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CHARACTERISTICS OF LOW POWER RF ION SOURCE
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The main characteristics of a low-power inductive RF ion source designed for use in a compact nuclear
microprobe at the IAP NASU are presented. The source operates at a frequency of 45 MHz with RF power below
10 W. The extracted beam current reaches up to 3.5 pA through a 0.6 mm diameter aperture. The beam is composed
of 'H*, 2H*, and *H" ions, and the proton (*H") fraction is about 10%. The measured energy spread of the ion beam is
in the range of 7.5..9eV. The beam emittance is 9.8 x-mm-mrad, and the normalized emittance is

0.037 m-mm-mrad.

PACS: 29.25.Ni; 41.75.Ak; 41.85.Qg

INTRODUCTION

Modern nuclear microprobes represent advanced
analytical end-stations, typically based on electrostatic
accelerators, and are widely employed for non-
destructive, high-resolution microanalysis as well as for
the fabrication of three-dimensional micro- and
nanostructures.  In  conventional  setups, ion
beams-usually hydrogen or helium-with currents up to
100 pA are accelerated to energies of several MeV
[1-3]. These beams are then focused and collimated
within a dedicated microprobe end-station. However,
only a minor fraction of the beam, often limited to a few
nanoamperes, is effectively utilized, resulting in
inefficient use of the initial beam.

Furthermore, mass analysis of the beam is typically
performed after acceleration, requiring large and power-
intensive analyzing magnets. This design not only
increases the system’s energy consumption but also
adds significantly to its cost. Importantly, the
acceleration stage itself does not directly contribute to
the microbeam formation; rather, the process begins
effectively at the object collimator. To achieve high
demagnification and spatial resolution, ion-optical
systems often extend up to 10 m in length, with most of
this distance consisting of drift spaces devoid of
electromagnetic control fields.

To overcome these limitations, a concept for a
compact nuclear microprobe was proposed at the
Institute of Applied Physics of the NAS of Ukraine
[4, 5]. This approach employs specialized ion sources
with low beam currents (typically a few nA) and an
energy spread of approximately 10eV, aimed at
reducing the effects of chromatic aberration. In low-
energy ion beam systems, high-resolution performance
is generally achieved using liquid metal ion sources or
field emission sources. These sources generate a small
ion emission region, often nanometer sizes. As a result,
such ion sources exhibit much higher brightness
compared to those used in general-purpose electrostatic
accelerators [6]. However, due to their specific technical
characteristics, these sources are not suitable for use in a
compact microprobe.

Recently, an electron impact ion source with
dimensions ranging from 0.1 to 1 um was developed for
the ion microprobe at the National University of
Singapore [7, 8]. However, this source produces a beam

of molecular ions (*H*) rather than protons (*H*), which
are essential for standard techniques such as PIXE,
RBS, and proton beam writing.

Radio-frequency (RF) plasma ion sources present a
promising alternative for proton generation and are
widely utilized in ion beam technologies [9-11]. When
operating with hydrogen, RF ion sources can deliver
beam currents up to 100 pA at 150 W RF power, with a
proton fraction reaching 70%. However, a significant
drawback is their high energy spread, which can reach
around 100 eV [11].

In view of the above, a low-power inductive RF ion
source has been designed at the IAP NAS of Ukraine for
application in compact nuclear microprobe [12]. The
source operates at RF power below 10W and is
intended for generating a *H+ ion beam required for
standard techniques such as PIXE, RBS, and proton
beam writing. The source will operate as part of the
nuclear microprobe injector, along with a small-sized
Wien filter and an einzel lens. The Wien filter is used to
separate the proton component of the beam, while the
einzel lens focuses the selected proton beam into a
crossover, which can be used as an object for
microprobe formation.

This  article  presents  the  experimental
characterization of the developed ion source, including
measurements of total ion current, mass composition,
proton fraction, axial energy spread, and beam
emittance.

1. RF ION SOURCE

The schematic of the inductive RF ion source is
shown in Fig. 1. The source consists of a cylindrical
quartz discharge tube with an outer diameter of 34 and a
length of 70 mm. Surrounding the quartz tube is a
copper induction coil consisting of six turns of 4 mm
diameter wire. An RF voltage at a frequency of 45 MHz
is applied to the coil to sustain plasma discharge.

