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New modifications that have been used at the analytical nuclear-physics complex (ANPC) Sokil in recent years
are described. They concerned an ion accelerator with an increase in the energy of accelerated ions and the
separation of “He?* and H** beams. A system for irradiating materials science samples with a beam of gas ions with
the possibility of choosing the irradiated target space has been created. The use of electrostatic beam deflection
made it possible to increase the service life of the foil for beam release into the atmosphere. The use of a pyrocarbon
filter in the analysis of monoelements or objects with a high X-ray output of one or several elements changed the
form of the spectrum. These modifications made it possible to improve the operation of the complex and obtain new
possibilities in solving problems by analytical nuclear physics methods in the study of materials for nuclear power
engineering and ecology.

PACS: 41.75.Ak, 41.85.Ct, 07.77.+p

INTRODUCTION 1 )
Several hundred ion accelerators with energy up to -
several megaelectronvolt have been in the world, which
can be used to solve analytical problems related to
elemental and isotope analysis [1]. NSC KIPT was one
of the first to create an accelerator that could become
the basis for analytical nuclear-physical methods of
substance (ANPM) [2]. The use of two or more methods
of research on ion beam made it possible to expand the
range of identified elements (isotopes) [3]. Currently, in
the study of materials, more than 70% of works are
carried out with the complex use of ANPM. Several
analytical nuclear-physical complexes (ANPC) based on
an electrostatic accelerator created at NSC KIPT were
used to solve technological problems at the enterprise
[4]. One of these complexes, which selves for testing
new approaches, works at the National Science Center
of Kharkiv Institute of Physics and Technology.

Fig. 1. ANPC Sokil: 1-5 — experimental channels;
6 — electrostatic accelerator; 7 — output devices
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technical characteristics.

has the following
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have been carried out, several experimental devices | MeV o
have been developed and created, which allow the [ The smoothness of energy regulation,
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improvements of modern ion beam analySiS. The maximum ion current at the
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main systems: The largest diameter of the beam on 5
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—experimental channels for the use of ANPM,; the target, pm
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The existing equipment at the ANPC Sokil has
already been partially described [5], so the following
will be about the existing modernization of the
accelerator and experimental channels.

MULTICHARGED ION SOURCE
AND INJECTOR

The radio frequency source of ions used on the
electrostatic accelerator of the ANPC Sokil allows you
to obtain only singly charged ions of gases, therefore,
the energy of the ions is limited to the maximum
potential on the high-voltage electrode. But in order to
expand the capabilities of the complex, a source of
multi-charged ions (MCI) was created at the ESP.
Taking into account all factors, the following
requirements were put forward to the future MCI:

—low consumption of working gas Q < 10%(m?Pa)/s)
to ensure a high vacuum in the accelerator tube;

— power consumption no more than 150 W;

:
:

=l
e = T

—the source should have a small mass (about
4...5kg) so as not to overload the tube of the horizontal
type accelerator, and small dimensions for placement in
a high-voltage conductor;

—ease of management;
—service life is more than 150 h.

The analysis showed that the source of ions with a
high-voltage Penning discharge with a cold cathode and
extraction of ions along the axis of the source best meets
these requirements [6-8]. Calculations were carried out
and experiments were carried out, which made it
possible to coordinate the work of the created MCI and
the accelerator tube of the ANPC Sokil. On the basis of
this source, performed calculations, and experimental
works, an injector of MCI was created [9]. Fig. 2 shows
the appearance of the source and the ion injector created
on its basis, which was used on the electrostatic
accelerator of the ANPC Sokil.

