) is under a potential of — 200 V,
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whereby it effectively prevents the exit of secondary
emission electrons from the cylinder into the chamber,
which also allows to increase the accuracy of measure-
ments, especially at small ion currents.

2.3 Energy and Mass-Analyzer for Studying the
Elemental Composition of the Beam

Distributions of extracted ions by mass and energy
are one of the main characteristics important for further
use of the ion beam. The energy spectrum of the beam
particles must be minimal for its successful focusing, ac-
celeration, and transportation through the accelerator
tube [5]. In order to measure the energy distribution of
ions and estimate the mass composition of the beam, a
special analyzer developed on the setup, schematically
shown in Fig. 3.
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Fig. 3 — Scheme of the energy and mass-analyzer of the
experimental setup: 1 — ion source cathode, 2 — intermediate
electrode, 3 — anode, 4 — extracting electrode, 5 — grounded
diaphragm, 6 — energy filter, 7 — monopole mass-analyzer, 8 —
SEM, 9 — beam trajectory, 10 — deflector

The ion beam is extracted from the investigated
source, passes through the grounded diaphragm, energy
filter, then through the monopole mass spectrometer,
deflect with the help of a deflector and enters the SEM.
A computer and specially developed software control the
mass spectrometer.

The mechanism for estimating the mass spectrum of
the beam consists of a 2-slit system, passing through
which a paraxial strip beam is cut from the ion beam,
which has all mass fractions in its composition [6]. Next,
it is passed through the magnetic field of the mass ana-
lyzer with an induction value of B = 0.2 T. Each ion frac-
tion in the magnetic field deflects from a rectilinear tra-
jectory by an amount proportional to the ratio of its
charge to the mass M/Z. Knowing the values of the charge
and mass of the ions, the induction of the analyzer's mag-
net, the distances traveled by the particles in the mag-
netic field, it is possible to calculate the displacement that
will correspond to different fractions of the beam.

X = [quB (2+ Lz)] /My 1)

Where, X is the displacement of ions of different fractions
(mm), q — the charge of the ion, M — mass of the ion, v — the
velocity of the ion, B — the induction of the magnetic field of
the analyzer, L; — the length of the path of the ion in the
magnetic field, L, — the length of the path from the bound-
ary of the magnetic fields to the measuring wire collector.
The collector can move in steps of 0.1 mm, which provides
a high resolution of measurements.
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2.4 The Emittance-Meter for Measuring the
Beam Profile

An emittance-meter [7] is used on the experimental
setup, which allows obtaining the profile of the beam
and measuring the numerical value of its emittance.
Part of the ion beam is passed through a diaphragm
chamber and measured by a wire probe. The emittance
is measured according to the position of the diaphragm
slit and the probe, the ratio of which is characterized by
the angular and spatial coordinates of the ion beam [8].
The scheme of the device shown in Fig. 4.

Fig. 4 — Emittance-meter for measuring the ion beam profile: 1
—uniaxial ball bearing, 2 — camera with diaphragm, 3 — moving
diaphragm, 4 — camera with wire probe, 5 — moving wire probe,
6 — Faraday cup, 7 — threaded rod, 8 — stepper engine

An axial ball bearing is located in front of the emit-
tance-meter chamber, which, by its rotation, ensures ob-
taining and maintaining a high working vacuum in the
chamber of the device. In the camera, the aperture slit
and the wire probe move along special guide rods. Step-
per motors are mounted on the camera, which are con-
nected to the rods through a special mechanism and
drive the diaphragm and the probe. If it necessary, sen-
sors-switches can be mounted on the slides of these
nodes, which ensure that the stepping motors are
stopped when the diaphragm or probe comes into contact
with the walls of the chamber.

