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The scanning nuclear microprobe of the Institute of Applied Physics of the National Academy of Sciences of Ukraine
is an analytical channel based on the compact electrostatic accelerator “Sokol” of the Van de Graaff type with the
maximum voltage at the high-voltage terminal of 2 MV and is designed for local non-destructive analysis of samples of
various origins with high sensitivity (~1 ppm), as well as for the fabrication of three-dimensional small structures of high
quality using proton beam writing. The resolution of the microprobe is about 3 um with a beam current of | ~ 100 pA and
0.6 um with | ~1 pA. The maximum scanning raster with a focused beam on the sample surface is 1 x 1 mm?2. The
microprobe implements the techniques of particle-induced X-ray emission, Rutherford backscattering, and secondary

electron microscopy. The article also gives examples of the use of the nuclear microprobe in physical research.
Keywords: electrostatic accelerator, scanning nuclear microprobe, probe forming system, proton beam writing, X-ray
diffraction grating, quadrupole magnetic lens, particle-induced X-ray emission, Rutherford backscattering.

1. Introduction

Focused ion beams with energies of several mega
electron volts are widely used to analyze the compo-
sition and structure of materials. Biological objects,
geological materials, electronic devices, and various
types of solids are studied by ion microanalysis
methods [1 - 5], which have unique functions and
cannot be replaced by other alternative approaches to
qualitative and quantitative analysis. Spectroscopy of
characteristic X-ray emission induced by accelerated
ions and Rutherford backscattering spectroscopy are
the most widely used methods of ion beam analysis
that allow to study trace elements in materials with
exceptional sensitivity and depth distribution of ele-
ments, respectively.

Focused ion beams are also used to modify mate-
rials [6 - 11]. Mechanical, electrical, magnetic, opti-
cal, and chemical properties can be modified by ion
irradiation. Due to well-controlled irradiation para-
meters, the properties of materials can be varied pre-
cisely. This helps in the research of new materials
with specific properties. The scanning nuclear micro-
probe is a unique facility that allows the use of micro-
and nanometer-sized ion beams at sufficiently high
beam currents to study materials using standard
nuclear physics methods, create maps of the distribu-
tion of chemical elements in materials, and recon-
struct the 3D structure of a sample.

2. Performance of the microprobe
2.1. Electrostatic accelerator

The scanning nuclear microprobe of the Institute of
Applied Physics of the National Academy of Sciences of
Ukraine (IAP of the NAS of Ukraine) is a channel of
the analytical accelerator complex based on the
compact electrostatic accelerator “Sokol” with a Van
de Graaff charger. The maximum voltage at the high-
voltage terminal of the accelerator is 2 MV. During
its operation, the charger device and the RF ion
source were modernized [12], which made it possible
to increase the brightness of the proton beam four
times to 7 A/m%rad’eV [13]. The relative energy
spread of charged particles was measured on the
resonant nuclear reaction of *’Al(p, y)*®Si and was
103, The instability of the proton beam current in
time was measured using a Faraday cup in the
microprobe channel, which does not exceed 10 %
[14]. The general scheme of the accelerator with a
microprobe channel is shown in Fig. 1.

2.2. Scanning nuclear microprobe channel

Fig. 2 shows a schematic of the scanning nuclear
microprobe channel, which shows that all the main
elements such as collimators, beam line, focusing
system consisting of magnetic quadrupole lens
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L—5 y X Fig. 1. Classical arrangement of elements and systems
in a scanning nuclear microprobe. 1 - ion source;

2 - electrostatic accelerator; 3 - beam of accelerated

ions; 4 - analyzing magnet; 5 - slit device of the beam

S energy stabilization system; 6 - object collimator;

7 - aperture collimator; 8 - focusing system; 9 - scanner;

10 - chamber for the interaction of the focused beam

3 with test samples with a set of detectors; 11 - test
4 5 6 7 891011 samples. (See color Figure on the journal website.)
®
S

Fig. 2. Schematic of the arrangement of elements, components and systems of the probe-forming system of the
scanning nuclear microprobe channel: 1 - granite girder; 2 - concrete support; 3 - sand cushion; 4 - turbomolecular
pumps; 5 - ion pumps; 6 - doublet of electrostatic quadrupole lenses; 7 - vertical plane slit device; 8 - beam correction
coils; 9 - switching magnet; 10 - beam visual observation camera; 11 - slit device; 12 - object collimator; 13 - aperture
collimator; 14 - integrated doublet of magnetic quadrupole lenses; 15 - scanning system; 16 - chamber with test
samples; 17 - sample movement mechanism; 18 - secondary electron detector; 19 — PIXE detector;
20 - Rutherford backscattering detector; 21 - optical microscope with CCD camera.