Fig. 2. Injector of MCI on the electrostatic accelerator of the ANPC Sokil

CHANNEL OF IRRADIATION
OF MATERIALS WITH GAS IONS

When irradiating samples with hydrogen, carbon,
nitrogen, and oxygen ions, it is necessary to separate the
beam ions by mass, because the accelerated beam
contains both atomic and molecular ions. Therefore, the
irradiation channel must be located at some angle
relative to the initial direction of the beam. The angle of
rotation of the beam was chosen based on the geometric
dimensions of the room, the installation and its
structural features. The maximum possible angle of
rotation was 5%0', which corresponds to the radius of
rotation of the ion beam of 2.5 m. With this radius of
rotation, it is possible to transport heavy ions up to Xe
with an energy of 2 MeV into the irradiation channel.
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The scheme of the irradiation channel is shown in
Fig. 3.

An important node of the irradiation channel is the
beam scanning system of the irradiated sample. An
electrostatic scanning system was chosen because it
provides the same deflection of the beam ions regardless
of mass.

The scanning system allows you to implement the
following irradiation modes: irradiation of the entire
surface of the sample; irradiation of any half of the
sample surface; irradiation of any fourth surface of the
sample. Irradiation of the sample is performed in the
irradiation chamber. The chamber is equipped with a
new high-performance pumping system based on a
turbomolecular pump, which allows maintaining the
residual pressure at the level of 10 Pa [9].
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Fig. 3. Channel of irradiation of materials with gas ions

SEPARATION SYSTEM IN A BEAM
OF “He”* AND H*" IONS

The use of multi-charged ions at the accelerator of
the ANPC Sokil expands the analytical capabilities of
the complex, as well as expands the ion energy range of
the irradiation channel.

Since hydrogen and compounds with hydrogen are
always present in the residual gas in the installation, H**
ions are formed in the source along with *He®* ions. The
values of cross sections for the formation of H** are
~ 10 times higher than the values of the cross sections
for the formation of “He®* (Fig. 4). In this regard, the
values of the currents of H** and “He®" ions can be equal
in magnitude, which is where the task of separating
these ion beams arises.
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Fig. 4. Cross sections for the formation of H*, H**, He",
He?" ions depending on the electron energy

There are several methods of separation by mass of
streams of charged particles that can be considered as
possible in our case for application:

—Wien filter;

—distribution magnet and electrostatic analyzer;

—destruction of H** molecular ions when passing
through a carbon film.

At a conductor potential of 1.7 MeV and an ion
beam diameter of about 4 mm, the deviation of H** ions
by 0.8 mm or less will not lead to beam separation, i.e.,
the Wien ilter cannot separate H** and “He?* beams
under our conditions.

When separating the beams of “He®* and H*" ions,
the other two possibilities were used. With the use of a
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distribution magnet and an electrostatic analyzer, the
separation of helium and hydrogen ions was carried out
according to the scheme (Fig. 5). The research used the
method of measuring beam ion currents by detecting
backscattered He and H particles on the Ta target.

Fig. 5. Scheme of the experiment on the separation of
*He?* and H** beams at outlet #4:
1 — diaphragm &5 mm; 2 — mass analyzer;
3 —slit device; 4 — experimental chamber;
5 — electrostatic analyzer; 6 — collimator slit 0.9x9 mm;
7 — Ta target; 8 — surface barrier detector;
9 — beam monitor

In Fig. 6 presents the profiles of the *“He*" and H**
beams obtained by measuring the current. The obtained
results show that the width of the “He*" and H?* ion
beams is about 4 mm, and the distance between the
peaks is ~ 4.5 mm, that is, the beams are separated.
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Fig. 6. Profiles of “He?* and H** beams
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SEPARATION OF “He*" AND H? ION
BEAMS USING CARBON FILMS

During the passage of ions through thin films,
processes associated with the capture and loss of
electrons (recharging, stripping, neutralization), as well
as the disintegration of molecular ions are possible.
Thus, if a thin carbon film is installed in front of the
distribution magnet on the path of the beam, it is worth
expecting the disintegration of H?* jons into H" and H°.
These particles will not pass through the mass analyzer
and the beam will not be cleaned of molecular hydrogen
ions. But at the same time, the loss of a part of “He**
ions is possible.

