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The concept of a compact nuclear microprobe is based on specialized ion sources with beam currents not exceeding a few
nanoamperes and a small energy spread. At the Institute of Applied Physics, NAS of Ukraine, a low-power RF ion source has been
developed for application in a compact nuclear microprobe. The source operates at low RF power (< 10 W) and is designed to
generate a 'H* ion beam required for standard techniques such as PIXE, RBS, and proton beam writing. To reduce the beam
emittance and improve the spatial resolution of the microprobe, the source extraction aperture diameter was reduced to 50 um. This
paper reports measurements of the total beam current and emittance extracted from the low-power RF ion source with a micrometer-
scale extraction aperture. Data on the beam profile, its diameter, and divergence angle are also presented. The main parameters of the
RF source are as follows: quartz chamber diameter — 34 mm, length — 70 mm, working gas — hydrogen, extraction aperture
diameter — 50 um, RF power < 10 W, frequency — 45 MHz, ion current up to 100 nA. The extraction voltage varies from 10 to 300 V,
while the beam energy ranges from 1 to 6.5 keV. Beam emittance was measured using an electrostatic Allison-type scanner. The
minimum emittance containing 90% of the total beam current was found to be g9 = 1.36 m'mm-'mrad, while the rms-emittance is
ems= 0.32 mm'mrad. The normalized emittance is ev = 0.003 m'mm-mrad, and the energy-normalized emittance equals
0.1 m'mm-mrad-(MeV)"2. It is shown that reducing the diameter of the extraction aperture of the ion source to 50 um results in a
significant improvement in the ion-optical characteristics of the extracted beam.
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Nuclear microprobe facilities are intended for local, non-destructive microanalysis of materials of diverse origin as
well as for the fabrication of high-quality micro- and nanostructures. Modern microprobe systems represent one of the
analytical channels within multi-purpose complexes based on electrostatic accelerators. These accelerators typically
deliver ion beam energies of several MeV and currents up to 100 pA [1-3]. To achieve significant demagnification
factors in the ion-optical system, the overall length of the microprobe beamline may extend to about 10 m.

At the Institute of Applied Physics, NAS of Ukraine, a concept for a compact nuclear microprobe has been
proposed [4], based on ion sources with beam currents up to 10 nA and an energy spread of about 10 eV.

To achieve high spatial resolution in low-energy (~30 keV) microprobe systems, liquid-metal ion sources, field ion
sources [5], or electron-impact ion sources with emission aperture sizes of 0.1-1 um [6, 7] are commonly employed.
However, due to their technical limitations, such sources are not suitable in compact microprobe designs.

In view of this, an inductive RF ion source has been developed at the IAP NAS of Ukraine for application in the
injector of a compact nuclear microprobe [8]. The source operates at low RF power (<10 W) and is intended for
generating 'H* ion beams required for standard techniques such as PIXE, RBS, and proton beam writing.

The source operates with hydrogen as the working gas, at an RF power level below 10 W. It is equipped with a
0.6 mm extraction aperture and delivers beam currents up to 3.5 pA with a proton fraction of about 10%. The relatively
low RF power enables a reduction of the ion energy spread to 7.5-9 eV. The geometric emittance containing 90% of the
total beam current was measured to be g9 = 9.8 mmm-mrad, while the energy-normalized emittance of the source
equals 0.8 m-mm-mrad-(MeV)'?.

To further enhance the spatial resolution and overall performance of the microprobe, it is essential to extract an ion
beam with the lowest possible emittance from the ion source. For this purpose, measurements of the emittance of the
ion beam extracted from the low-power RF source with an extraction aperture diameter of 50 um have been carried out.

This paper presents measurements of the total current and emittance of an ion beam extracted from an RF ion
source with a micrometer-scale extraction aperture. Data on the beam profile and divergence angle are also reported.