Fig. 3. General view of the scanning nuclear microprobe. (See color Figure on the journal website.)
doublets, scanner, chamber with test samples and This avoids the influence of external vibrations. A

detectors are located on granite blocks. These blocks  general view of the microprobe is shown in Fig. 3.
are placed on concrete supports with a sand cushion.
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2.3. Probe-forming system of the microprobe

Fig. 4 shows the scheme of microprobe formation.
Here, using the object and aperture collimators, an
initial beam volume is formed in the trajectory phase
space, which must be consistent with the ion-optical
properties of the focusing system, which include
demagpnification, spherical and chromatic aberrations.
Then such a beam is formed into a microprobe on the
surface of the test sample with the help of the focu-
sing system. A separated probe-forming system is
implemented in the microprobe channel, in which
magnetic quadrupole lenses are combined into dou-

blets and spaced at a certain distance as. This makes
it possible to increase the demagnification of the
focusing system with its short length. Geometric
dimensions of the microprobe channel: length of the
probe-forming system | =3.85 m; working distance
g = 0.235 m; distance between the boundaries of the
effective fields of magnetic quadrupole lenses in dou-
blets a, = a4 = 0.04 m; length of the effective field of
magnetic quadrupoles Li=Ls = 0.071m, Ly=Ls =
= 0.051 m; distance between the effective fields of
lenses in doublets as;=0.79 m; object distance
ap=1.95m.
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Fig. 4. Schematic of probe formation in the nuclear microprobe channel.

The basic probe-forming system in the microprobe
is based on a separated orthomorphic quadruplet of
magnetic quadrupole lenses [12, 15 - 17]. In this sys-
tem, two independent power supplies are used to
excite the quadrupole lenses according to the
C1D2C2D1 scheme. Here C means that the lens is
convergent in the xOz plane and divergent in the yOz
plane, D, on the contrary, is a lens divergent in the
X0z plane and convergent in the yOz plane, the num-
ber indicates to which power supply the lens is con-
nected. Such a system has a small demagnifications
of Dy= Dy= D = 23.5, which is the same in both di-
rections. To increase the demagnifications, we stu-
died the probe-forming systems with four indepen-
dent power supplies, where each lens is excited sepa-
rately [18 - 20]. For the C1D2C3D4 power supply
system, the demagnifications are DDy = 52-:96. This
system, compared to the basic system, has a much
larger acceptance, which allows increasing the beam
current without changing the spot size of the focused
beam or increasing the resolution without changing
the beam current. However, the disadvantage of this
system is the difficulty of its adjustment, which
requires much more time.

Separated probe-forming systems have signifi-
cantly higher demagnifications than compact sys-
tems, but distanced quadrupole lenses are very sensi-
tive to positioning relative to the beam axis [21]. As
is known, a single quadrupole lens does not have the
properties of precise adjustment, so it was proposed
to manufacture integrated doublets of magnetic quad-
rupole lenses from a single piece of magnetically soft
iron using electrical discharge machining, that made
it possible to ensure the positioning accuracy of the
poles of the doublet lenses to within 5 um [22]. Such
doublets allow precise lens adjustment in separated
probe-forming systems. Single lenses can also be
combined into a doublet or even a triplet, but this is
labor-intensive and requires special equipment [23,
24]. Fig. 5 shows an integrated doublet of magnetic
guadrupole lenses.

To form the initial trajectory phase volume of the
beam, we use precision object and aperture collima-
tors of the slit type of the same design, the walls of
which are polished tungsten rods, the step of move-
ment of the rods is 2 pm, the range of movement is
0 ... 4 mm. The collimator is shown in Fig. 6.
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a

b

Fig. 5. Integrated doublet of magnetic quadrupole lenses: a - doublet assembly; b - magnetic core of the doublet.
(See color Figure on the journal website.)