Hydrogen gas is introduced into the quartz chamber
at a pressure of approximately 1 Pa. The time-varying
magnetic field generated by the coil induces an
azimuthal RF electric field within the discharge volume.
Free electrons within the gas absorb energy from the RF
field, leading to collisional excitation and ionization of
hydrogen molecules and the subsequent formation of
plasma.
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Positive ions generated in the discharge are extracted
from the plasma through a dedicated extraction aperture.
The extraction channel has a diameter of 0.6 and a
length of 3 mm. A downstream acceleration electrode is
employed to focus the extracted ion beam and provide
the desired beam energy.
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Fig. 1. Schematic diagram of the inductive RF ion
source: 1 —plasma volume; 2 — extraction electrode;
3 —quartz diaphragm; 4 —acceleration (focusing)
electrode; 5 —quartz discharge tube; 6 —induction coil

The ion current extracted from an inductively
coupled plasma source is directly proportional to the
plasma density, which is itself a function of the RF
power absorbed by the plasma [9, 13]. However,
increasing the RF power results in a larger ion energy
spread, which negatively affects the microprobe
formation due to the action of chromatic aberrations.
Since a proton beam current of ~10 nA is sufficient for a
compact nuclear microprobe, it becomes feasible to
design a RF ion source of low power. This facilitates the
operating temperature conditions of the source and
reduces  high-frequency  electromagnetic  (EM)
interference that could affect electronic measuring
equipment.

High EM fields can cause RF interference with the
extracting and accelerating voltage power supplies, as
well as generate parasitic capacitive coupling between
the induction coil and the plasma. These effects may
result in RF modulation of the extracted ion current and
increases the ion energy spread [14].

In view of these considerations, the RF generator
was designed to operate at a power level below 10 W.
The generator is built using a GU-29 vacuum tube
according to the scheme of a push-pull oscillator. The
anode voltage of the tube is 250...280 V and current
consumption of 25...30 mA, corresponding to a total
power consumption of approximately 8 W. Taking into
account the generator efficiency, the RF power absorbed
by the plasma does not exceed 5 W.

To characterize the EM environment near the ion
source, measurements of the emitted RF electric field
were carried out using an Aktakom ATT-2593 field
meter. The measured electric field strength was
approximately 1.2 V/m at a distance of 0.5 m from the
source, decreasing to around 0.75 V/m at distances of
1...1.5m.

2. EXPERIMENTAL SETUP

All  measurements of the RF ion source
characteristics were carried out on the experimental

setup shown in Fig. 2. The ion source was mounted on a
vacuum chamber with an internal volume of
approximately 6 liters. The vacuum chamber was
evacuated by a turbomolecular pump Leybold—360 with
a pumping speed of 360 L/s. The base pressure achieved
was 1x10*Pa, as monitored by a VMB-14 vacuum
gauge.
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Fig. 2. Schematic diagram of the experimental setup

Hydrogen was introduced into the discharge tube of
the source using the SNA-2 gas supply system. A
separate experimental run was performed with a PMT-2
thermocouple sensor attached directly to the discharge
bulb of the ion source. This allowed for the
establishment of a correlation between the readings of
the gas supply system, the pressure in the vacuum
chamber, and the actual hydrogen pressure within the
source bulb.

Under operational conditions, the hydrogen pressure
inside the discharge tube ranged from 0.5 to 5 Pa, while
the vacuum chamber pressure remained within
(3...9)-107* Pa, depending on the gas supply.

3. RESULTS AND DISCUSSION
3.1. ION BEAM CURRENT

The current-voltage (I-V) characteristics of the ion
source, which represent the dependence of the ion beam
current I; on the extraction voltage U, were measured
using a Faraday cup positioned 100 mm from the ion
source. The Faraday cup has an entrance aperture
diameter of 22 mm and is equipped with a suppressor
electrode biased to -290V to suppress secondary
electron emission.

Fig. 3 presents the measured dependence of the ion
beam current I; on the extraction voltage U,y at various
hydrogen pressure within the discharge tube (ranging
from 1.2 to 3 Pa). The extraction voltage U, was varied
from 10 to 290 V, while the accelerating voltage was
maintained constant at U, =4 kV.

The obtained I-V curves exhibit a typical trend
observed in RF plasma ion sources: the extracted
current increases monotonically with the extraction
voltage, reaches a maximum (saturation), and
subsequently decreases.

The highest beam current was observed at the low
pressure of p=1.2 Pa, where the current reached I; =
3.5 pA at Ugy=240 V.
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The ion beam current density j; can be estimated
from the relationship: j, =1,/S, , where S, is the area

of the extraction aperture. For 1;=3.5 pA, this yields a
current density of approximately ji=1.2 mA/cm?.