RF ION SOURCE AND BEAM CURRENT
The schematic of the inductive RF ion source and its operating principle are described in detail in [8]. The source
comprises a cylindrical quartz discharge chamber (@ 34 mm, length 70 mm) surrounded by a six-turn copper coil. An
RF voltage of up to 10 W at 45 MHz is applied to the coil. Hydrogen at ~1 Pa is contained within the chamber. The
coil’s alternating magnetic field induces an azimuthal RF electric field, which is absorbed by electrons in the gas,

Cite as: V.1. Voznyi, A.G. Ponomarev, D.V. Mahilin, D.P. Shulha, V.A. Rebrov, East Eur. J. Phys. 4, 537 (2025), https://doi.org/10.26565/2312-
4334-2025-4-55
© V.I. Voznyi, A.G. Ponomarev, D.V. Mahilin, D.P. Shulha, V.A. Rebrov, 2025; CC BY 4.0 license


https://doi.org/10.26565/2312-4334-2025-4-55
https://periodicals.karazin.ua/eejp/index
https://portal.issn.org/resource/issn/2312-4334
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-9979-639X
https://orcid.org/0000-0002-4517-5635
https://orcid.org/0009-0005-7024-7142
https://orcid.org/0000-0002-4359-3446
https://orcid.org/0000-0002-4710-4670

538
EEJP. 4 (2025) Vitalii I. Voznyi, et al.

leading to excitation and ionization and forming an RF plasma discharge. Positive ions are extracted by an extraction
electrode, while an accelerating electrode focuses the resulting ion beam.
The consumed power of the RF generator is approximately 8 W. Considering the generator efficiency, the RF
power absorbed by the plasma does not exceed 5 W.
Fig. 1a shows the dimensions of the extractor with a 50 pm aperture. The aperture is fabricated from platinum.
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Figure 1. a — extractor with a 50 pm aperture: 1 — aperture, 2 — quartz diaphragm, 3 — extractor. b — ion beam current as a function
of extraction voltage for different hydrogen pressures

Measurements of the ion-optical characteristics of the RF source were performed on the experimental setup, the
schematic of which is shown in [8]. The ion source was connected to a vacuum chamber with a volume of
approximately 6 L, evacuated by a Leybold-360 turbomolecular pump with a pumping speed of 360 L/s. The vacuum
chamber was evacuated to a pressure of 1x10™* Pa, measured with a VMB-14 magnetic vacuum gauge.

Hydrogen was introduced into the source via a SNA-2 gas supply system. Within the operational range of gas
flow, the hydrogen pressure in the source was varied between 0.5 and 5 Pa. Correspondingly, the pressure in the
vacuum chamber of the setup ranged from (3—9)x10* Pa.

The current—voltage characteristic of the source, representing the dependence of the ion beam current /; on the
extraction voltage U.y, was measured using a Faraday cup located 100 mm from the source. The Faraday cup, with a
diameter of 22 mm, was equipped with a suppressor biased at -290 V to eliminate the influence of secondary electrons
on the current measurement.

Fig. 1b shows the dependence of the ion beam current /; on the extraction voltage U, at different hydrogen
pressures in the source chamber in the range of 1.2-4.4 Pa. The extraction voltage U,,, was varied from 10 V to 290 V
at a constant accelerating voltage of U= 4 kV.

As seen in Fig. 1b, the ion beam current increases monotonically with extraction voltage and decreases with
increasing gas pressure. The maximum current of /=100 nA is obtained at an extraction voltage of U.=290 V and a
low gas pressure of p=1.2 Pa.

At a gas pressure of p=1.2 Pa, the ion current curve is well approximated by a power-law function
I,=526+4.5-107-U.®, where the ion current /; is expressed in nA and the extraction voltage U, in Volts. At a

ext

pressure of p=4.4 Pa, the ion current curve is approximated by the function 7, =2.32+7.4-107 -U>*.
This form of the ion current dependence on the extraction voltage is characteristic of plasma ion sources, in which
the plasma emission boundary forms a meniscus. The emission boundary changes shape with plasma density n.,

electron temperature 7., and extraction voltage U, The shape of the current—voltage curves is determined by the
Child-Langmuir law: j, = (4€,/9)+/2¢/m - (U 32 / d*) , where g is the vacuum permittivity, e is the electron charge, m is

ext
the electron mass, and d is the distance from the plasma boundary to the extraction electrode.
Since in a plasma source the value of distance d depends on both 7, and ULy, the exponent of the power function
deviates from the value of 3/2.
The beam current density can be estimated as j, =1,/S, , where S, is the area of the extraction aperture. For

1=100 nA, the current density is j=5 mA/cm?.