Fig. 6 Precision slit-type collimator: a - aperture collimator as part of the microprobe channel;
b - view of a separate collimator. (See color Figure on the journal website.)
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Fig. 7. Ferromagnetic scanning system: a - general view of the scanning system without an external shield;
b - dimensional drawing of one section. (See color Figure on the journal website.)

The main elements of the microprobe also include
a ferromagnetic scanning system located behind the
last quadrupole lens, which, on the one hand,
increases the working distance and reduces the de-
magnifications, and on the other hand, does not lead
to beam deflection in the quadrupole lenses and thus
prevents aberrations from affecting the microprobe
formation process. Fig. 7 shows the ferromagnetic
scanning system. The scanning system is excited by a
specialized power supply that allows the focused
beam to be deflected in two transverse directions.

292

2.4. Chamber of the focused beam interaction
with samples

The chamber has the shape of a rectangular octa-
gonal prism and is made of stainless steel. Each of the
side faces has connection flanges on which detecting
devices, beam monitoring devices, vacuum connec-
tors, and other systems are located. The arrangement
of devices and systems is shown in Fig. 8, a. A
general view of the chamber as part of the scanning
nuclear microprobe channel is shown in Fig. 8, b.
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Fig. 8. Chamber for interaction of the focused beam with samples: a - scheme of arrangement of devices and systems;
b - general view of the chamber as part of the microprobe channel. (See color Figure on the journal website.)

Fig. 8, aillustrates:

— the block ferromagnetic scanner is mounted on
the 0° flange (pos. 6);

— the secondary electron detector is mounted on
the 45° flange (pos. 1);

— optical microscope with CCD is mounted on
the 180° flange (pos. 5);

— detector of characteristic X-rays (semiconduc-
tor detector AMTPEK® model XR-100CR with ther-
moelectric cooling on Peltier elements with an active
crystal of 25 mm?) is mounted on the flange 315°
(pos. 3);

— acharged particle detector (ORTEC® ring sur-
face barrier detector, different models are available)
provides registration of the backscattered particles
(pos. 2).

A two-coordinate sample positioning mechanism
is located on the top cover of the chamber. Stepper
motors and a controller with power supplies are
located on the outside (see Fig. 8, b). The motion is
transmitted to the inside of the chamber by rotation of
the vacuum-sealed rods. On the inside of the top
cover of the chamber are samples on an electrically
insulated holder from which the charge is collected.
A ring-shaped secondary electron suppression system
with a voltage of 300 V has been installed for proper
charge registration.

2.5. Data acquisition system

During the experiment, it is necessary to record
secondary effects in the form of induced characteris-
tic X-rays, backscattered ions, and secondary elec-
trons. All of this must be done in real time. Thus, each
event is labeled by the position of the beam in the scan
image.

ISSN 1818-331X AJEPHA ®I3IKA TA EHEPTETUKA 2024 T.25 Ne3

A new data acquisition system [25] is currently
being installed to replace the outdated microcontrol-
ler-based system. The new system is based on an NI
7852R National Instruments® Field Programmable
Gate Array reconfigurable module. The module ope-
rates in real time and is connected to a personal com-
puter via a high-speed PCl Express interface with
data buffering. The system provides two main modes
of operation: exposure of test areas with a specified
profile and secondary electron imaging of a sample or
calibration grid. Profile exposure is available in both
raster and functional scan modes. Automatic calibra-
tion of the profile and scan raster scale is also imple-
mented. The use of reconfigurable logic allows the
system to be quickly adapted to the conditions of a
particular experiment and the equipment available.
The hardware capabilities of the scan control system
allow the connection of up to 4 spectrometric ADCs
for mapping the elemental composition of samples
using particle-induced X-rays and ion backscattering.

2.6. Microprobe resolution

To measure the resolution of the microprobe, a
standard method of scanning with a focused proton
beam with an energy of 1MeV of calibration
micrometer copper grids with secondary electron
imaging was used. By processing the current output
profile of secondary electrons when the beam crossed
the grid bar, the beam size of its full width at half
maximum (FWHM) of the current density distribu-
tion was determined. The procedure for processing
the secondary electron output profile is given in [26].
Fig. 9 shows the results of processing the results of
scanning a micrometer copper grid with a period of
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Fig. 9. a - secondary electrons image of a micrometer copper grid with a period of 63.5 um; b and ¢ - profiles of
secondary electron yields at the crossing of the grid bars shown in (a) with processing to determine the beam size. (See
color Figure on the journal website.)
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Fig. 10. a - secondary electrons image of a micrometer copper grid with a period of 25.4 um; b and ¢ profiles of
secondary electron yields at the crossing of the grid bars shown in (a) with processing to determine the beam size. (See

color Figure on the journal website.)