This behavior of the 1-V curve is consistent with the
known emission characteristics of RF plasma sources,
where the emission plasma boundary takes the shape of
a meniscus.
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Fig. 3. lon beam current I; as a function of extraction
voltage Ug, for various hydrogen pressures in the
source

The geometry of the plasma meniscus changes
depending on the plasma density n,, electron
temperature T, and the extraction voltage Ugy. At lower
extraction voltages, the beam current follows the Child—
Langmuir law, which predicts:

Ji = (45, /9)J2e/m - (U3? /d?),

where g is the vacuum permittivity, e is the elementary
charge, m is the electron mass, d is the distance between
the plasma boundary and the extraction electrode.
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Fig. 4. lon beam current I; versus hydrogen pressure
p in the ion source

At higher voltages, space charge limitations and
changes in the plasma boundary condition cause current
saturation. The saturation current density is determined

as [9]:
Joat :0.4en91fkTe/Mi ,

where Kk is the Boltzmann constant, and M; is the ion
mass.

Fig. 4 shows the dependence of the ion beam current
I; on hydrogen pressure in the ion source for a fixed
Uex= 190 V and Ug=4 kV.

As seen from the graph, the beam current exhibits a
maximum at a pressure of 1.2 Pa, and then gradually
decreases with increasing gas pressure.

An important operational characteristic of an ion
source is the long-term stability of the extracted ion
beam current. The value of random current fluctuations
is defined as &1, =20/1,,, where ¢ is the standard

deviation of the beam current, and I,, is the average
current over the observation period.
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Fig. 5. lon beam current recorded continuously over a
one-hour period
Fig. 5 presents a continuous measurement of the ion
beam current I; recorded over a period exceeding one
hour. The data demonstrate good temporal stability of
the beam. The measured fluctuations remained below
1% during the entire observation period, indicating that
the source provides a stable beam suitable for
applications in microbeam systems.

3.2. MASS COMPOSITION OF THE BEAM

The mass composition of the beam was measured
using a Wien filter, which is schematically shown in
Fig. 2. In the Wien filter, a constant magnetic field B, is
created by the coils of the electromagnet and directed
vertically. The distance between the metal poles of the
electromagnet is 8 mm. A constant potential difference
Uw is applied to two parallel electrostatic plates,
creating an electric field E, in the horizontal direction
between them. The dimensions of the slits S1 and S2 are
1 and 0.4 mm, respectively, with a distance of 400 mm
between them. As the ion beam passes through the
crossed electric and magnetic fields, ion separation by
mass occurs. The mass spectrum was scanned by
varying the magnetic field of the Wien filter. During
this process, the current of the electromagnet was
linearly increased within the range of 0...2 A. The
voltage applied to the electrostatic plates was
Uw= %70 V, with the midpoint grounded.

The typical mass spectrum of the ion beam is shown
in Fig. 6. The spectrum was measured at Ug=240 V,
U.e=5 kV and pressure p=1.2 Pa.

The horizontal axis represents the current of the
Wien filter magnet. The masses of the analyzed ions are
proportional to the square of the current. The spectrum
displays characteristic peaks for hydrogen ions: *H*,
’H* and H*. The height of the 'H" (proton) peak is
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40 pA, the molecular ion peak ?H* is 200 pA, and the
*H* jon peak is 130 pA. Thus, the proton ratio in the
beam is approximately 10%.
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Fig. 6. Mass spectrum of the ion beam

According to the recommendations provided in [9],
the conditions for achieving a high proton fraction
include high RF power of the ion source and low gas
pressure. Therefore, the low RF power used in this
study (< 10 W) accounts for the relatively low proton
ratio. Despite this, the ion source produces about
350 nA of proton current at a total beam current of
3.5 pA.

Reducing the emission orifice to below 100 um will
decrease the beam current to an acceptable level,
thereby improving the spatial resolution of the
microprobe.

3.3. AXIAL ION ENERGY SPREAD

The axial ion energy spread of the beam was
measured using a retarding field energy analyzer
(RFEA) [14, 15]. The analyzer, schematically shown in
Fig. 2, consists of three flat parallel grids with 80%
transparency, spaced 2 mm apart. The first and third
grids are held at ground potential, while a positive
retarding potential U, is applied to the middle grid
relative to the accelerating voltage.