In the experiment on the separation of *He®* and H**
ion beams, free carbon films produced by the NSC
KIPT, which were obtained by the method of vacuum-
arc spraying, were used. The thickness of the films and
their composition were determined using the RBS
method. According to the data of RBS spectroscopy, the
used films have a thickness of 79 and 300 nm and their
composition includes: C (98 at.%), O (1.9 at.%),
K (0.1 at.%).

The following results were obtained: for a film with
a thickness of 300 nm, the ratio of “He?* to H** currents
was 88, and for a film with a thickness of 79 nm — 52
[10].

PULSE REJECTION SYSTEMS
IN THE SPECTRA OF C.X.R.

In the version with a beam of protons released into
the atmosphere, it is often important to carry out a non-
destructive analysis of objects, which is a necessary
condition in many cases (for example, when analyzing
objects that represent historical value or biological
objects). In addition, in this version of the analysis, the
durability factor of the original vacuum-tight foil, which
separates the vacuum part of the ion conductor from the
atmosphere, becomes relevant. The use of the rejection
system will reduce the destructive factor of the beam
impact on the target and increase the service life of the
original vacuum-tight foil.

In early work, the ion beam deflection scheme is
fundamentally modified and allows working with
several targets located off the beam axis, which allows
the beam to be passed to subsequent chambers and to
increase the efficiency of using the accelerating time.

When working with a beam emitted into the
atmosphere, a beam deflection system is used, in which
only one plate is switched, and the second is under a
constant potential, and the target is in the path of the
undeflected ion beam. Fig. 7 shows the scheme of the
deflection system for a beam of ions released into the
atmosphere [11].

When working with the beam, the proton energy was
1.8 MeV. For a more qualitative display of the effect of
the application of the rejection system, both single-
element (Ti, Cu, Zr) and multi-element (steel) objects
were used as targets. Spectra obtained with the beam
deflection system turned off and with the system
operating were measured and compared for different
load values of the spectrometric path.
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In Fig. 8 presents the spectra of the steel sample
obtained without the use of the deflection system and
with its use. It can be seen that the use of the deviation
system when loading the spectrometric path over 50,000
pulses per second allows to significantly improve the
appearance of the X-ray spectra and improve the
analysis errors.

Fig. 7. Deflection system for a beam of ions released into
the atmosphere: 1 — ion conductor;
2 — upper plate; 3 — lower plate; 4 — diaphragm;
5 — “graveyard”’; 6 — output foil;
7 — analyzed object; 8 — detector; 9 — pre-amplifier;
10 —electronic switch with control system;
11 — electronic key; 12 — charged particle accelerator

USING A PYROCARBON FILTER

The use of the PIXE method for the analysis of
elements of the iron group in zirconia or similar tasks
causes complications with intense radiation from matrix
elements (for example, K-series zirconia). The principal
scientific and technical solution to such a task would be
the use of a broadband X-ray radiation filter with a
rectangular band of spectral transmission. At the same
time, it is necessary to achieve the maximum coefficient
of selective transmission in the working range of the
spectrum and the maximum absorption outside the
transmission band.

A computer program “Monochromator” was created
and designed to calculate the X-ray transmission
function of a broad-band filter based on pyrocarbon.
According to the developed program, calculations were
carried out to determine the form of the pass function
and to find out the influence of the geometric factors of
the filter on it. The varied parameters were: the diameter
of the proton beam on the target, the length of the
pyrocarbon plates in the filter, and the diameter of the
filter; the distance between the spot on the target and the
filter, the distance between the filter and the detector,
the diameter of the detector aperture.

As a result of the calculations and experiments, it
was found that the plate material chosen for the filter
reflectors is an almost perfect graphite single crystal.
Such a filter was developed and created on the basis of
pyrocarbon graphite. The spectral characteristics of the
filter in the X-ray range of 4-20 keV were studied and
the analytical capabilities of the X-ray spectral scheme
with such a filter for the analysis of zirconium-based
materials were determined.