63.5 um using the basic probe-forming system of a
separated orthomorphic quadruplet of magnetic quad-
rupole lenses. This Figure shows that the achieved
resolution is at the level of 3 um at a beam current of
about 100 pA.

Fig. 10 shows the processing of the secondary
electron output when scanning a micrometer copper
grid with a period of 25.4 um using a probe-forming
system with a separated quadruplet of magnetic
guadrupoles with four power supplies. In this
experiment, the beam current was at 1 pA, while the
average resolution was at 0.6 um.

3. Application of scanning nuclear microprobe
in physical research

3.1. Mineralogy

Scanning nuclear microprobe was used to
determine the distribution of chemical elements in
geological samples of uraninites from different
deposits (Ukraine, Afghanistan, and Egypt) [27, 28].
The microprobe was used due to the micrometer size
of the samples, which does not require the use of a hot
chamber, and the exceptional sensitivity of the
method of recording characteristic X-rays induced by
a focused proton beam with an energy of 1.4 MeV.

294

Fig. 11 shows the results of the analysis of one of
the grains of the uranium-bearing mineral
Ca-uraninite of Ukrainian origin. The purpose of the
analysis was to determine the content of basic and
impurity chemical elements. The scanning raster is
200 x 200 pm?. This Figure shows the distribution of
chemical elements in the scanning raster. Fig. 12
shows the spectra for the region of interest marked
with a square on the SEM image. The spectra show
that energy dispersive analysis on an electron
microscope does not allow to identify lead inclusions,
which is due to the insufficient sensitivity of this
method.

The following conclusions can be drawn from this
study. Using p-PIXE, constant impurities of vana-
dium (0.2 - 1.0 %), iron (0.14 - 0.4 %), and copper
(up to 0.13 %) were found in the studied minerals.
Solid mineral inclusions of micron size were
observed. Among them, the most typical was calcium
phosphate with vanadium and silicon impurities. The
chemical dating method has been used to determine
the age of the minerals. All samples of uranium grains
older than a few million years contained lead impuri-
ties (less than 1 %), distributed in the same way as
uranium. This made it possible to assume the radio-
genic origin of lead and to estimate the geological age
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a b
Fig. 11. Image of a grain of the uranium-bearing mineral Ca-uraninite of Ukrainian origin; a - image by scanning
electron microscope (SEM); b, c, and d - distribution of elements Uranium, Calcium, and Plumbum, respectively,
obtained by scanning nuclear microprobe. (See color Figure on the journal website.)
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Fig. 12. Spectra of characteristical X-ray emission with:
a - scanning nuclear microprobe; b — SEM.

of individual grains. The peculiarities of the trace ele-
ment composition of uranium mineral grains, the
phase nature of their solid impurities, and the
estimates of the age of individual grains have
significantly expanded the set of attributes of small
uranium ore crystals that can be used, in particular,
for nuclear forensics.

3.2. Nuclear energetics

In materials used in nuclear energetics, special
attention is paid to the migration of impurity chemical
elements along grain boundaries and in welded joints
of various structures under radiation and thermal
stress. Due to the high sensitivity of nuclear-physical
microanalysis methods, the scanning nuclear micro-
probe can play a special role.

Fig. 14. Steel/copper interface (sample after cyclic heat treatment). (See color Figure on the journal website.)
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Welding of stainless steels and zirconium alloys is
an important technological problem in the manufac-
ture of fuel elements for nuclear power plants. One of
the methods of such welding is the use of thin layers
of copper and niobium. The boundaries of the welds
have been studied with a nuclear microprobe using
the uPIXE method. Fig. 13 shows the distribution of
elements in the original sample and Fig. 14 shows the
same sample subjected to a thermal cycle. Segrega-
tion of sulfur at the grain boundaries of the copper
layer can be seen.