BEAM EMITTANCE

The RF source's emittance was measured using an electrostatic scanner, whose design and operation are described
in detail in [9]. The device is based on the Allison—type scheme [10, 11].

The scanner consists of two parallel deflection plates supplied with a sawtooth voltage, an entrance and exit slit,
and a Faraday cup for measuring the ion current transmitted through both slits. The scanner is moved transversely to the
beam in the vertical x-direction by a stepper motor. The plates along the beam axis are 120 mm long, with a plate
separation of 10 mm. The widths of the entrance and exit slits are 200 um. The scanner's spatial resolution is 4.8 pm,
with a scanning range of 0-20 mm.
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The scanner was mounted at a distance approximately 55 mm from the ion source. Scanning along the x-axis was
carried out over a range of 0-7 mm with a step size of 93.75 um. The voltage applied to the deflection plates was varied
from -50 V to +50 V in steps of 1 V.

The angular resolution of the scanner depends on the beam energy E. For the energy of £ = 6 keV and a voltage-
scanning step of 1 V, the angular resolution is 0.42 mrad.

The determination of the emittance is based on measuring the ion beam intensity distribution Z(x, x ") as a function
of the coordinate x and angle x". The measured two-dimensional array of ion beam intensity Z(x, x ") represents the beam
current density distribution in the x-x" phase space. The array Z(x, x") enables the determination of key beam
parameters: geometric emittance &gy, the rms-emittance & and the ion beam current profile Z(x).

A cross-section of the distribution Z(x, x") at a given threshold value defines the emittance diagram, the area of
which, devided by =, corresponds to the beam emittance. For a threshold value corresponding to 90% of the total beam
current, the resulting emittance diagram represents the contour of the geometric emittance 99, which encloses 90% of
the total beam current.

During beam acceleration, its emittance decreases. The quantity that remains constant under beam acceleration is
the normalized emittance, defined as ey=¢'f-y, where £ and y are the relativistic beta and gamma factors. For non-

relativistic beams, the expression for the normalized emittance is given by &, =&,,-4,6:10°VE/ 4 , where E is the

beam energy, eV, and 4 is the ion mass number.

In addition to the geometric interpretation of the emittance as the area of the contour enclosing 90% of all beam
particles, there exists a statistical approach in which the beam is considered as a statistical ensemble of points in the
two-dimentional phase space x-x" [12, 13]. Particles within the space x-x" can be treated as a statistical distribution with
mean values (x) and (x').

In this case, the rms-emittance .. is determined by the standard deviations from these mean values, o,, 0, and

o

xx’ 2

where o7 =<x2>, o’ =<x2> and o2, =<xx'>2 are the second-order moments of the phase-space distribution

function. The expression for calculating the rms-emittance is given by: €, = \/ <x2><x'2 > —(xx')z =,/o’c. -0l .

rms

Emittance measurements of the ion beam were performed for various extraction voltages in the range of
Ue=150-300 V and acceleration voltages in the range of Ui.~1.5-6.5kV. The hydrogen pressure in the source
chamber was maintained constant at p=1.2 Pa.

Fig. 2a shows the 3D-intensity distribution surface Z(x, x") of the ion beam current, measured at an extraction
voltage of U,~280 V and an acceleration voltage of U,..=6.0 kV. The corresponding emittance diagram, illustrating the
contour of the emittance 99 enclosing 90% of the total beam current, is shown in Fig. 2b.
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Figure 2. a — 3D surface of the current intensity distribution Z(x, x "), b — contour of g9 beam emittance

At a beam energy of E=6 keV, the geometric emittance was found to be £9=1.9 m'mm-mrad. The rms-emittance
was &ms—0.44 mm-mrad. The ratio eop/e.ms is close to the theoretical value of 4.6 for beams with a Gaussian intensity
distribution [14, 15]. The normalized emittance was determined to be £5=0.0047 m:mm-mrad for A=2.