The rods have a thread of 1.5 mm with a step angle
of 1.80, which corresponds to a step of the electric engine
of 0.0075 mm, whereby a high resolution of the meas-
ured signal is achieved. The diaphragm slit, which cuts
out the central part of the beam, has a width of 0.4 mm.
To prevent heating of the diaphragm as a result of its
bombardment with an ion beam, which at a current of
only 1 mA and at an accelerating voltage of 30 kV leads
to landing on the surface of 30 W of power, a water cooler
is used. The height of the aperture is 60 mm, the diam-
eter of the probe is 0.2 mm, its length is 70 mm, the
available path for the aperture is + 20 mm, and the probe
is + 40 mm. If it necessary, there is a possibility to switch
the emittance measurement in another plane in the
emittance-meter chamber, which corresponds to the ro-
tation of the aperture-probe system by 90° around the
longitudinal axis of the beam. At the end of the measur-
ing system, behind the probe, there is a Faraday cylin-
der for measuring the beam current.

To obtain the emittance, it is necessary to calculate
the angular distribution of ions [9] at various points per-
pendicular to the direction of distribution. The angular
distribution of ions is determined relative to the center
of the beam. This is achieved by calculating the center of
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the ion beam at specific points characterized by the po-
sition of the diaphragm slit xs and the wire probe fs [10]:

f_+°°1(x)xdx
s = e —— (2
o 1(X)dx
_ IRnprar
fs= e’ &

where x is the coordinate of the aperture, fis the coordinate
of the probe, I(x) is the ion current measured on the
diaphragm, I(f) is the ion current measured on the probe.

3. EXAMPLES OF RESEARCH RESULTS

The setup has been successfully put into operation
and is actively used in the study of an ion sources. To
date, research has been carried out on the following
types of ion sources: a duoplasmatron with a poly
cathode, a source of negative hydrogen ions placed in a
vacuum, a spray-type metal ion source with a Penning
discharge and other. When working with different ion
sources, there is a need to change the power supply
system of the devices, the method of supplying the
working gas, and create transition structures for their
connection to the vacuum chamber. All these changes are
implemented for the specific source being studied.

In Fig. 5 shows an example of the results of the study
of the mass composition of the beam, performed on a
metal ion source of the sputtering type with the follow-
ing parameters: working gas — Ar, gas flow @ =1.06 x 105
Pa x cm3/min, discharge current Io = 3 A, discharge volt-
age Ua=350V.
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Fig. 5 — An example of measuring the mass spectrum of an ion
beam: X — displacement from the axis of the analyzer, mm, I —
current of ions of different fractions, units

An example of the result of estimating the energy
spread AE of He ions on a duoplasmatron with a poly
cathode is given in Table 2. The experiment was
performed at different discharge voltages and currents.
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AE values are calculated at the level of 0.5 of the
maximum current. An example of the experimentally
obtained beam profile on a duoplasmatron with a poly
cathode is shown in Fig. 6.

Table 2 — Data from measurements of the energy spread of ions
in a He beam
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Fig. 6 — Beam profile

The presented setup makes it possible to comprehen-
sively study an ion source of almost any type, evaluate
its main operating parameters and the generated beam
current. Further implementation of the sources in work
on specific applications confirms the high level of accu-
racy of the research.

4. CONCLUSION

The experimental setup developed at the Institute of
Applied Physics of the National Academy of Sciences of
Ukraine in Sumy can provide detailed studies of the most
types of gas and metal ion sources, both positive and nega-
tive ions. Its main advantages are:

e A powerful power supply system with the possibility of

raising the working voltage to 30 kV and more.

All necessary diagnostic devices are present for meas-

uring any parameters of the source of the received

beam of charged particles: energy and mass-analyzer,

emittance-meter, Faraday cup, Rogowski coils

e Water cooling system, which allows to work with
sources with high power at discharge without over-
heating.