The filter is a cylindrical assembly of plane-parallel
plates of pyrocarbon graphite 3x1x30 mm in size, cut
long the plane, reflection (002) with a mosaic of the
order of 0.4° and a constant lattice of 6.713 A.
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Fig. 8. X-ray spectrum of a steel sample:
a —when the rejection system is turned off;
b — with the rejection system turned on

The filter was located at the outlet of the ion beam
into the atmosphere. The output of the proton beam into
the atmosphere was carried out through a window made
of aluminum foil with a thickness of 5 um. The target
was at a distance of 7 mm from the foil at an angle of
45°. The energy of the proton beam in a vacuum was
equal to 1.8...1.9 MeV. This value was chosen on the
condition that the energy on the target will be about
1.6 MeV. The scheme of the X-ray channel with a filter
is shown in Fig. 9.

Fig. 9. Scheme of the channel on the released beam of
the ANPC Sokil: 1 — target; 2 — output device of the ion
channel; 3 —foil; 4 — proton beam; 5 — X-ray radiation
filter; 6 — X-ray radiation from the target; 7 — absorber;

8 — filter movement mechanism; 9 — Si-detector;
10 — detector crystal; 11 — foil and detector diaphragm;
12 — detector movement mechanism
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CONCLUSIONS

Two methods of separation of “He?* and H*" ions
have been developed at the ANPC Sokil of the NSC
KIPT. In the first case, a distribution magnet and an
electrostatic analyzer installed after the magnet are used.
In the second case, carbon films are used in front of the
magnet, which should ensure insignificant losses of the
He”* beam and the final disintegration of the H?*
molecular ion.

The study of the interaction of a beam of accelerated
gas ions with materials allows for studying the state and
modification of nuclear energy materials.

The detection limit values achieved with the
broadband filter allow the PIXE method to be used for
the study of zirconium-based materials for the
determination of elements of the iron and hafnium
group.
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MOJEPHI3ALIA AHAJITUYHOI'O AAEPHO-®I3UYHOI'O KOMILIEKCY COKLI

C.I'. Kapnycs, B.B. Ky3emenko, B.B. Jleseneus, O.10. Jlonin, A.Il. Omenvhux,
A.0. L]yp, B.1. Cyxocmaseys

Omnucano HOBI Moaudikalii, sIKi 3aCTOCOBYBAJIHCS HA aHAIITHYHOMY saepHO-(izndHOMY Komiuiekci Cokin B
ocTaHHI poku. BoHM cTocyBasics MPUCKOPIOBaya i0HIB 31 30UIBIIEHHSIM €HEpTii MPUCKOPEHHX 10HIB 1 po3aiNeHHIM
nyukis “He?" i H*". CTBOpeHO cHCTeMy ONPOMIHEHHS MaTepiao3HABYMX 3Pa3KiB MyUKOM iOHIB rasy i3 MOMKIHBICTIO
BUOOPY ONPOMIHIOBAHOT'O MPOCTOPY MillleHi. BUKOpHUCTaHHS €IeKTPOCTATUYHOIO BIIXHMJICHHS MIPOMEHS I03BOJIHIIO
30UIBIINTH TEPMiH CITy>kOM (osibru Ui BUXOay NpoMeHs B atMocdepy. BukopucranHs nipoByrieneBoro ¢iibTpa
MY aHalli3i MOHOENEMEHTIB a00 00'€KTiB 3 BHCOKHM PEHTICHIBCBKAM BUIIPOMIHIOBAHHSM OJHOTO a00 KiJIbKOX
eleMeHTiB 3MiHmI0 (¢opmy criektpa. Lli Moandikamii JO3BONMMIN YAOCKOHAIATH poOOTY KOMIUIEKCY Ta OTPHUMATH
HOBI MOXJTUBOCTI BHpIIICHHA 33734 aHAMITHYHAMH METOJaMH sIepHOi (i3WKH IpH IOCHIIHKEHHI MaTepialiB s
ATOMHOI CHEPTETHKH Ta CKOJIOT1i.
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