The ion beam is collected by a Faraday cup (marked
FC in Fig. 2) with a diameter of 25 mm, positioned
30 mm downstream of the third grid. The Faraday cup is
equipped with an electron suppressor to eliminate the
influence of secondary electrons on the current
measurement. The analyzer is housed in a stainless steel
cylinder with a diameter of 45 mm and a length of
50 mm. The entrance and exit apertures each have a
diameter of 20 mm.

Beam energy analysis was performed by varying the
retarding potential U, from 0 to 50 V in 1V increments,
while recording the corresponding ion current I. The
current was measured using a “Keithley 6485
picoammeter and recorded via computer interface.

The ion current | depends on the retarding potential
U, applied to the middle grid. The ion energy
distribution function (IEDF), f(E), is proportional to the
negative first derivative of the ion current | [14]:
f (E) oc —dlI/dU, . The ion energy spread AE is defined

as the full width of the distribution function at half
maximum.

One of the factors contributing to the broadening of
the energy distribution function is RF interference

affecting both the extracting and accelerating electrodes,
as well as their respective power supplies. RF fields can
penetrate the plasma and the extraction regions,
inducing oscillations in the plasma potential. These
oscillations lead to RF modulation of the ion beam,
thereby increasing the ion energy spread [9, 14]. To
suppress RF-induced effects, blocking capacitors and
chokes were implemented in the circuit [9, 15]. These
components, marked as C1, C2, and L1 in Fig. 2, have
values of C1=C2=2000 pF and L1=100 pH.

Energy spread measurements were conducted at
various extraction voltages U, and hydrogen pressure p
within the ion source. During the experiments, the
extraction electrode was grounded, and no accelerating
voltage was applied.

Fig. 7 presents the result of measurements at
Ue=200 V and p=1 Pa. The measured ion current | is
plotted as discrete points, while the corresponding
derivative —dI/dU,, which is proportional to the IEDF, is
shown as a curve with square markers.
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Fig. 7. lon current | (points) and its
derivative -dI/dU, (squares) versus retarding voltage U,

Measurements revealed that at low pressure of
p=1.2 Pa, the energy spread is approximately AE=9 eV.
As the pressure increased to p=3.5 Pa, the energy spread
decreased to about AE=7.5eV. The energy spread was
found to be independent of the extraction voltage within
the tested range.

3.4.BEAM EMITTANCE

The emittance of an ion source is a key parameter
determining the ability of the beam to focus and
transport. The emittance of the RF source was measured
using an electrostatic emittance scanner, the design and
operation of which are described in [16]. This device is
based on the Allison-type design [17-19].

The scanner consists of two parallel deflecting plates
with a 10 mm gap, across which a sawtooth voltage is
applied to electrostatically deflect incoming ions. The
system also includes an entrance slit, an exit slit, and a
Faraday cup for measuring the ion current passed
through both slits. The scanner is traversed across the
vertical direction (x-axis) of the beam using a stepper
motor.

The deflection plates are 120 mm long in the beam
propagation direction. The widths of the entrance and
exit slits are 200 um. The scanner provides a spatial
resolution of 4.8 um, a scanning range of 0...20 mm,
and an angular resolution of 1.7 mrad. During the
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measurement, the scanner was placed 40 mm
downstream of the RF source and scanned along the x-
axis from 0 to 14 mm in steps of 100 um. The deflection
voltage applied to the plates was varied from -200 V to
+200 V in 2 V increments, corresponding to an angular
scanning range of -71 to +71 mrad.

Emittance measurements were performed under
conditions corresponding to the maximum extracted ion
current: extraction voltage U, = 250V, acceleration
voltage U, = 7 kV, and hydrogen pressure p=1.2 Pa.

Fig. 8 shows a 3D surface plot of the measured ion
beam current intensity distribution.
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Fig. 8. 3D surface of a current intensity distribution

The corresponding emittance diagram is presented in
Fig. 9, with the emittance contour enclosing 90% of the
total beam current.
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Fig. 9. Contour of 99 beam emittance

At a beam energy of E=7 keV, the geometric
emittance is gg= 9.8 m-mm-mrad, while the root-mean-
square (rms) emittance is &= 2.2 mm-mrad. The ratio
soolems= 4.4 is consistent with the theoretical value of
4.6 expected for ion beams with a Gaussian intensity
distribution [9, 20, 21].

The normalized emittance is given by ey=¢f+y,
where f and y are the relativistic factors. The
normalized emittance is ey= 0.037 m'-mm-mrad and it
remains constant with respect to changes in beam
energy.