For comparing the emittances of ion sources with different beam energies, the quantity of the energy-normalized
emittance, defined as ¢E'?, is often used. The energy-normalized emittance of the beam was determined to be
0.15 m:mm-mrad-(MeV)'2,

The minimum emittance was obtained at an extraction voltage of U,~220V and an acceleration voltage of
Uuw=5.5kV. Under these conditions, the geometric emittance was &9=1,36 'mm'mrad, and rms-emittance was
&ms=0.32 mm-mrad, giving ratio &g/e;ms=4,2. The normalized emittance was ey=0.003 m-mm-mrad (4=2). The energy-
normalized emittance was 0.1 m:-mm-mrad-(MeV)"2.
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Figure 3 — The current density distribution (beam profile) along the coordinate x

The ion beam current profile, or the current density distribution along the coordinate x, is obtained by summing the
elements of the array Z(x)= ZZ (x,x”) over all values of the angle x for each coordinate x, resulting in a profile
expressed in nA/mm. Figure 3 shows the ion beam profiles measured for three different extraction voltages. The
profiles were measured at a distance of approximately 55 mm from the ion source (~120 mm from the extractor).

In the first case, at U.=220 V and U,.~=5.5 kV, the beam profile is indicated by triangles. The ion beam diameter
is d =3.20, =1 mm, and the full divergence angle is & =3.20,=8.3 mrad. The beam emittance is £99=1.36 n-mm-mrad.

The beam profile, indicated by squares, corresponds to the case, where the extraction voltage is U.~280 V and
acceleration voltage is U,.~6.0 kV. In this case the beam diameter is d =3.20,=1.3 mm, and the divergence angle is

60 =3.20.,=10.2 mrad. The beam emittance equals £99=1.9 m-mm-mrad.

In the third case, at U.=300V and U,..~6.5 kV, the beam profile is indicated by dots. The beam diameter is
d =3.20,=1.4 mm, and the divergence angle is & =3.20,=11.2 mrad. The beam emittance is g¢y=2.0 T-mm-mrad.

CONCLUSIONS
At the Institute of Applied Physics of NAS of Ukraine, an inductive RF ion source was developed for use in the
injector of a compact nuclear microprobe. The source operates at a low RF power of less than 10 W and is designed to
generate a '"H" ion beam required for standard techniques such as PIXE, RBS, and proton-beam writing.
To reduce the ion beam emittance and thereby improve the spatial resolution of the microprobe, the source
extraction aperture diameter was reduced from 0.6 mm to 50 pm.
The measurements of the ion-optical beam characteristics showed that:

e the total beam current decreased from 3.5 pA to 100 nA, while the ion current density increased from
1.2 mA/cm? to 5 mA/cm?;

e the geometric emittance was reduced from £99=9.8 m-mm-mrad to £9p=1.4-2.0 m:mm-mrad;

e the rms-emittance decreased from &,,,s=2.2 mm-mrad to &,=0.33-0.44 mm-mrad;

e the energy-normalized emittance was 0.1-0.15 m-mm-mrad-(MeV)"? instead of 0.8 m:-mm-mrad-(MeV)"?;
e the ion beam diameter decreased from 3.6 mm to 1-1.4 mm;

e the full beam divergence angle decreased from 30.8 mrad to 8.3-11.2 mrad.

Thus, reducing the ion source extraction aperture diameter to 50 pm greatly enhanced the ion-optical properties of
the extracted beam.