The stand was successfully used when working with
different types of ion sources listed above, and showed the
ability to accurately assess all the main necessary parame-
ters of these devices. Further use of sources on ion implant-
ers proved the high accuracy of the measurements.
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ExcrepumenTraabHUM CTEH AJ1 BUBYEHHS JIJKepPesI MO3SUTUBHUX TA HETaTUBHUX iOHIB

B.A. Barypis, O.10. Poeuro, O.10. Kapnenxo, I1.0. JIursunos
Inemumym npurnaonoi gisuku HAH YVrpainu, 40000 Cymu, Yrpaina

VY cydacHi# MeIUITHHI, TPUCKOPIOBAIBHIN TEXHIITl, BUPOOHUIITBI HAMBIPOBITHUKIB iCHYy€e TIOTpeda B Po3-
PpoOIIi sKepest 10HIB PI3HUX €JIEMEHTIB, 3JaTHUX TeHePYBATH CTPYMH B IITUPOKOMY T1ama3oH]l 3HAYEHDb Bif 1
MKA 10 100 MA. Tlepe; BUKOPHUCTAHHSAM CTBOPEHUX JIFKEPEJI 10HIB y KOHKPETHUX IIPUKJIAHUX BUIATKAX He-
00X1THO IX JeTaJIbHO JOCILIUTH, OITHMI3yBaTH pobodl mapaMeTpy Ta BUBYUTH OCHOBHI XapaKTEPUCTUKY 10H-
Horo nmyuka. CTpyM, emMiTaHe, SICKPaBiCTh, PO3IIOMIIJI €Heprii Ta MACOBHUH CKJIAM, CTA0LIBHICTh BUXIIHOIO CHT-
HaJLy IIyYKa € BAKJINBUMU J[JIsI OTPIMAHHS SIKICHOTO pe3yJIbTaTy. ¥ CTaTTl IIpescTaBieHo po3pobiaernii B IO
HAHY crenp muis BunpoGyBaHHs srepest ioHiB. Po3poliieHa yeTaHOBKA JI03BOJISIE JOCIIIFKYBATH PIi3HI JpKe-
peJia i0HIB MeTaJIiB 1 rasy, K HEeTaTUBHUX, TAK 1 MO3UTUBHHX 10HIB. YCTAHOBKA Mae BCl IHCTPYMEHTH JIJIS
IEeTAJHLHOTO JOCIIKeHHA TAKAX IIapaMeTpiB 10HHOTO CTPYMY, AK PO3MOILJI 10HIB 3a eHepriaMu, 110 Maci, eMi-
TaHc, IPodiib IIyYKa, BUTpaTa podbodoro rady. Po3pobieHuii mpuiiad IJis BUMIPIOBAHHS PO3IIOILIY 10HIB 3a
MAacoI0 JI03BOJISIE JOCIIIPKYBATY €JIEMEHTHIHI CKJIA[ IIyYKa. BUMIpIOBAHHS PO3IIOJIILY YACTHHOK 34 €HEePTi€io
HEeOOX1THO JIJIs TOCIIIPKEHHS JIPRePesIa Ha MOJKIIUBICTD MOT0 BUKOPUCTAHHS 3 KOHKPETHUMU IIPUCKOPIOBAYAMU
3apAMKeHNX YaCTHHOK 1 TeXHOoJoriaMu iMrmuiadTamii. EMiTancoMeTp H03BoJIse MOCTIAUTH eMIiTaHC IIy4dKa i
oTpuMAaTH #oro mpodisb. Ha yeraHoBIN mpoBemeHo cepio JOCTiIKeHb POSIUIIBAILHOIO JKepesia 10HIB Me-
TaJly, IyoIIa3MaTpOHa, JKepesia HeraTUBHUX 10HIB, IeTaIbHO BUBYEHO XaPAKTEPUCTUKYA CTBOPIOBAHNX HUMKA
IyJYKIB 10HIB, BU3HAYEHO 3HAYEHHS €MITAHCY Ta MacOBOTO PO3MOMILITYy YaCTHHOK. Po3pobiieHa ycTaHOBKA J0-
3BOJIsIe 3a0€e3eUnTH JeTaIbHe JOCTIPREeHHS IPAKTUYIHO Oy 1b-sIKOTO0 THILY J2KepeJI 10HIB IS TeXHOJIOT1H 10H-
HOI IMILJIaHTAILi].

Kmnrouosi ciosa: :xepena ionis, Excepumenranbauii cresn, loanuit nyvor, Emitamce, MacoBuii Ta emep-
TeTUYHMIA POSITOILIL.
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