The diverging ion beam had a diameter of 3.6 mm at
a distance of 40 mm from the source. The divergence
angle is 30.8 mrad.

To enable comparison between ion sources
operating at different energies, the energy-normalized
emittance is often used. This parameter is defined as the

product ¢-EY2 For the presented RF ion source, the
energy-normalized emittance is
0.8 m-mm-mrad-(MeV)*?.  For  comparison,  the
commercial RF ion source model SO 173 from “High
Voltage Engineering Europa” exhibits energy-
normalized emittance of 1.2 7-mm-mrad-(MeV)*? [11].

CONCLUSIONS

The development of a compact nuclear microprobe
at the IAP NAS of Ukraine requires an ion source
capable of generating a stable proton (*H*) beam with a
current up to 10 nA and an energy spread on the order
of 10eV. To meet these requirements, a low power
inductively coupled RF ion source has been designed
and tested. The key performance parameters of the
source are as follows: RF power <10 W, operating
frequency of 45 MHz, extracted ion current up to
3.5 pA, long-term beam current stability better than 1%,
and proton fraction in the extracted beam of
approximately 10%.

The source features a simple and reliable design,
free of incandescent cathodes that could sputter and
contaminate the internal surface of the source.
Moreover, apart from the extractor, no metallic surfaces
are present inside the source bulb that could reduce the
proton fraction in the beam.

The low RF power improves the operating
temperature conditions of the source and minimizes
high-frequency electromagnetic interference  with
diagnostic and measurement equipment. Owing to the
low RF power and the implementation of RF noise
suppression techniques at the extraction and
acceleration stages, the ion energy spread has been
reduced to 7.5...9 eV. This level of energy spread is
acceptable for compact nuclear microprobe.

The measured emittance is eg= 9.8 m-mm-mrad,
with a corresponding normalized emittance of
en=0.037 m-mm-mrad. The energy-normalized
emittance is 0.8 m-mm-mrad-(MeV)"?, indicating good
focusing and transport properties of the beam.

In summary, the presented RF ion source meets the
key requirements for use in the injector stage of a
compact nuclear microprobe at the Institute of Applied
Physics of the National Academy of Sciences of
Ukraine. Future work will focus on investigating the
source performance with extraction apertures smaller
than 100 um to further enhance spatial resolution and
microbeam quality.

The work was carried out within the framework of
the project “Study of physical processes of ion beam
formation in a compact nuclear microprobe based on an
immersion probe forming system” under the Priority
thematic area of scientific research and scientific and
technical developments in Ukraine “Fundamental
problems of physics, astrophysics, materials science,
nuclear energy and radiation safety”.
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XAPAKTEPUCTUKU IOHHOTI'O BUY-JIKEPEJIA MAJIOI MOTYKHOCTI
B.I. Bo3nuu, O.I'. Ilonomapwvos, /1. B. Maczinin, /I.11. Illynvea, B.A. Peopos

[IpencraBneHO OCHOBHI XapaKTepUCTHKH IHAYKIIHHOTO ioHHOTO BU-/mXepena Maoi HoTyXHOCTI, po3po0ieHoro
JUII BUKOPHCTAaHHS Y KOMOAKTHOMY snepHoMy MikposoHni II1d HAH VYkpainu. [kepemo mparroe Ha 4acToTi
45 MTI'n npu noty»HOCTi MeHII Hixk 10 Bt. [oHHHI cTpyM eKCTparoBaHoOTro Iy4Ka JOpiBHIOE 3,5 MKA mpu miamertpi
aneptypu ekcrpakmii 0,6 Mm. MacoBmii ckilan Tydka BHMIpIOBaBCS 3a gomomoror ¢imetpa Bima. Ilydok
CKJIAIA€ThCS 3 1HJ'—, 2H*- 1a 3H+-iOHiB, TIPH I[bOMY YacTKa MPOTOHIB (1H+) craHoBUTH Oym3bK0 10%. Y 3amexHocTi
BiJl THCKy BOJHS BUMIpPSHUI EHEPreTHYHHH PO3KUJA I1OHIB 3HAXOAWTHCA B Mexax 7,5...9 eB. BumiproBaHHS
eMITTaHCy IIyYKa MPOBOAMIOCS 32 JOMNOMOIOI0 EJIEKTPOCTATUYHOrO CKaHepa. EMITTaHc Imydka JOpiBHIOE
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