This work was carried out within the framework of the project “Investigation of physical processes of ion beam
formation in a compact nuclear microprobe based on an immersion probe-forming system”, State registration number
0120U101035, under the Priority thematic area of scientific research and scientific-technical developments in Ukraine
“Fundamental problems of physics, astrophysics, materials science, nuclear energy, and radiation safety”.
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EMITTAHC IOHHOT' O BY JIZKEPEJIA MAJIOI MOTYKHOCTI 3 MIKPOMETPOBUM
EKCTPAKI[IMHAM OTBOPOM
Biraniii 1. Bosnuii, Onexcanap I'. Ilonomapsos, JImurpo B. Marinin, Imutpo II. Hlyasra, Bonogumup A. Pedpos
Incmumym npuknaonoi gizuxu HAH Yrpainu, 58, eya. [lemponasniscora, 40000 Cymu, Yrpaina

KoHuenmiss KOMIakTHOTO SAEPHOTO MIKPO30HIA IPYHTYEThCS Ha BUKOPHUCTAHHI CIIEIiali30BaHUX JDKEpes 10HIB 31 CTPyMOM, IO HE
MEpEeBUILY€e NCKITbKOX HaHoammep i mamuMm poskugoMm mo eHeprii. B II1d HAH VYkpaiau pospobneno ionne BU mxepeno s
BHUKOPHCTAHHS Y KOMIIAKTHOMY siIepHOMY Mikpo3oHni. J[xepeno npamoe npu Hu3bKiii BY mortyxnocti < 10 Bt i npusnauene ms
renepaiii myuka ionis 'H*, HeoOXifHOrO st cTaHAapTHUX MeTouK, Takux sk PIXE, RBS Ta nporonHo-npomenesa sitorpadis. 3
METOI0 3MEHIICHHS eMITTaHCy ITyyka Ta MiJABHINEHHS MPOCTOPOBOI PO3ALIBEHOI 3JaTHOCTI MIKPO30OHAA, JiaMeTp eKCTPaKIIHHOro
OTBOpPY JKepena 3MeHIIeHOo 10 50 MKM. Y poOOoTi IPUBOIATECS Pe3yNIbTaTH BUMIPIOBAHHS 3arajbHOTO CTPYMY Ta €MITTaHCY ITydKa,
SIKUil ekcTparyerbes 3 ionHoro BU jpkepena Manoi MOTYKHOCTI 3 MiIKPOMETPHYHMAM €KCTpakuiiHuM oTBopoM. HaBeneHo naHi mono
BUMIpIOBaHHs NMpo(iN0 Mydka, HOro miamerpa Ta KyTa po3xokeHHs. BU pkepeno mMae mapamerpu: AiaMeTp KBaplOBOI KOIOH -
34 mm, nomxuna - 70 MM, pobo4Hii ra3-BojieHb, AiaMeTp oTBOpY ekcTpakiii — 50 mkm, BU-notysxuicts <10 Br, gacrora - 45 MI'1,
iorHuit ctpym mo 100 HA. Hampyra excrpakuii 3miHtoerbest Big 10 go 300 B, enepria myuka 1-6,5 keB. BumiproBanHs eMiTTaHCy
Iy4Ka IPOBOAMIIOCS 32 JOIMOMOTOI0 EIEeKTPOCTATHYHOTO CKaHepa, BHKOHAHOTO 3a cxeMolo AsmicoHa. Hailimenmre 3naueHHsS
eMitTaHcy, mo Mictutb 90% IOBHOTO CTpyMy Iydka, IOpiBHIOE &9=1,36 T-MM'Mpaj, a rms-eMiTTaHc- &ms=0,32 MM-Mpan.
HopmamnizoBannit  emirranc craHoButh &v=0,003 m-MM'MpaJ, a eHEpPreTHYHO HOPMAai30BaHUH €MITaHC  IOPIBHIOE
0,1 m-mm-Mpan-(MeB)Y2. Takum unMHOM, 3MEHIICHHS JiaMeTpa eKCTPaKIiifiHOro oTBOpYy i0HHOrO [kepesa A0 50 MKM MPHU3BENO JIO
TIOMITHOTO ITiIBUIICHHS] I0HHO-ONTHYHUX XapaKTEePHCTHK €KCTPAroBaHOTro ITyyKa.

Kuro4oBi ciioBa: ionnuil nyuok,; sucokoyacmomue 0xcepeno ioHis, WilbHiCmb CMpyMy HYuKd, eKCImpaKmop, eMimmanc