The following conclusions can be drawn from this
study. Sulfur has an increased concentration at the
stainless steel/copper interface for the original sam-
ple. In the thermal cycling sample, there are noticea-
ble changes in the stainless steel/copper interface
associated with S segregation at the copper grain
boundaries.

x80.0

20.00kV
. Fig. 15. Microdiffraction gratings after electroplating.

4. Conclusions

The given parameters of the accelerator and the
main elements of the scanning nuclear microprobe
allow us to determine the capabilities of the device.
Its main feature is focused beams of light ions, which
have certain advantages in the interaction with a solid
in comparison with beams of electrons and low-
energy heavy ions, namely, they have a very low
bremsstrahlung X-rays and do not lead to the

3.3. Use of proton beam writing for the fabrication
of microdiffraction gratings

The 1AP of the NAS of Ukraine is working on a
phase-contrast X-ray setup based on an electrostatic
accelerator. To produce coherent X-rays, it is neces-
sary to fabricate X-ray diffraction gratings. For this
purpose, a microprobe with a thin line focusing was
used by proton beam writing [29, 30]. A thin layer of
copper was deposited on the substrate, which was
covered with a thin layer of polymethylmethacrylate.
After irradiation with a shaped proton beam, a 3D
structure is formed on the surface due to the develop-
ment process, on which a lattice structure is formed
after electroplating. Fig. 15 shows pilot experiments
on the fabrication of X-ray microdiffraction gratings.

destruction of test samples. Examples of microprobe
application in mineralogy, nuclear energy, and the
fabrication of small-sized 3D structures are shown by
far from the complete list of physical studies, which
include the study of the defective structure of
semiconductors by the method of ion beam induced
charge (IBIC), the study of biological objects by
scanning transmission ion microscopy (STIM), the
determination of defects in crystals by the channeling
method, etc.
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KOMITAKTHOT'O €JIEKTPOCTaTHYHOT0 IprcKopioBada « Cokim» iy Ban me 'paad 3 MakcnManbHOIO HaIPYroro Ha BUCOKO-
BOJNIETHOMY TepMiHaii 2 MB i mpu3HaueHW 171 JIOKAIEHOTO HEPYHHIBHOTO aHAIi3y 3pa3KiB Pi3HOTO MOXOKEHHS 3
BHCOKOIO 9y TIUBICTIO (~1 PpM), a TaKOXK JJIsl BATOTOBIICHHS TPHBUMIPHAX MAIOPO3MIPHHX CTPYKTYP BHCOKOI SIKOCTI 32
JIOTTIOMOT'0F0 TPOTOHHO-IIPOMEHEBOT jtitorpadii. Po3ainbHa 31aTHICT MIKPO30HIa CTAHOBUTH OJU3BKO 3 MKM 31 CTPYMOM
nyuka | ~ 100 nA i 0,6 Mxm 3 | ~ 1 mA. MakcumanbHuil pactp ckaHyBaHHs c()OKYCOBaHHM Iy4YKOM 10 TIOBEpPXHI 3pa3ka
1 x 1 Mm2 Y MiKpo30H/I peanizoBaHO METOAMKH XapaKTepPHMCTHYHOTO PEHTTEHiBCHKOIrO BUIIPOMIHIOBAaHHS, Pesepdop-
JIBCBKOTO 3BOPOTHOT'O PO3CIIOBAaHHSI Ta BTOPUHHOT eJIEKTPOHHOT MIKPOCKOMIT. Y CTaTi TAKOXK HaBEIEHO MPUKJIIa 1 3aCTO-
CYBaHHS SIIEPHOTO MIKPO30HAa y Di3MYHMX TOCITIKCHHSX.

Kniouosi cnosa: enekTpocTaTHYHUI IPHCKOPIOBAY, CKAHYFOUYHH SJIEPHUN MIKpO30H]I, 30HA0(QOpMYI0Ya cUcTeMa, Ipo-
TOHHO-TIPOMEHEBa JiTorpadis, peHTTeHIBChbKa AU(paKLiiiHa peliTka, KBaJApyIoiIbHa MarHiTHa JIiH3a, XapaKTepUCTHYHE
PEHTIeHIBChKe BUIIPOMiHIOBaHHS, Pe3epdopaiBchke 3BOPOTHE PO3CitOBaHHS.
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